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1 Introduction

Improving excited-state dynamic properties
with the help of metalide character and excess
electrons: earlier transition-metal pairing

with superalkali clusters

2 Aamna Qamar,*® Sadegh Kaviani, ©2 ¢ Safi Ullah Majid,®

*@ and Wensheng Bian (2 %3¢

Atazaz Ahsin,
Jianwei Cao

Recognizing the increased stability of metalide complexes over alkali anions, research on transition
metal-based metalides continues to grow. Here, employing various quantum chemical methods, we
investigate novel superalkali-M (where M = Sc, Ti, V, Cr, and Mn) pairings theoretically, and our results
indicate that the excited-state dynamic properties of these complexes are enhanced due to their
metalide character and excess electrons. In the designed LizO@[12-crown-4]M complexes, LizO
demonstrates excellent charge transfer through van der Waals (vdW) interactions. Ab initio molecular
dynamic simulations demonstrate their kinetic and dynamic stabilities, and the thermodynamics of
physisorption is also unveiled. A remarkable hyperpolarizability value of 7.6 x 10° a.u. is observed for the
Sc complex, while the hyper-Rayleigh scattering value is highest for the Mn complex. The influence of
different solvents on the hyperpolarizability response is thoroughly investigated. Moreover, dynamic NLO
parameters are computed using various externally applied frequencies. The nature of bonding and the
role of vdW interactions in triggering NLO responses are unveiled. In addition to the infrared analysis,
the effect of vertical excitation energy has also been investigated in enhancing dynamic NLO features.
We hope that these findings hold promise for advancing NLO applications of organic functional
materials.

electron compound (Cs'(18-crown-6)2e~) in 1983, which exhi-
bits electride character.” The excess electrons in molecules and

Solvated electrons (excess electrons) are fundamental entities
in numerous fields of physical science due to their emerging
demands in atmospheric chemistry, reduction reactions, and
nonlinear optics.’™ In 1916, Gibson and Argo demonstrated
the interaction of ammonia with alkali metals, revealing intri-
guing optical and absorption properties.* After the discovery
and exploration of excess electron compounds, the term “‘sol-
vated electrons” was coined to describe such species. Inspired
by solvated electrons, Dye’s group synthesized the first excess
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compounds occupy diffuse Rydberg orbitals (loosely held),
imparting extraordinary features to them.® Recent advance-
ments underscore the compelling properties of excess electron
compounds in catalysis, optics, and electrode materials.>°
Additionally, various organic and inorganic complexes have
been recognized as excess electron compounds.®” In the last
two decades, a series of reports have uncovered the dramatic
role of loosely bound electrons in regulating the hyperpolariz-
ability of various molecules.””®'"'> The presence of excess
electrons predominately reduces the excitation energy (AE)
during electron excitation (from the HOMO to the LUMO),
resulting in an appreciable enhancement in the hyperpolariz-
ability of molecules.

Alkalides containing alkali metal anions (e.g., Li, Na™, K™,
and Cs™) and electrides housing trapped electrons (anions)
intercalated within an organic complexant are exemplary repre-
sentatives of the excess electron family. Alkalides can be used
as excellent nonlinear optical (NLO) materials® and offer a
significantly narrow band gap for condensed matter
physics.'® Various conventional alkalides based on single alkali
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metals have been documented in the literature.”>™” On the
other hand, non-traditional alkalides containing coinage
metals (Cu, Ag, and Au),"" superalkali (LizO)-based alkali-
des,' and alkaline earth metal-based earthides (Be, Mg, and
Ca) have been investigated and were grouped into excess
electron compounds. However, substituting alkali metals with
more stable d-block metals or clusters of atoms is a promising
strategy for achieving thermodynamically stable complexes.'*'*2023
For instance, Sun et al."' proposed using coinage metals to design
metalides (transition metal as an anion) as alternatives to alkali
anions. Due to the higher ionization potential of coinage metals
compared to alkali, the proposed metalide complexes have good
thermodynamic and electronic stability. Doping of transition metals
(particularly those in the 3d series) is expected to be a promising
strategy for designing complexes with metalide character.” >

For designing metalide and alkalide complexes, superalkali
clusters are potential candidates.”” For example, a significant
charge transfer in superalkali-M (where M = Li, Na, and K)
pairing was observed from superalkali clusters to alkali metals,
demonstrating alkalide characteristics.** Superalkali clusters,
such as Liz0, have lower ionization potentials (IPs) than alkali
metals®®** and strong reduction potential, making them
intriguing substitutes for alkali metals in constructing alkalide
or metalide complexes. In particular, Li;O stands out as an
experimentally validated system with distinctive electronic
properties and remarkably low ionization energy. Obviously,
superalkali clusters very actively display electropositive proper-
ties and non-covalent interactions, promoting the physiochem-
ical properties of the obtained complexes.'? Furthermore, it is
known that the formation and stabilization of metalide com-
plexes require stringent chemical environments and involve
either a disproportionation or the reduction of one elemental
metal by another metal or cluster of atoms.>® Generally, the
reduction process and charge transfer are facilitated by strong
stabilization of the metal cation by complexants such as crown
ethers and cryptands.>® Crown ethers are heterocyclic poly-
ethers capable of forming host-guest complexes, especially
from the atomic scale to large molecular clusters.>””*® To our
knowledge, the exploration of superalkali-transition metal
pairing using [12-crown-4] has not yet been undertaken for
optical and NLO applications. Although conventional meta-
lides, based on single metal doping on complexes, have been
reported,”>***! the effect on charge transfer in long-range
interactions using superalkali-transition metal pairing would
improve the stability of metalides and thus be a good choice for
designing molecular functional materials.>**° In addition, van
der Waals (vdW) interactions are very important in many
chemical systems and reactions,’*™> making it necessary to
investigate the role of vdW interactions in the present designed
complexes.

In this work, we present a detailed theoretical study on
LizO-M (M = Sc, Ti, V, Cr, and Mn) pairing on both sides of
[12-crown-4]. In contrast to traditional alkalides and metalides
based on single metals, a significant metalide characteristic
has been observed in Li;O@[12-crown-4]M complexes. The
designed metalide complexes show excellent charge transfer
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between LizO and M, which is crucial for boosting NLO proper-
ties. The excited-state dynamic properties of these complexes
are improved with the help of metalide character and excess
electrons. The formation and stability of these complexes are
also investigated via molecular dynamics calculations, and the
important role of vdW interactions is underscored in triggering
NLO features.

2 Computational details

All quantum chemical simulations were carried out using the
Gaussian 16 package,*® while molecular dynamics simulations
were performed using the ORCA 5.0 program.®*” To make the
results reliable, the method and basis set should be carefully
chosen.**** The molecular geometries for the designed
Li;0@[12-crown-4]M (M = Sc, Ti, V, Cr, and Mn) complexes
were determined using the artificial bee colony (ABC) algorithm
as implemented in the ABCluster program,**** which was
connected with the Gaussian 16 package. In the ABCluster
program, 500 initial guess structures were auto-generated by
randomly sampling and perturbing atomic coordinates, whose
single-point energy was then evaluated at the semiempirical
PM6 level. 100 lowest-energy structures were selected for
further optimization at the ®B97xd/def2-tzvp level. This
method was validated to yield reliable results through compar-
isons with various hybrid DFT methods (Table S1) and our
previous studies.’®*® Besides, spin multiplicities were ana-
lyzed, considering only low-energy states for further simula-
tions. The entire optimization and frequency calculations were
performed at the same level (@B97xd/def2-tzvp) without any
symmetry constraints. The stability of wavefunction was ver-
ified before proceeding with further simulations.

