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ARTICLE INFO ABSTRACT

Keywords: A new series of alkaline earthides based on Cryptand [2.2.2] (C222) containing nine complexes is
Alkaline ea}'ﬂ‘ides designed by carefully placing alkali metals and alkaline earth metals inside and outside the C222
NLO materials complexant, respectively i.e., M1(C222)M2 (M1 = Li, Na, K; M2 = Be, Mg, Ca). The designed

Excess electron
Hyperpolarizability (5,)
Vertical ionization potential

complexes are reasonably stable both electronically and thermodynamically, as revealed through
their vertical ionization potentials (VIPs) and interaction energies, respectively. Moreover, the
true alkaline earthide nature of the complexes is confirmed through NBO and FMO analyses
showing the negative charges and HOMOs over the alkaline earth metals, respectively. The
further validity of true earthide characteristic is represented graphically by the spectra of partial
density of states (PDOS). HOMO-LUMO gaps of the compounds are also very small (from 2.23 to
2.83 eV) when compared with pure cage’s (C222) H-L gap i.e., 5.63 eV. All these features award
these complexes with very small values of transition energies (AE) ranging from 0.68 to 2.06 eV
ultimately resulting in remarkably high hyperpolarizability values up to 2.7 x 10° au (for
Na'(C222)Mg"). Furthermore, applying external electric field (EEF) on the complexes enhances
hyperpolarizability further. A remarkable increase of 1000 folds has been seen when hyper-
polarizability of K+(C222)Ca~ is calculated after EEF application i.e., from 8.79 x 10% au to 2.48
x 107 au; when subjected to 0.001 au external electric field.

1. Introduction

Design of nonlinear optical (NLO) materials has been the subject of significant scientific research for the last several decades [1] due
to their potential uses in various fields [2-7] i.e., optical communication [8], optical computing [4,9], laser devices [10], nonlinear
microscopy [11], photocatalysis [12] and optical limiting applications [13,14] etc. In this regard, numerous approaches have been
proposed for not just designing new NLO substances but to improve already proposed materials’ nonlinear optical responses. These
approaches include diradical character [15,16], donor-t-acceptor systems [17], the anionic group theory [18,19], synthesis of
octupolar molecules [20], systems with excess electrons [21-28] etc. Li et al., in 2004 studied the compounds containing excess
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electrons showing remarkable NLO response [29,30]. Since then, introduction of excess electron into the structure of a compound is
considered as an excellent approach for the purpose of boosting of a system’s NLO response.

A large number of different excess electron compounds have been designed subsequently. Electrides [31-33] are one of the
commonly studied excess electron compounds with significantly higher NLO response. Their design principle includes an electron
source (mostly an alkali metal) intercalated into the complexant as source of excess electron and an excess electron acting as anion
lying over the complexant. There are different types of electrides studied with different electron sources and complexants up till now.
For example, Cs(18-crown-6)2e™ is the first electride with Cs and 18-crown-6 ether acting as excess electron source and complexant,
respectively [34]. Similarly, M*(cryptand [2.2.2])e " is the electride with alkali metals like Li, Na and K as source of excess electron and
cryptand[2.2.2] as a complexant [35,36]. Moreover, M™(15-crown-5)e” [37], Na'(tri-pip-aza222)e™ [38], Na™(calix [4]pyrrole)e™
[39], AM3@GDY (AM = Li, Na, K) [40] etc. electrides have been reported. Another class of excess electron compounds is alkalides with
remarkable NLO response. Alkalides are the compounds that contain atoms intercalated into the complexant (most probably the alkali
metals) as sources of excess electrons and another alkali metal present outside the complexant acting as an electron acceptor (donated
by the intercalated atom). The electron acceptor alkali metal atom converts into alkali metal anion and contains excess electron of the
system [41-45] such as M*(n6Adz)M’ [46], M (calix [4]1pyrrole)M™ (in these compounds alkali metal cations and alkali metal anions
are represented by M" & M~ respectively) [47] etc.