Energetics of complexes were investigated by computing
several parameters, such as the interaction energy (AEj,),
Gibbs free energy of formation (AGg), adsorption enthalpy
(AH), and adsorption entropy (AS) at 1 atm and 298.15 K. In
particular, the complex formation strength is validated by
computing AEj,,, which was computed using the following
equations:

AEin = Evi o@[2-crown-am — (Efi2-crowna] + Frio + Em) (1)

where Ev; o@[12-crown-4]m 1S the energy of the optimized complex.
E{12-crown-a]y Evi,0, and Ey represent the energy of the crown
ether, superalkali and the transition metal, respectively. AEjy,
was then corrected for basis set superposition error (BSSE)
through the counterpoise approach*’ by

AESE = AEy + BSSE (2)

where AESY denotes the BSSE-corrected interaction energy.
Likewise, the obtained thermodynamic properties are given
by the following expressions:

AG = G p@f12-crown-4m — (Gl12-crown-a] + Gri,o + Gm) 3)

— (Hp12-crown-a] + Hyio+ Hy)

4)

AH = HLiso@[12—cmwn—4]M
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To further understand the electronic properties and
superalkali-like nature of the designed complexes, the vertical
ionization potential (VIP) and vertical electron affinity (VEA)
were calculated using the following equations:

VIP = ()" — (E)° (6)
VEA = (E)” — (E)° (7)

Here, (E)° represents the energy of the neutral structure,
whereas (E)" and (E)~ are the energies of cationic and anionic
structures, respectively.

To analyse the simultaneous interaction of Li;O and M on
[12-crown-4] and the kinetic stability of complexes, ab initio
molecular dynamics (AIMD) simulations were conducted using
the ORCA 5.0 package.?” Due to the high computational cost for
AIMD simulation at the ®B97xd/def2-tzvp level, the simulations
were performed at the B3LYP-D3/def2-SVP level of theory,*
with the optimized geometry at the ®B97xd/def2-tzvp level used
as the initial geometry. In AIMD simulations, each trajectory
was simulated for 750 fs with a step size of 0.5 fs at 298.15 K.
Furthermore, the metalide character of the Li;O@|[12-crown-
4]M complexes and charge transfer were explored using the
frontier molecular orbital (FMO), natural bond orbital (NBO),
electron localizing function (ELF), and localized orbital locator
(LOL) analyses. Charge decomposition analysis (CDA) is also
exploited using the same method to determine charge donation
(Li;0 — TM) and back donation (TM — LizO) in present
complexes. To determine the static NLO characteristics, the
dipole moment (u,), polarizability («,), first-order hyperpolariz-
ability (f3,), static second hyperpolarizability (y,), and scattering
hyperpolarizability (furs) were calculated using the following
equations:

Ho = (.uxz + ,“yz + :uzz)% (8)

Olo = 1/3(0tx + Oty + tzz) 9)

Bo = \/B + B2+ B2

where

Bx = Brxx + ﬁag)y + Przz ﬁy = ,Hyyy + ﬁyzz + ﬁyxx and B, = Pz

+ ﬁzxx + ﬁzyy

<V> = 1/5(Vxxxx T Vyyyy T Vzzzz T Veyy T Vxxzz T Vyyxex T Vypaz szxx)

(11)

Here, By (i,j, k ={x,y, z}) is the tensor component of f3, and
vga (@, J, k, 1 = {x, y, z}) is the tensor component of second
hyperpolarizability (,). The second hyperpolarizability (y) is the
fourth rank tensor of 3 x 3 x 3 x 3 form, which exhibits both
static and dynamic nature,

(B.2) +

<ﬁZXA¥2> (12)

Burs(—2w; 0, @) =
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where (f,,,>) and (B,..’) are the averages of the orientational (f)
tensor. The related depolarization ratio (DR) is calculated as
follows:

DR = <ﬁzzzz>/<ﬁzxx2> (13)

In addition, the implicit solvation model based on density
(SMD) has been considered to examine the effect of dielectric
constants and protic solvent nature on hyperpolarizability
response, with water, ethanol and N,N-dimethylformamide
(DMF) considered.

Frequency-dependent (dynamic) nonlinear optical parameters
were calculated at 532, 1064, 1300, and 1500 nm. Frequency-
dependent first hyperpolarizability electro-optic Pockel’s effects
Prope(®) = f(—w;0,0) and Psuc(®) = f(—2w;w,0) were obtained.
The second hyperpolarizability y(w), dc-Kerr pgexerl(®)
7(—;0,0,0) and second harmonic generation ygsug(w) =
y(—2w;0,w,0) were also calculated similarly. Excited state stu-
dies were conducted by considering the time-dependent den-
sity functional theory (TD-DFT) approach at the same level of
theory. In the present study, 60 electronic states were consid-
ered, including both singlets and triplets in determining the
excited state parameters and absorbance wavelengths. To
observe changes in vibrational modes after doping Li;O and
M, we compared the vibrational frequency of complexes and
pristine [12-crown-4] at the ©B97xd/def2-tzvp level. Further-
more, total density of states (TDOS) and projected density of
states (PDOS) studies were conducted to unveil the orbital
contribution and electrical properties of complexes.*”

The topological features of complexes were analysed
through non-covalent interaction (NCI) and quantum theory
of atoms in molecules (QTAIM) analyses as implemented in
Multiwfn*® and visual molecular dynamics (VMD) program.*’
The NCI index relies primarily on the reduced density gradient
(RDG) and electron density (p), and their correlation can be
described using the equation given below:

1 V?p

RDG = 72(37_[)1/3 W

(14)
The stabilization energy (E*) during the electron delocaliza-
tion between the donor (i) and acceptor () interacting orbitals
was estimated through the NBO analysis. The following equa-
tion was used to calculate the E> of the present complexes:

o i)
'Ej — E;

E*=AE;; = — (15)

Here, F;; is the off-diagonal NBO Fock matrix element and g;
is the donor orbital occupancy. E; and E; are the diagonal
elements (orbital energies).

3 Results and discussion
3.1 Electronic structure and thermodynamic stability

We initiated our investigation on the electronic structure
of Li;O@[12-crown-4]M complexes by employing quantum
chemical and molecular dynamic simulations. Transition metal

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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complexes can exhibit different spin multiplicities depending
on the distribution of electrons in 3d orbitals, which can
influence their physical and chemical properties. Earlier transi-
tion metals are often intrinsically highly reactive as a result of
their strong reducing power and increasing oxidation state. The
most stable spin states of the present complexes are presented
in Table 1. As can be seen, the highest stable spin (septet)
multiplicity corresponds to the Mn complex. Fig. 1 depicts the
important 2D and 3D visualization of LizO, [12-crown-4], M,
and complex structures, while optimized molecular geometries
of complexes are shown in Fig. S1. Only the important inter-
action distances are considered in the present complexes. The
LizO cluster exhibits a highly symmetric triangular structure,
where the calculated Li-O bond length (1.67 A) and the Li-O-Li
bond angle (120°) are consistent with those in a previously
reported study.’® A slight deviation in the Li-O bond length and
the Li-O-Li angle is observed after its vertical adsorption on
[12-crown-4]. Similarly, the calculated average bond length of
C-O in [12-crown-4] is 1.40 A and other bond distances are also
comparable to experimental values. The Li;O cluster contains 9-
valence electrons, 6 from oxygen and 3 from lithium, and the
nature of the cluster mimics the chemistry of individual alkali
metals. Hence, after losing one electron, it achieves a close shell
electronic configuration, 1s2p®. Therefore, simultaneous inter-
actions of Li;O and M with [12-crown-4] would result in
metalide nature in complexes with unique optical and NLO
features. The binding distance of M with oxygen atoms of
[12-crown-4] (dy-o) and the distance between the Li-atom and
oxygen atoms (drio) are computed (Table 1). Likewise, the
distance of lower M with the H-atom of [12-crown-4] (dyn) is
also determined. The dy;_o in entire complexes ranged between
3.59 and 5.58 A, with no significant elongation in the Li-O
bond. Despite the slight structure distortion, the distance of
O-Li manifests the chemical bond between oxygen and Li
atoms, demonstrating that Li;O retains its integrity during
the interaction with [12-crown-4]. The optimized geometry
coordinates of complexes are provided in Table S2. Further
illustrations of geometric parameters are discussed in the SI
(Section S1). The interaction distance of the M metal with the
complexant steadily rises from Sc to Mn, which can be corre-
lated with high nuclear charge and spin multiplicities in
comparison to Sc- and Ti-based complexes. The longer metal-
oxygen bond distance (dy_o) in the Mn complex arises from
the electronic stability conferred by its half-filled d-orbital
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Li

@) [12-crown-4] ©)
Fig. 1 2D and 3D representation of molecular geometries of individual
molecules and the present complexes: (a) 2D molecular structure of LizO
and [12-crown-4], (b) 3D molecular representation of LizO@[12-crown-
4]M during complex formation, and (c) occupied molecular orbital of the
complex (isovalue = 0.025) at the B3LYP-D3/def2tzvp level. The red and
pink colors represent oxygen and lithium atoms, respectively.

HOMO

(b) M=Sc, Ti, V, Cr, Mn

configuration, which reduces Jahn-Teller distortions compared
to the Sc, Ti, and V complexes. Overall, the trend of dy;_o in the
present complexes is Sc < Ti < V < Cr < Mn.

We can also see from Table 1 that the values of AE;,; and
AESY are lower than 23 kcal mol ', indicating the physical
interactions between the three components during complex
formation.?® The much negative AE;, (also see Table S1) justi-
fies a strong complexation among three components of present
complexes. Our computed interaction energies are slightly
smaller than those reported for coinage-based metalides Cu-
FsCsHe-Cu and Cu-F¢CsHe-Ag." The strong binding of anions
and cations with FsC¢Hg could be the reason for their increased
interaction energy. However, in the case of single alkali metal-
based metalides Li-F¢C¢Hg-Sc and Na-F¢Ce¢He-Sc, and
K-F¢CsHg-Sc,2° the interaction energies of present complexes
are significantly high, signifying the strong complexation of
LizO with transition metals. Hence, Li;O pairing with transition
metals might be a better strategy for enhancing dynamic NLO
features in the present complexes.

Table 1 also presents thermodynamic parameters, in which
the thermodynamic feasibility and spontaneity of complex
formation can be evidenced by the negative change in AG of
formation (AG < 0). A AGes.15 value of —21.35 kcal mol ™" is
obtained for the Sc complex, indicating exothermic adsorption
processes, which also agrees with its strong interaction energy.

-CP:

Table 1 Calculated interaction bond distances (d), interaction energies (AE;), BSSE-corrected interaction energies (AEiy), Gibbs free energy of
formation (AGy), adsorption enthalpy (AH), and adsorption entropy (AS) of the LizO@[12-crown-4]M complexes

Interaction distances Energies

dyin dyi-o dii-o AE;, AESY AG; AH AS keal
Complexes Symmetry  Spin 4) (A (4) keal mol " keal mol™*  keal mol™* keal mol ' (mol K)™!
Li;O@[12-crown-4]Sc Cy Triplet 3.23 3.59 2.52 —48.74 —34.93 —26.09 —44.47 —0.06
Li;O@[12-crown-4]Ti Cy Doublet  3.31 4.01 2.54 —86.97 —41.95 —64.61 —82.66 —0.06
Li;0@[12-crown-4]V Cy Quintet  3.43 4.80 2.54 —98.25 —98.36 —68.12 —93.69 —0.08
Li;O@[12-crown-4]Cr Cy Sixet 3.25 4.91 2.60 —197.98 —149.86 —178.12 —193.50 —0.05
Li30@[12—crown»4]Mn Cy Septet 3.34 5.58 2.55 —131.39 —114.75 —72.51 —90.43 —0.06
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The feasibility of complex formation decreases progressively
from the Sc to Mn complexes (with increased atomic number).
This is reasonable since the increase of the number of d-
electrons from Sc to Mn in the 3d-series leads to strong binding
and less distortion due to the moderate interaction distance
(dm-0)- Excellent correlation is observed between the thermo-
dynamic parameters (AG and AH) and the computed inter-
action energies. A similar pattern of reduction in AH,gg 5 can
also be observed in Table 1.

The AIMD approach is reliable and versatile to unveil the
thermodynamic and kinetic stability of molecular complexes at
the atomic scale, offering significantly reduced computational
costs relative to quantum dynamics simulations.”** In the
obtained 1500 distinct geometries associated with the trajectory
of the complex, no dissociation or fragmentation pattern is
observed, indicating the stability of complex formation (adsorp-
tion) and thermodynamic stability at room temperature. The
calculated root-mean-square deviation (RMSD) and kinetic
energy are shown in Fig. 2. As can be seen from Fig. 2a, the
root-mean-square distances increase up to 1.0 A, and equili-
brium during simulations is attained after 500 fs except for [12-
crown-4], which relaxes after 600 fs. Although RMSD values
increase in the beginning, no distortion in complexes is
observed. The fluctuations are higher for Sc and Ti complexes,
but decrease for V to Mn complexes. This can be correlated with
nuclear charge and variable spin multiplicities of 3d-transition
metals in complexes. The higher interaction energy of Cr and
Mn complexes is consistent with its reduced RMSD trend,
probing the relatively high dynamic stability among complexes.
Also, a small fluctuation in the RMSD curve for Cr and Mn
complexes might be correlated with strong binding of M having
less distortion effect with [12-crown-4]. An increasing trend in
total kinetic energy has been recorded up to 200 fs, where
equilibrium is achieved after 300 fs. The snapshots of geome-
tries during AIMD simulations are provided in Fig. S2. The
conformations of each complex were taken after every 300 fs to
ensure structural integrity during AIMD simulations.

3.2 Metalide character and excess electron nature

The natural bonding orbital (NBO) and Mulliken’s atomic
charges are computed for Li;O and M in the present
Li;0@[12-crown-4]M complexes. Strong metalide character
(Sc™, Ti", V7, Cr, and Mn~) has been confirmed through

JE—rr—
—— Lio@l12-crovn-4jSc
—— Li0@[12-croun-4Ti
—— L0@[12-croun4IV
Lis0@[12-crown-4iCr
Lis0@{12-crown-4jMn

008

008

Kinetic energy (au)

002

o 100 200 300 400 S0 60 700 ° 100 20 300 400 S0 600 700

Time (fs) Time (fs)