Recently, a new type of compounds having excess electron has been proposed. They comprise of alkali metals as electron donors
(cations) with alkaline earth metals as electron acceptors (anions). The position of alkali metals and alkaline earth metals in these
compounds are at the inner side and outer side of the complexant, respectively. With C¢HgF¢ as a complexant (Li(CcHgFg)M (in which
M = Be, Mg and Ca)) [48], the alkaline earthides were designed for the first time showing significantly higher NLO response. Our group
has been working on these compounds and have designed a number of alkaline earthides with different complexant molecules i.e.,
MT(NH3)6M ™~ [49], MT(3°Adz)M ™~ [50], M (26Adz)M ™~ [511, M*(calix [4]pyrrole)M ™~ [52], MT(15-crown-5 ether)M~ [53] (here,
alkali metals are represented by M* while alkaline earth metals are represented by M~). The designed earthides have shown
remarkable NLO response which has motivated us to explore them further. We have selected yet another complexant i.e., cryptand
[222] (C222) for the new series of alkaline earthides. It’s a bicyclic compound and is known for its high affinity for alkali metal cations.
Literature reveals many examples where C222 is used as an encapsulating agent for alkali metals [54]. This feature of C222 can be very
useful for us in designing alkaline earthides as the basic design principle of alkaline earthides is, encapsulation of alkali metals in the
complexant with alkaline earth metals kept outside the complexant. Moreover, the structure of cryptand[2.2.2] that we have utilized in
our study also contains a benzene ring, as highlighted in Fig. 1(a and b). Presence of the ring is expected to influence the complexation
behavior and overall flexibility of the complexant (the flexibility gets reduced) [55]. C222 contains a three-dimensional interior cavity
which provides a binding site for the "guest" ions with the benzene ring allowing the electrostatic attractive forces to develop between
the complexed ions and the n-electrons [56] thus making it better complexating agent.

Furthermore, we did a complete investigation on the effects of external electric field on the hyperpolarizability of designed series of
alkaline earthides. As application of external electric field results in an increased charge transfer from alkali metal to alkaline earth
metal as well as decreases the energy gap of the alkaline earthides hence enhances the hyperpolarizability of alkaline earthides [52,57,
58].

(@) 1))

Fig. 1. Cryptand[2.2.2] chemdraw (a) and GaussView (b) structure.
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2. Computational methodology

One of the DFT-D functionals i.e., ®B97X-D (a hybrid) with distinctive features like long range and dispersion correction is used in
the current study. It is reported to be a suitable functional for complexes with alkali metals [59] and gives reliable results for the study
of thermochemistry, non-covalent bonding interactions [51,60,61] and transfer of charge within compounds. As the charge transfer
and long-range interactions are the prominent features of the systems that we have designed in the current study, hence they demand
the functional like @B97X-D for reliable results. Therefore, ®B97X-D functional is employed (along with 6-31G+(d,p)). Moreover,
other reasons for selecting wB97X-D are the literature reports which show that the results of nonlinear optical studies by ©¥B97X-D are
comparable to coupled cluster methods’ (CCSD(T)) results, that is acknowledged in quantum chemistry as a “gold standard” method
[62]. Historically, the coupled-cluster methods have been used for the accurate estimation of polarizability and hyperpolarizability but
its usage as a routine computational tool for screening is limited by its greater computational cost. Contrariwise, density functional
theory (DFT) methods possess favorable balance between computational cost and accuracy which has enabled them gain more
attention. But the calculation of g values through DFT methods is functional-dependent. This is because of different
exchange-correlation potentials of every functional. It is well known that the exchange correlation part is very important for calcu-
lation of NLO properties. So, CCSD(T) calculations are used as a suitable benchmark for comparing NLO properties obtained through
DFT (by employing a number of range-separated exchange functionals) [62]. As the systems under study are large for which CCSD (T)
calculations are not very practical hence DFT methods are chosen in our study on the basis of the results obtained from comparison
with CCSD(T). According to the results of comparison study, wB97X-D functional shows results comparable to coupled cluster
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Fig. 2. Optimized Geometries of M1(C222)M2 (where M1 = Li, Na, K; M2 = Be, Mg, Ca) compounds calculated at w¥B97X-D/6-31+G (d,p) level.
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methods’ results [63]. Furthermore, as per the reported studies, authentic study of hyperpolarizability demands range separation to be
the feature of the functional to be employed. Hence, ®B97X-D is an authentic choice to be made as it contains 100% of long-range exact
exchange, a small fraction (about 22%) of short-range exact exchange [32,63-68], a modified B97 exchange density functional for
short-range interaction and empirical dispersion corrections. Empirical dispersion correction is an additional term which is based on
Grimme’s D2 dispersion model [9,61,69-72].

Gaussian 09 program package is used for performing all the DFT simulations [73] whereas for the visualization of optimized
geometries GaussView 5.0 is used [74]. The geometries of the designed compounds are optimized first. Then, comprehensive study of
electronic properties is done that includes estimation of NBO (natural bond orbitals) and gap between HOMO and LUMO (HOMO--
LUMO gaps). Further, spectra are generated for the partial densities of states (PDOS) to verify the electronic properties further through
multiwfn [75].

For the detailed study, at wB97X-D/6-31G-+(d,p), vertical ionization potential (VIP), dipole moments (y,), ultra-
violet-visible-infrared absorption spectra, isotropic polarizability and the first hyperpolarizability are analyzed.

The change in the NLO response on application of external electric field (EEF) has been figured out by repeating the calculations
(Optimization, NBO, Hyperpolarizability, Energy gap) under external electric field (EEF) having the strength equal to 0.001 au along
the charge transfer direction i.e., M1— M2.

In order to get the oscillator strength (f,), crucial excitation energies (AE) and change in dipole moment (Ap), the time-dependent
DFT calculations are performed at TD-wB97X-D/6-31+G(d,p) level of theory. The time dependent DFT calculations are carried out for
all the designed compounds in order to obtain the state to which summation is restricted (called as the crucial excited state) in two level
model. Systems with numerous electrons show a number of possible electronic excitations. However, the dipole allowed transitions are
only a few because of the symmetry and selection rule. Only these dipoles allowed transitions contribute to some associated properties
of the molecule. In the current study, after considering 20 electronic states, we have applied FSM i.e., few state model. It gives us the
states showing considerable contribution (dipole allowed transitions) to NLO. FSM works by eliminating those states which show lesser
contribution or zero contribution to the NLO properties in SOS formula. In this way, just evaluating the dipole allowed transitions in
SOS formula decreases the computing cost considerably. This is because of the fact that there are only a few dipole allowed transitions
in electronic spectra [76,77]. Out of all these 20 excited states, we consider the electronic state with maximum value of oscillator
strength (f,) as the main electronic transition contributing most to NLO response (crucial excited state). This particular excited state’s
transition energy (AE) is also taken as one of the controlling factors of hyperpolarizability.

3. Results and discussion
3.1. Geometrical characteristics

The optimization of geometries of M1(C222)M2 is carried out first. The final optimized structures (given in Fig. 2) are such that
they contain alkali metals at the internal face of C222 complexant while the external face of C222 complexant contains alkaline earth
metals (interacting with hydrogens of complexant). Interaction distance between the metal ions is calculated (Table 1). The interaction
distance shows an increase when alkali metal cation (M1) present inside the C222 (complexant) is same while alkaline earth metal
(M2) situated outside the C222 (complexant) is changed. Li and Na series follow this increase in interaction distance trend. For
Li*(C222)M2 series (M2 represents Be, Mg and Ca), the distance between metals/interaction distance increases in the order; Li* - Be~
(having distance in between them equal to 4.95 f\) <LiT- Mg~ (with the distance 5.29 Io\) < Li T - Ca~ (with the distance 5.93 /o\). A
similar trend is exhibited by next series i.e., the Na series (Na'(C222)M2) where Na™ - Be™ (with the distance 5.45 A) <Na™- Mg~
(with the distance 5.79 }o\) < Na " - Ca~ (with the distance 6.32 A). The increase in interaction distance is on account of the size
enlargement of the alkaline earth metals along with enhancement in their electropositive nature which ultimately decreases the
interaction between the metals [49,51,76]. While for K series, K"(C222)M2, the increase is not monotonic. The reason may be the
larger size of K which slightly distorts the complexants cage structure. The trend followed by this series is; K* - Mg~ (with the distance
5.29 A) < K' - Be™ (with the distance 5.65 A) < K* - Ca~ (with the distance 5.90 A).

Table 1
NBO charges on M1 (Qyy in |e|) and M2 (Qu in |e|), symmetries, vertical ionization potential, VIP (eV), distances between M1 and M2, (in A), ground
state dipole moments, y, (D) and energy gaps, H-L gaps (eV) in the M1(C222)M2 compounds.

M1(C222)M2 Qw1 Qmz Sym. VIP dyii-mz o Eq Ep H-L gap
Li*(C222)Be” 0.57 —0.81 C 4.65 4.95 15.48 4.65 4.36 2.83
Li*(C222)Mg™ 0.57 -0.83 o 4.64 5.29 17.09 4.64 4.36 2.53
Li*(C222)Ca” 0.85 ~0.77 C; 4.59 5.93 19.52 459 4.34 2.37
Na*(C222)Be” 0.62 —0.83 C 4.61 5.45 17.78 4.61 4.36 2.56
Na*(C222)Mg™~ 0.53 —0.85 C: 4.60 5.79 19.58 4.60 4.35 2.26
Na*(C222)Ca 0.87 -0.71 C 4.60 6.32 21.50 4.60 4.35 2.26
K*(C222)Be™ 0.65 ~0.85 C 4.58 5.65 18.53 4.58 4.36 2.29
K*(C222)Mg~ 0.61 —0.83 C 4.56 5.29 16.84 4.56 4.34 2.23
K*(C222)Ca 0.88 -0.77 Ci 4.56 5.90 19.20 4.56 4.34 2.24
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Fig. 3. HOMOs and LUMOs of Li*(C222)M2 and Na'(C222)M2 compounds (M2 = Be, Mg, Ca) plotted at isovalue of 0.02.