Fig. 2 (a) Root-mean-square deviation (RMSD) and (b) kinetic energy
change with respect to time during the AIMD study of the [12-crown-4]
and LizO@[12-crown-4]M complexes at the B3LYP-D3/def2-SVP level.
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various quantum chemical calculations. A significant charge
transfer is recognized to transition metals from the Li;O
cluster, indicating the superalkali-metalide ionic pairings
(Li;0%". . .M*"). Based on the results in Table 2, the computed
NBO charges on M (QM) are negative and range from —0.23 to
—0.93 |e|. The significant negative charge on transition metals
(Oum-) and positive charge on Li;O*" suggest excellent metalide
character. The metalide character in present complexes is more
prominent as compared to conventional metalide complexes
based on a single metal. The calculated NBO charges on Sc in
the Li;O@[12-crown-4]Sc complex are more negative as com-
pared to those reported for Li-FgCeHg-Sc.?® In Li-F¢CgHe-Sc, Li
does not provide the same degree of electron donating stabili-
zation. The LizO cluster contains three electropositive Li atoms
with a partially filled orbital (2s'). The substantial electron
delocalization in Liz;O, combined with its excellent electron-
donating ability, generates a highly polar environment that
increases the charge transfer capacity. Additionally, the sum of
charges (Qsum) on Li atoms in LizO range from 0.18 to 0.92 |e|,
with the values being positive in magnitude, indicating a
significant charge transfer from Li;O to M. It is also evident
that the Sc metal exhibits the highest negative charge (—0.93
le]) among the other transition metals in the present com-
plexes. Due to the involvement of the Li;O in displaying
metalide character, these complexes may be termed super-
metalides or superalkali-based metalides. Based on these find-
ings, the order of metalide character for the studied complexes
is Li;0"@[12-crown-4]Sc”™ > Li;O'@[12-crown-4]Ti~ > Li;O'@
[12-crown-4]V~ > Li;O'@[12-crown-4]Cr~ > LizO'@[12-crown-
4]Mn". The high d-orbital occupancy and the stable d° configu-
ration in Mn can indeed contribute to a smaller negative
(anionic) NBO charge on Mn in the Li;O@[12-crown-4]Mn
complex. This half-filled configuration minimizes charge
separation, as Mn retains greater electron density localized
within its d-orbitals. The extended interaction distance between
Mn and O in the Mn complex can further reduce its metalide
character.

Furthermore, the charge decomposition analysis (CDA)
offers comprehensive insights into charge transfer and bond-
ing interactions within the Li;O@[12-crown-4]M complexes by
evaluating the primary contributions from the fragments ([12-
crown-4], Li;O, and M) involved in charge transfer. Notably, a
substantial charge transfer is observed from LizO to M. Thus,
the analysis focuses on the electron density contributions for
donation (Li;O — M) and back donation (M — Li;0), which are
summarized in Table S5. The findings correlate well with the
aforementioned charge analysis (NBO) of the complexes, sug-
gesting that the most prominent electron transfer occurs in the
Li;O@[12-crown-4]Sc complex, which exhibits a value of
0.44 |e|. A similar trend of charge donation was observed in
Li;O@[12-crown-4]Ti and Li;O@[12-crown-4]Mn complexes.
However, the charge donation (Li;O0 — M) is slightly reduced
in Li;O@[12-crown-4]V and Li;O@[12-crown-4]Cr complexes.
The negative NBO charge on M decreases from Sc to Mn, which
is also consistent with charge donation (Li;O — M) in CDA
analysis. Furthermore, the negative repulsive polarization (7)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 2 NBO charge on transition metals (Qu, in |e]), sum of total positive charges on LizO (Qsum. in |e]), Mulliken's atomic charge on transition metals
(Qum. in le]), HOMO energy (Epomo. in €V), LUMO energy (E umo. in eV), energy gap (Eg, in eV), dipole moment (u, in D), vertical ionization potential (VIP,

in eV), and vertical electron affinity (VEA, in eV) of the complexes

Complexes Qm Qui Qsum Qmm Enomo Erumo Eg Ho VIP VEA
Li;O — 0.45 — — —-7.17 —0.14 7.03 0 5.14 4.44
[12-crown-4] — — — — —8.74 ~3.06 5.68 0.84 5.72 4.25
Li30@[12-CI‘OWI’I-4]SC —0.93 0.71 0.18 —0.22 —3.61 —0.31 3.30 5.19 0.27 3.48
Li30@[12-CI“OWI’1-4]Ti —0.35 0.92 0.92 —0.20 —3.71 —0.88 2.83 5.70 1.09 1.36
Liso@[lz—crown—4]v —0.23 0.96 0.92 —0.82 —3.03 —0.35 2.68 19.24 2.45 1.18
Li30@[12-CI‘OWI’I-4]CI‘ —0.10 0.93 0.91 —0.87 —2.49 —0.59 1.90 18.55 3.27 0.82
Li30®[12-CI“OWI’1-4]Mn —0.01 0.94 0.90 —0.02 —2.67 —1.03 1.64 10.10 4.08 0.35

observed in all complexes indicates a high charge density
localized in the interaction region.

To further support the metalide character and excess elec-
tron nature, frontier molecular orbital (FMO) results are illu-
strated in Fig. 3. As can be seen, the highest occupied molecular
orbital (HOMO) on the transition metals depicts the excess
electronic cloud, indicating the negative NPA charges on transi-
tion metals. The HOMO and HOMO—1 densities have distribu-
tion across metal sites and on Li;O. This distribution suggests
that excess electrons are available to participate in charge
driven optical properties. HOMOs are similar to s-orbitals
except for the V complex, which represents the d-orbital shape,
while the LUMO varies in shape from d, to d,.. The LUMOs of
the V. and Mn complexes have a shape similar to the d,. orbital.
The electron in HOMO of the Ti complex is associated with the
d,, orbital, and the LUMO shape is reminiscent of the diffused
s-orbital. On the other hand, molecular materials with signifi-
cantly reduced HOMO-LUMO gaps (Eg) are highly desirable
due to their potential optical and electrical properties. The
[12-crown-4] has an E, of 5.68 eV. The complexation of Li;O
with M reduced the E, of the resulting complexes, indicating
the strong interactions through vdw forces. After simultaneous
adsorption of M and Liz;O on the complexant, a significant

& _Length (Bohr) ©

Length (Bohr)

Fig. 3 The plotted (a) ELF spectra, (b) HOMO and LUMO orbitals, and
(c) localized orbital locator maps of the designed LizO@[12-crown-4]M
complexes (isovalue = 0.025) at the ®B97xd/def2tzvp level.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

reduction in E, values is observed, ranging from 1.64 to 3.30 eV
(see Table 2). Among the complexes, the lowest E; (1.64 €V) is
observed for the Mn complex, while the highest one (3.30 eV) is
found in the Sc complex. As shown in Table 2, the E, decreases
with the increased atomic number of M, which could be
attributed to the gradually increased HOMO energies from
the Sc complex to the Mn complex.

Fig. 3 shows the outcomes of the electron localization
function (ELF) and localized orbital locator (LOL) analyses.
The ELF explains the electron pair density to manifest the
surface topology of complexes with high ELF values indicated
by red color and blue color manifesting delocalized regions.
Examining the excess electron nature reveals high electron
localization around transition metals. From Fig. 3a, we can
see that a strong negative charge appears on the M atom in the
Sc and Ti complexes, and the intensity of the red color
decreases and delocalization increases on moving from left to
right (Fig. 3). This can be attributed to the growing number of
unpaired electrons in the d-orbital and the repulsion between
them. Additionally, the increased interaction distance results in
reduced electron localization. The localized orbital locator
(LOL) is also given in Fig. 3c. Mathematically, the ELF and
the LOL exhibit similar chemical mapping because they depend
on the kinetic energy density. ELF is a dimensionless quantity,
in the range of 0-1, to provide a visual description of the
chemical bond in the present complexes. The ELF includes
the Pauli kinetic energy density, while the LOL analysis does
not include Pauli repulsion. The LOL further unveils the excess
electron localization in d-orbitals of M in the present com-
plexes. In addition, VIP and VEA values are computed for the
present complexes, as shown in Table 2. The reduced VIP values
suggest an increased tendency for electron donation, enhan-
cing interactions among complex fragments. Notably, these
values are considerably lower than those of individual Li;O
and [12-crown-4]. Interestingly, the VIP values of these com-
plexes are also lower than those of alkali metals. In fact, the VIP
values for Sc, Ti, V, and Cr complexes are even smaller than the
ionization potential of caesium (3.89 eV), the lowest among all
elements. Readily electron loosing tendency of present com-
plexes also indicates the formation of more stable anionic
species. This can also be correlated with the potential inter-
action and stability of metalide complexes. For instance, VIP
values of present complexes are significantly lower than those
reported for coinage metalides M-FsCsHg-M (where M = Cu,

New J. Chem., 2025, 49,15434-15447 | 15439
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Ag, and Au),"" M'-F¢C¢Hg-M (where M’ = Li, Na, and K, and M =
transition metals),®® and M-Janus-M (where M = Sc-Zn).*'
In these metalides, the ns' electrons of alkali metals are
polarized and transferred to transition metals (M’'), where
negative NBO charges are observed on transition metals.
Consequently, the present metalide complexes based on super-
alkali are intriguing candidates for further exploration of their
NLO properties.

3.3 Static nonlinear optical properties

It is evident that the present Li;O@[12-crown-4]M (where
M = Sc, Ti, V, Cr, and Mn) complexes display strong metalide
character and can be included in the excess electron compound
family. Literature also justifies the dramatic role of excess
electrons in molecular materials in enhancing static and
dynamic NLO features.>"***>>” The present superalkali-based
metalides show better NLO responses over conventional meta-
lides. The computed polarizability (), hyperpolarizability (f,),
and projection of hyperpolarizability on the dipole moment
(Byec) vector are given in Table 3. A remarkable enhancement is
observed in the static «, values of complexes as compared to
pristine [12-crown-4], and values range from 4.3 x 10 to 4.1 x
10% a.u. The o, of the Sc complex is the highest among other
series of the present complexes. The components of o, and f,
are also plotted in Fig. 4. The increased «, values of complexes
suggest their linear optical response and the significant effect
of the external electric field.

The nonlinear optical effect is estimated through the calcu-
lated static first hyperpolarizability (f,) values, ranging from
7.6 x 10° to 1.7 x 10* a.u., where the highest value is observed
for the Sc complex (also see Fig. 5a). The remarkable f3, value of
the Sc complex is 12 622 times higher than that of pristine [12-
crown-4] (see Table 3). The significant NLO response of the Sc
complex may be attributed to the strong metalide character and
the reduced VIP value. Similarly, the presence of excess elec-
trons decisively decreases the excitation energy AE (2.76 eV) of
the Sc complex. The remaining Ti, V, Cr, and Mn complexes
have B, values of 5.9 x 10%, 8.3 x 10% 7.9 x 10°, and 1.7 x
10* a.u., respectively. The B, value monotonically decreases
from Sc to Cr, while the Mn complex shows a slightly higher
response. The rising trend of f, can be linked to the electronic
properties such as VIP, HOMO-LUMO gaps, metalide charac-
ter, and the nuclear charge on M. Complexes with strong
metalide character, reduced VIP, and low excitation energies,
resulting in excellent NLO features. In «,, the o, component
is dominant, but f, contributes significantly to the total
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Fig. 4 Components of NLO properties: (a) polarizability (x,) and
(b) hyperpolarizability (f,) of the LisO@[12-crown-4IM (where M = Sc, Ti,
V, Cr, and Mn) complexes using the ®B97xd/def2tzvp method.

hyperpolarizability response. Furthermore, values of projection
of hyperpolarizability on dipole moment (f,..) are also given in
Table 3. The results of ff,.. are consistent with those of f,,
which confirms that the designed metalides are remarkable
NLO materials.

Table 4 lists the static second hyperpolarizability (7,), which
is the third-rank NLO response for molecular materials, and
the average contribution to hyperpolarizability. The y, value of
[12-crown-4] is 9.9 x 10° a.u., while the values dramatically
increase up to 5.6 x 10° a.u. for the V complex. The significant
7o response of the V complex might be attributed to its notice-
able u, and reduced E,. Overall, the y, values range from 1.7 x
10° to 5.6 x 10° a.u., demonstrating excellent third-order NLO
properties. A comparison of the NLO properties is made with
reported metalides and transition metals containing simple
excess electron compounds. The exceptional NLO features of
current metalides reveal why they are chosen over traditional
alkalides and simple excess electron complexes. In the present
study, f, of the Sc complex is higher than those of coinage

Table 3 Static polarizabilities o, (in a.u.), static first hyperpolarizabilities f, (in a.u.), components of hyperpolarizability, and projection of hyperpolar-

izabilities on dipole moment vectors B (in a.u.) of the studied complexes

Complexes o Ol oty Oz Po Px By B Buec
[12-crown-4] 1.0 x 10> 1.1 x 10> 1.1 x 10> 87 x 10" 60.21 12 x 10> 6.0 x 10>  60.01 60.02
Li;O@[12-crown-4]Sc 43 x 10> 3.4 x10° 75x10*> 9.0x 10> 7.6 x 10° 1.6 x 10" 4.4 x 10° 43 x 10" 6.2 x 10°
Liz;O@[12-crown-4]Ti 42 x 10> 1.8x10° 6.5 x 10> 86 x 10> 59 x 10* 1.9 x 10* 42 x 10* 3.7 x 10* 3.6 x 10°
Li;0@[12-crown-4]vV 2.0 x 10> 2.6 x 10> 1.5 x10° 1.9 x 10> 83 x 10° 8.2 x 10’ 8.2 x 10> 8.5 x 10> 8.5 x 107
Li;O@[12-crown-4|Cr 2.0 x 10> 2.5 x10° 1.9 x 10> 1.8 x 10> 7.9 x 10° 7.9 x 10° 6.5 x 10> 1.6 x 10> 7.9 x 10°
Li;0@[12-crown-4]Mn 4.1 x 10> 7.3 x 10" 4.5 x 10> 1.5 x 10> 1.7 x 10* 7.6 x 10° 1.5 x 10* 7.0 x 10" 8.2 x 10°
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Fig. 5 Plotted static (a) first hyperpolarizability (,). (b) hyper-Rayleigh
scattering first hyperpolarizability (furs), (C) depolarlzatlon ratio, and
(d) dipolar contribution to hyperpolarizability ®(f;-1) of the studied com-
plexes at the ®B97xd/def2tzvp level.

and transition metal-based Janus metalides.>" Like-
wise, the unprecedented involvement of Liz;O in regulating
vdW forces and charge transfer also makes them interesting
candidates over single metal-based alkalides and metalides. The
involvement of vdW forces and charge transfer to transition
metals render them appealing competitors over single metal-
based alkalides and metalides for NLO applications.’®>°

The effect of solvent on the NLO properties was investigated
at the wB97xd/def2tzvp level. An implicit solvent effect using
the universal solvent based on solute electron density (SMD) is

metalides'®
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considered,®® and the results are reported in Table S3. In the
implicit solvent effect, water with a dielectric constant of 78.35
exhibits a slightly higher f, response as compared to ethanol,
but Cr and Mn complexes hold significant f, values in ethanol
(see Fig. 6). Overall, entire complexes show a better hyperpolar-
izability response in the solvent medium as compared to the
gas phase. The enhancement in f, is attributed to structural
changes in complexes influenced by solvent polarity. In water
and ethanol, an excellent increase in the dipole moment is
recorded, influencing the hyperpolarizability response. Hence,
strong polarization effects and charge fluctuations are key
parameters in enhancing the static NLO properties using the
SDM model.