3.1.1. Dipole moment

In Table 1, the dipole moment of designed compounds is presented. As dipole moment is the vector product of two parameters, one
is the magnitude of charges and other is the distance between those charges. There is a direct relation between both these parameters
and the dipole moment. The direct relation of dipole moment with distance between the charges can be observed through the values of
dipole moment calculated for LiT(C222)M2 and Na'(C222)M2 series. The complexes of both these series show an increase in dipole
moment by size enlargement of anion (as a result of size enlargement of alkaline earth metal, overall distance between the charges
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increase). For Li*(C222)M2 series, dipole moment of Li"(C222)Be ™ (15.48 D) < Li*(C222)Mg™~ (17.09 D) < Li*(C222)Ca™ (19.52 D).
Similarly, for Na*(C222)M2 series, dipole moment of Na*(C222)Be™ (17.78 D) < Na'(C222)Mg™ (19.58 D) < Na*(C222)Ca™ (21.50
D). For the K series, dipole moment of the series does not increase in regular order. The reason behind such a trend is interaction
distance between the metal atoms. The distance between metal atoms do not increase in a regular pattern (like Li and Na series) when
size of alkaline earth metal increases. For this series, the trend followed by interaction distance and dipole moment is, K* - Mg~ < K™ -
Be™ < K' - Ca. Therefore, for all the three series, interaction distance between the metal atoms is the deciding factor for dipole
moment.

3.2. Electronic properties

In order to confirm that whether the studied compounds have true alkaline earthide nature or not, study of NBOs i.e., natural bond
orbitals is carried out. NBOs analyses show that in the designed compounds, alkali metals bear positive charges while the charges
developed by alkaline earth metals are negative showing that charge is transferred from alkali metals (donor metal atoms here) to
alkaline earth metals (acceptor metal atoms here). In this way, excess electron is inserted into the complex, reposing over the acceptor
metal atoms of system (alkaline earth metal). Moreover, alkaline earth metals’ negative charge corroborate the designed compounds as
having true earthide character.

NBO analyses show that Li*(C222)M2 series follows a non-monotonic trend of increase of NBO charge (negative charge) on
alkaline earth metals i.e., Li"(C222)Mg~ (—0.83 |e|) > Li"(C222)Be™ (-0.81 |e|) > Li"(C222)Ca~ (—0.77 |e|). For Na*(C222)M2
series, the increase is also of the same order (similar to Li*(C222)M2 series) i.e., Na*(C222)Mg~ (—0.85 lep) > Na™(C222)Be™ (—0.83 |
e|) > Na"(C222)Ca™ (—0.71 |e|). The Na series shows the highest negative charge in the complex (on alkaline earth metal) having
highest hyperpolarizability (similar hyperpolarizability trend is shown by this series). For K*(C222)M2 series, a decreasing trend is
followed from Be toward Ca i.e., K(C222)Be™ (—0.85 |e]) > K*(C222)Mg~ (-0.83 |e|) > K*(C222)Ca™ (-0.77 |e|).

For validation of earthide nature further, frontier molecular orbitals (FMOs) are viewed which show the position of HOMO (highest
occupied molecular orbital). In the designed complexes, position of HOMO is over alkaline earth metal (Fig. 3/Fig. S1). Hence,
validating the alkaline earthide nature. Moreover, PDOS (partial density of states) spectra are also generated (Fig. 4/Fig. S2) for
confirmation of position of HOMO. The spectra clearly show the HOMOs of all the complexes repose over alkaline earth metals.

The final geometries contain alkali metals lying at the internal face of C222 complexant while at external face of C222 complexant,
alkaline earth metals are present (interacting with hydrogens of complexant). Oxygen atoms (electron rich) of the complexant are
oriented toward the metals near them (alkali metals). These oxygen atoms push the electron present in outermost shell of alkali metals
(ns? electron) which passages toward and finally surrounds the alkaline earth metal.