The calculated hyper-Rayleigh scattering first hyperpolariz-
ability (Burs) and its components are also given in Table 4 and
Fig. 5b. furs is a parametric optical effect that occurs when two
incoming photons of frequency » annihilate, resulting in a
scattered photon of frequency 2w. A substantial enhancement
of the fugs is seen for the designed metalides as compared to
the pristine complexant. s values range from 8.4 x 10” to 2.1
x 10" a.u., where the Mn complex holds the highest value of
scattering and the first hyperpolarizability among the series.
The highest value for the Mn complex might be credited to its
significant dipole moment and lowest HOMO-LUMO gap (Eg).
In addition, the fugrs response could be related to the d’
electron system and delocalization of electrons in the Mn
complex. The significant dipolar contribution percentage
might be a contributing factor for the increased fugrs of the
Mn complex. Unlike previous studies on similar systems, the
present complexes show no correlation between the dipole
moment and fyrs.>'"® However, a correlation exists between
E, and the dipole moment in the studied complexes. As the
interaction distance between the metal (M) and the oxygen/
hydrogen atoms of [12-crown-4] increases, the value of E,
gradually decreases. Concurrently, the dipole moment follows
an increasing trend from Sc to Mn complexes. The values of
(Bj=1) and (f3) are also higher for the Mn complex. From
Fig. 5d, an increased dipolar contribution to hyperpolarizability
P(fj=1) can be observed with the depolarization ratio (DR),
suggesting the dipolar nature of complexes.

The NLO response of complexes can be separated into
dipolar @(f,-;) and octupolar &(f;-;) contributions to total
hyperpolarizability, and the contribution percentages to
hyperpolarizability are given in Table 4. The ®(f;,) dipole
characteristics prevail in cases where charge transfer and

Table 4 Static second hyperpolarizabilities y (in a.u.), projection of hyperpolarizability on dipole moment vector Burs (in a.u.), average dipolar
hyperpolarizability (f;-1) (in a.u.), average octupolar hyperpolarizabilities (f;-z) (in a.u.), dipolar contribution percentage to hyperpolarizability ®(f;-1)

octupolar contribution percentage to hyperpolarizability @(f;-

3), and depolarization ratio of the present complexes

Complexes Yo Prrs <.sz1> (Bj:3> d’(ﬁj:l) d)([gjzs) DR
[12-crown-4] 9.9 x 10° 46.33 34.13 1.4 x 10> 0.19% 0.80% 1.75
Li;O@[12-crown-4]Sc 5.7 x 10° 9.1 x 10° 1.6 x 10" 1.4 x 10* 0.53% 0.47% 4.69
Liz;O@[12-crown-4]Ti 9.6 x 10° 8.7 x 10° 1.6 x 10* 1.3 x 10* 0.54% 0.45% 4.88
Li;0@[12-crown-4]vV 5.6 x 10° 7.1 x 10° 1.2 x 10* 1.3 x 10* 0.48% 0.51% 4.02
Li;O@[12-crown-4|Cr 1.7 x 10° 8.4 x 10> 1.6 x 10° 1.2 x 10° 0.57% 0.42% 5.34
Li;0@[12-crown-4]Mn 4.7 x 10° 2.1 x 10* 4.2 x 10* 2.3 x 10" 0.64% 0.35% 6.42
This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025 New J. Chem., 2025, 49,15434-15447 | 15441
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Fig. 6 The plotted hyperpolarizability (o) with implicit solvents at the
®B97xd/def2tzvp/SMD (water, ethanol, and DMF) level.

dipole moment are almost one-dimensional. The pure [12-
crown-4] ether has an octupolar nature as revealed by significant
octupolar contribution percentage with @(f;) ~ 79% to total
hyperpolarizability. In contrast, a notable dipolar contribution to
hyperpolarizability is observed in Li;O@[12-crown-4]M com-
plexes, signifying their dipolar nature. Furthermore, the dipolar
nature of complexes can also be observed from their computed
depolarization ratio (DR). In particular, a small DR value of 1.75 is
calculated for the pure complexant, which evidences its octupolar
nature, while the designed complexes reflect high DR values.
The DR values oscillate between 1.5 (octupolar) and 9 (dipolar).
For the present metalides, the DR value is between 4.02 and 6.42,
confirming the dipolar nature of these complexes.

3.4 Dynamic NLO response and metalide character

To obtain a comprehensive understanding of NLO charac-
teristics, we have estimated the frequency-dependent NLO
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parameters. The frequency-dependent first hyperpolarizability
p(w) parameters are calculated for electro-optical Pockel’s effect
(EOPE) with f(—w;w,0) and electric field-induced second har-
monic generation (ESHG) with f(—2w;m,w) at applied frequen-
cies of 532, 1064, 1300, and 1500 nm, respectively. From
Table 5, it can be found that the f(w) responses are much
higher than the corresponding static hyperpolarizability (f,).
The larger the externally applied frequency, the greater the fi(w)
value. One can notice the reduced frequency-dependent f(w) at
an applied frequency of 1500 nm. Similarly, the EOPE effect
and ESHG are more responsive at a higher dispersion frequency
of 532 nm. The highest value of EOPE (5.0 x 10° a.u.) is
obtained for the Mn complex, while the lowest value of 6.3 x
10° a.u. is observed for the Cr complex at 1500 nm. Overall, the
order is EOPE (at 532 nm) > EOPE (at 1064 nm) > EOPE
(at 1300 nm) > EOPE (at 1500 nm). Among the present
complexes, the Mn complex possesses remarkable values for
the frequency-dependent hyperpolarizability response.
Likewise, frequency-dependent second hyperpolarizability
y(w) values are also provided in Table 5. Overall, the values of
y(w) are quite higher than the corresponding static ones,
indicating the influence of externally applied frequencies on
the NLO features. In the series, the Ti and Cr complexes exhibit
extraordinary responses for y(). y(—w;®,0,0) is determined for
the dc-Kerr effect, and y(—2w;w,w,0) is determined for the
second harmonic generation (SHG) effect.** The complexes
exhibit better dynamic NLO responses at higher dispersion
frequency, and the dc-Kerr effect becomes less intense at
1500 nm except for the Cr complex. The dc-Kerr effect is the
effect of an instantaneously occurring nonlinear response and
plays a crucial role in photonics and optoelectronics. The Cr
complex is more responsive at the applied frequency of
1500 nm. Entire metalides show a higher dynamic y(w)
response at high external frequencies. For these complexes, the
dc-Kerr effect is distinct at a small applied frequency (532 nm)

Table 5 Frequency-dependent dynamic first hyperpolarizability with electro-optic Pockel's effect (EOPE) f(—w;w,0), electric field-induced second
harmonic generation (ESHG) f(—2w;w,w), the frequency dependent second hyperpolarizability for Kerr effect y(—w;®,0,0) and SHG y(—2w;w,»,0)
response with o = 0.085, 0.042, 0.035, and 0.030 a.u. for the studied complexes

Li;0@[12- Li;0@[12- Li;0@[12- Li;0@[12- Li;0@[12-
Frequency [12-crown-4] crown-4]Sc crown-4]Ti crown-4]V crown-4]Cr crown-4]Mn
Frequency-dependent first hyperpolarizability f(w) (a.u.)
0.085 (532 nm) B(—w;w,0) 49.32 1.5 x 10° 5.0 x 10° 1.5 x 10° 6.0 x 10" 2.6 x 10°
B(—2w;0,0) 64.23 9.8 x 10* 3.6 x 10* 9.8 x 10* 1.8 x 10° 2.6 x 10*
0.042 (1064 nm) B(—;0,0) 49.10 1.2 x 10° 1.2 x 10° 5.5 x 10> 4.6 x 10° 1.4 x 10°
B(—2w;0,0) 48.21 1.9 x 10° 2.2 x 10° 1.1 x 10* 4.4 x 10° 1.1 x 10°
0.035 (1300 nm) B(—w;w,0) 46.46 2.0 x 10° 2.2 x 10° 2.9 x 10° 9.4 x 10° 2.5 x 10*
B(—2w;0,0) 47.46 1.3 x 10° 9.9 x 10° 1.3 x 10° 1.7 x 10° 1.6 x 10°
0.030 (1500 nm) B(—w;w,0) 46.34 7.5 x 10* 6.4 x 10" 7.1 x 10* 2.5 x 10° 3.2 x 10°
B(—2w;0,0) 47.08 7.0 x 10* 8.4 x 10* 8.1 x 10* 4.9 x 10° 1.3 x 10°
Frequency-dependent second hyperpolarizability y(w) (a.u.)
0.085 (532 nm) 7(~w;,0,0) 1.0 x 10" 7.7 x 10° 3.1 x 10" 7.9 x 10° 8.6 x 107 8.0 x 10°
y(—2w;0,0,0) 1.6 x 10* 7.7 x 107 1.6 x 10*° 6.5 x 107 1.1 x 10° 4.5 x 10°
0.042 (1064 nm) 7(~w;w,0,0) 1.0 x 10* 1.0 x 10* 6.6 x 107 3.9 x 10° 1.3 x 107 2.1 x 107
P(—2w50,0,0) 1.1 x 10* 1.1 x 10* 8.3 x 10° 1.9 x 10’ 1.9 x 10° 3.2 x 108
0.035 (1300 nm) 7 (—w;0,0,0) 4.3 x 10* 9.2 x 10° 1.0 x 107 2.6 x 10° 2.0 x 10" 1.8 x 107
Y(=2w;0,0,0) 4.5 x 10* 1.6 x 10’ 2.4 x 107 1.0 x 107 1.4 x 10*° 1.4 x 107
0.030 (1500 nm) 7 (—w;0,0,0) 4.3 x 10* 2.3 x 10° 3.9 x 10° 3.3 x 107 2.3 x 10" 4.5 x 10°
y(—2w;0,0,0) 4.4 x 10* 5.5 x 10° 2.5 x 10° 7.7 x 10° 5.0 x 10° 1.0 x 10’
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as compared to the 1064 nm frequency. Notably, the Mn
complex exhibits the highest value of 3.1 x 10" a.u. for the
dc-Kerr effect, while the Cr complex holds the lowest response.
In addition, quantitative analysis at 1500 nm reveals an inverse
correlation between the VIP and y(—w;®,0,0). A systematic
decrease in VIP from Sc to Mn complexes generally corresponds
to enhanced y(—w;,0,0) responses, with the exception of Mn
complexes showing a minor reduction. Notably, the trend in y
responses contrasts with the decreasing metalide character
across the series.

3.5 The role of vdW forces and NLO features

The nature of bonds among LizO, [12-crown-4], and M has been
thoroughly examined using the quantum theory of atoms in
molecules (QTAIM) analysis. The molecular pictures represent-
ing bonding critical points (BCPs) at selected electron densities
(3, —1) are given in Fig. S3c. Describing covalent and non-
covalent bonding forces in the present complexes, several
electronic parameters such as total electron density (p}), Lapla-
cian of electron density (Vp), potential energy density (V}),
kinetic energy density (Gp), and total energy density (H,) are
evaluated. For clarity, the ring critical point (RCP) at (3, +1) and
the nuclear critical point (NCP) are omitted. The topological
parameters are listed in Table S4. The Laplacian of electron
density (V?p) and total energy density (H},) between M and H-
atoms of [12-crown-4] are positive, suggesting that vdW forces
are being operational in stabilizing complexes. As shown in
Fig. 7, the intermolecular interactions in all complexes except
Li;0@[12-crown-4]Cr are formed between the oxygen atom of
the Li;O and the H-atom of the complexant. The type of
interaction can be determined by examining the ratio of Gy
to |—Vp|. If this ratio exceeds unity, it suggests a non-covalent
interaction, indicating that the forces between the atoms are
primarily governed by weak repulsion or attraction. If the ratio
is between 0.5 and 1, it confirms the presence of electrostatic
interactions between M and [12-crown-4]. As can be seen,
the investigated complexes exhibit closed-shell interactions

(a) Li;0@[12-crown-4]M
M=Sc

I— Strong attraction

Van der waals forces,
[ H--bonding

— Dispersion forces

Fig. 7 The representation of intermolecular interactions. (a) The reduced
density gradient (RDG) scattered plots between RDG and sign(/,)p (a.u.)
and (b) isosurfaces of the LizO@[12-crown-4]M (where M = Sc and Mn) at
the ®B97xd/def2tzvp level.
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between the M and oxygen atoms of the Li;O@[12-crown-4]
complex by the positive values of H, and V’py, suggesting
relatively stable interactions. These interactions are predomi-
nantly non-covalent, as confirmed by the Gy|/|—V}| values
exceeding unity for the majority of attractions. Moreover, the
interactions between Li and oxygen atoms are also not through
sharing electrons, as shown by Gy|/|—V}| values greater than 1.
In contrast, the interactions of M with hydrogen atoms are
dominated by electrostatic character due to Gy|/|—V;| values
between 0.5 and 1. The values of H, are negative for these
interactions, while positive values of G}, are observed.

To further identify vdW forces and their important roles in
electronic and NLO properties, the noncovalent interaction
(NCI) analysis is considered. The RDG versus sign(Z,)p scattered
plots and the colour-filled RDG isosurface for Sc and Mn are
shown in Fig. 7, while the remaining pictures are shown in Fig.
S3. It can be seen from Fig. 7a that the RDG isosurface of
Li;O@[12-crown-4]M complexes holds green-coloured layered
patches, suggesting vdW interactions. Moreover, the appear-
ance of more spike blue regions in the Sc complex signifies the
stronger attraction between the Sc atom and [12-crown-4],
which is in agreement with the short interaction distance.
The observed significant vdW interactions in the Sc complex
can be attributed to its shorter interaction distance (dy-y) and
considerable NBO charge transfer, resulting in a noteworthy
hyperpolarizability response. It can also be observed that the
ionic pairing Li;O'-M~ is predominantly dominated by attrac-
tive interactions followed by vdW forces. The impact of vdW
interaction is highly observed for M lying exactly in the middle
of [12-crown-4]. This is reasonable because the charge trans-
ferred from Liz;O to M is significant, resulting in increased
stability for the guest-host system as well as the NLO response
of complexes.

The second-order perturbation energy (E*) is also examined
to gain a better comprehension of donor-acceptor orbital
interactions and their contribution to the stability of the
Li;O@[12-crown-4]M complexes. Table S5 lists the corres-
ponding results, detailing intermolecular charge transfers and
electron delocalization. The E” is used to measure the amount
of electron delocalization between the donor (i) and acceptor ()
interacting orbitals as described in eqn (15). In the present
complexes, the interaction between lone pair (LP) electrons of
the oxygen atom of LizO (donor) and LP* orbitals of M (accep-
tor) is the most significant donor-acceptor interaction. This
delocalization of electrons in Li;O plays a crucial role in
maintaining the polar environment and its charge-donating
ability to metals. Therefore, a significant E* value indicates a
strong interaction existing between the donor and acceptor
orbitals, resulting in notable stability of complexes. From the
results collected in Table S5, it can be found the lowest E* value
(0.06 kcal mol ") obtained for the Mn complex displays that it
has the minimum stabilization energy for charge transfer,
while a significant value (31.45 kcal mol ') is calculated for
the Sc complex, demonstrating strong donor-acceptor interac-
tions in this complex. These results are consistent with the
calculated NBO charge analysis as well as with the interaction
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energy of the Sc complex. It should be noted that E* is not the
sole factor enhancing NLO responses. The magnitude of E* is
strongly dependent on both the orbital overlap and the energy
difference between the donor and acceptor orbitals at specific
interaction distances.

3.6 Excited state and vibrational study

Excited state analysis using the TD-DFT-oB97xd method pro-
vides insights into the absorbance wavelengths (4ma,) and
vertical excitation energies (AE). The role of vertical excitation
energy and absorbance wavelength is important for adequately
understanding the nonlinear optical features of molecules
and clusters. It has been reported that low excitation energy
facilitates the promotion of excess electrons to unoccupied
molecular orbitals, especially the lowest unoccupied molecular
orbitals (LUMOs), which enhances the nonlinear optical prop-
erties of the material.®*"®” Numerical findings are presented
in Table 6. The absorbance spectrum of pristine [12-crown-4]
shows adsorption in the UV region with a maximum wave-
length (Amax) Of 127.71 nm and the corresponding excitation
energy of 9.70 eV. In contrast, entire designed complexes are
transparent in the UV region and exhibit absorbance at greater
wavelengths (Fig. S4). The Li;O@[12-crown-4]M complexes
show absorption maxima ranging from 335.75 to 447.84 nm.
The Sc complex holds the highest absorption wavelength (Zmax =
447.84 nm), while the Mn complex has the minimum (Ayax =
335.75 nm). Furthermore, the transition energies (AE) of
Li;O@[12-crown-4]M are monitored in the range of 2.76-
3.69 eV. The designed complexes have low excitation energies
as compared to [12-crown-4], while the corresponding oscilla-
tion strength values increase. In the present complexes, the
excitation energy is inversely related to hyperpolarizability, as
already discussed. In the Sc complex, the major contribution of
orbitals is 34% and 30% for HOMO — LUMO+3 and HOMO —
LUMO, respectively. Similarly, HOMO — LUMO+2 (37%) is the
dominant vertical transition in the Ti complex, while HOMO —
LUMO+6 (68%) is observed in the V complex.

In the gas phase, vibrational modes associated with the
pristine crown-ether and the designed Li;O@[12-crown-4]M
complexes have been investigated. The FT-IR spectra of
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[12-crown-4] and the Li;O@[12-crown-4]M complexes are pre-
sented in Fig. S5, while their vibrational frequencies are listed
in Table S6. v_y stretching modes in [12-crown-4] are observed
in the range of 3073-2976 cm ' in FT-IR spectra, closely
matching the experimental values of 2947-2865 cm™'.°%7°
Furthermore, three vibrations associated with vc_y bending
modes, with the calculated intensities of 1496, 1401, and
1134 cm™ " are also in agreement with experimental results.®’
Characteristic peaks associated with crown ethers are C-O and
C-C stretching. Strong peaks observed at 1227 cm™ " are asso-
ciated with C-O stretching, while the medium peak at
1075 cm ™" belongs to C-C stretching. The calculated vibra-
tional frequencies for the designed complexes correspond t
o stretching and bending vibrations in the range of 3029-
1270 cm ', The highest C-H stretching and bending for the
Cr complex are observed at 3029 cm™* and 1270 cm ™', respec-
tively. Additionally, the calculated C-O stretching modes for Sc, Ti,
V, Cr, and Mn are 1203, 1207, 1216, and 1323 cm ™. In conclusion,
after the interaction of Li;O and transition metals with [12-crown-
4], the vibrational peaks become more intense, indicating the
change in the vibrational level after complexation. In the pure
complexant, the C-O stretching vibration (1206 cm™") is smaller
as compared to that in the designed complexes. The vibrational
frequencies align in the order of Cr > V > Ti > Mn > Sc. The
obtained values are 1068, 1069, 1072, 1093, and 1067 cm ™', which
are consistent with the experimental results.®”*®

Furthermore, to better understand the electronic properties of
the Li;O@)[12-crown-4]M complexes and orbital contributions
concerning energy, the projected density of state (PDOS), as well
as total density of state (TDOS) spectra, are plotted and given in
Fig. S6 and S7. PDOS provides us with information about the
number of states concerning energy. The energy in the PDOS plot
spreads from —21 to 5.44 eV. A significant shift to high energy in
the HOMO can be observed compared to [12-crown-4]. Newly
generated HOMOs are observed after the interaction of Liz;O and
M with the complexant. Degenerated states are higher in energy
and have a contribution from the d-orbital from transition metals.
A reduction in the HOMO-LUMO gap is witnessed for complexes,
promoting electron transfer from occupied to unoccupied orbi-
tals, which leads to imparting optical NLO characteristics.

Table 6 Excitation energies (AE), maximum absorbance wavelength (1may), oscillator strength (f,), mean dipole moments (u.), and major orbital

contribution in the excited state analysis

Complexes AE (eV) fo(au) Amax (NM) Major orbital contribution
[12-crown-4] 9.70 0.2273 128 HOMO — LUMO+6 (24.5%)
HOMO — LUMO+5 (12.5%)
Li;O@[12-crown-4]Sc 2.76 2.7685 447 HOMO — LUMO (30%)
HOMO — LUMO+3 (34%)
HOMO — LUMO+2 (9%)
Li;0@[12-crown-4]Ti 3.00 0.3283 411 HOMO — LUMO+2 (37%)
HOMO — LUMO+3 (24%)
HOMO — LUMO+5 (18%)
Li;0@[12-crown-4]v 3.07 0.4554 402 HOMO — LUMO+6 (68%)
HOMO — LUMO+7 (24%)
Li;O@[12-crown-4]Cr 3.57 0.2543 346 HOMO — LUMO+6 (10%)
HOMO — LUMO+8 (11%)
Li;0@[12-crown-4]Mn 3.69 0.3312 335 HOMO — LUMO+6 (16%)
HOMO — LUMO+8 (22%)
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4 Conclusions

In summary, the metalide complexes explored here contain
unprecedented involvement of Li;O as a source of excess
electrons, while transition metals exhibit negative charges
(anions). The existence of ion-paired species Li;O'@[12-
crown-4]M~ (where M = Sc, Ti, V, Cr, and Mn) is very crucial
in elaborating the metalide nature and vdW forces at long-
range distances between Li;O and M. Extensive electronic
structure calculations unveil their excess electron nature and
thermodynamic features. The artificial bee colony algorithm
predicts the molecular geometries of the present complexes.
The dynamic and kinetic stability of the complexes is con-
firmed through AIMD simulations at 300 K. Both ELF and LOL
topological analyses support the metalide characteristics and
provide evidence on excess electron localization to transition
metals in the present complexes. A remarkable hyperpolariz-
ability (,) value of 7.6 x 10> a.u. is obtained for the Sc complex,
while hyper-Rayleigh scattering (furs) is the highest for the Mn
complex. With the help of excess electrons and metalide char-
acter, these complexes exhibit excellent dynamic NLO properties.
The dipolar nature of the complexes is witnessed with increased
atomic number and spin multiplicity. For the Sc, Ti, and Mn
complexes, considerable vdW forces and attractive interactions
enhance the stability as well as dynamic NLO features of the
complexes. Frequency-dependent NLO responses are evaluated at
532, 1064, 1300, and 1500 nm, revealing that f(w) is more
prominent at 1300 nm, while y(w) exhibits high magnitude at
the higher frequency (532 nm). The influence of different solvents
on hyperpolarizability is evaluated using an implicit solvation
model. The f3, responses with implicit solvents have a substantial
increase compared to gas-phase calculations, with water yielding
slightly higher f, values. Although the present calculations
employed an implicit solvent model, directional solvation
effects arising from protic solvents could potentially influence
the computed properties, which deserve further investigation.

Author contributions

The manuscript was written through contributions from all
authors. All authors have given approval to the final version of
the manuscript.

Conflicts of interest

The authors declare no competing financial interest.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Supplementary information available: Optimized molecular
geometries, snapshot of geometries in AIMD calculations,
RDG scattered plots, absorption spectra, IR spectra, PDOS and
TDOS spectra, the computed interaction energies, optimized
geometric coordinates, static NLO parameters, topological

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

View Article Online

NJC

parameters, and vibrational frequencies of the studied complexes.
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