The gaps between highest occupied and lowest unoccupied molecular orbitals (abbreviated as H-L gaps) are calculated and the
designed compounds show H-L gaps as very small (from 2.23 to 2.83 eV) when compared with pure cage’s (C222) H-L gap i.e., 5.63 eV.
There is clear reduction in value that is credited to the position of excess electron i.e., alkaline earth metal, in case of alkaline earthide
complexes. Discussing the H-L gaps series wise, we see that there is reduction in H-L gap with the alkaline earth metal anion’s
enlargement. For LiT(C222)M2 and Na'(C222)M2 series, H-L gap decreases monotonically like, Lit(C222)Be ™ (with 2.83 eV energy
gap) > LiT(C222)Mg~ (with 2.53 eV energy gap) > LiT(C222)Ca~ (with 2.37 eV energy gap) and Na™(C222)Be~ (with 2.56 eV energy
gap) > Na"(C222)Mg~/Na'(C222)Ca~ (with 2.26 eV energy gap). The larger the size of anion, the lesser its electronegativity and less
likely it can hold the electron. This lowers the HOMO-LUMO gap which ultimately causes easier excitation of the excess electron. For K
series, irregular trend for H-L gap is followed i.e., KT(C222)Be™ > K™(C222)Ca™ > K*(C222)Mg’. The lowest H-L gap of this series is
observed for K(C222)Mg~ complex which has the lowest interaction distance between the interacting metal atoms (among this se-
ries). The lower interaction distance may cause the transfer of charge to be better and H-L gap to be lower.

The complexes possess reasonably high values of vertical ionization potential (VIP) (values are given in Table 1). Such higher
values impart electronic stability to the complexes. For all the three series, there is influence of size of anion (i.e., alkaline earth metals)
on values of VIP. They seem to decrease by increase of anion’s size. This is because of the fact that ionization energy becomes lower
with increase of anion’s size. For Li*(C222)M2 series, the VIP of Lit(C222)Be™ (4.65 eV) is greater than Li*(C222)Mg~ (4.64 eV)
which is greater again than LiT(C222)Ca~ (4.59 eV). A similar trend is followed by Na™(C222)M2 and K"(C222)M2 series i.e., VIP of
Na*(C222)Be™ (4.61 eV) > Na'(C222)Mg~ (4.60 eV)/Na'(C222)Ca™ (4.60 eV) and VIP of K" (C222)Be ™ (4.58 eV) > K" (C222)Mg~
(4.56 eV)/K'(C222)Ca~ (4.56 eV).

Table 2
Calculated mean polarizabilities, o, (au), mean first hyperpolarizabilities, g, (au), Amax (nm), transition energies, AE (eV), oscillator strengths, f, (au)
and differences in dipole moments, Ap (D) between the ground and excited states of the crucial excited states for the M1(C222)M2 compounds.

M1(C222)M2 a Bo Jmax AE f Ap
LiT(C222)Be™ 480 2.4 x 10* 1256 0.98 0.07 2.32
Lit(C222)Mg ™~ 646 1.0 x 10° 1614 0.76 0.10 5.30
Lit(C222)Ca™ 735 1.3 x 10° 1506 0.82 0.1 5.23
Na*(C222)Be™ 492 6.5 x 10* 600 2.06 0.06 5.26
Na*(C222)Mg™~ 680 2.7 x 10° 1800 0.68 0.08 5.81
Na*(C222)Ca 766 2.0 x 10° 1609 0.77 0.11 8.24
K (C222)Be™ 507 5.4 x 10* 614 2.01 0.09 10.05
K+ (C222)Mg~ 694 1.1 x 10° 1796 0.69 0.11 0.01
K*(C222)Ca~ 423 8.7 x 10* 1598 0.78 0.12 0.01
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3.3. Nonlinear optical properties

In case of alkaline earthides, a diffuse electron reposes over alkaline earth metal. Due to its diffuse nature, it can easily be excited
and renders complexes with significantly lower energies of excitation. Owing to these characteristics, compounds are expected to show
larger NLO (nonlinear optical) responses. Therefore, the nonlinear optical properties are calculated. Table 2 contains polarizabilities
and first hyperpolarizabilities (@, and f,, respectively).

It is observed that the polarizability values of Li series (Li*(C222)M2) and Na (Na*(C222)M2) series increase along the series in a
monotonic order i.e., a, increases from Li*(C222)Be /Na'(C222)Be” to Li"(C222)Mg /Na'(C222)Mg™~ and further increases from
Lit(C222)Mg /Na*t(C222)Mg™~ to Li"(C222)Ca /Na'(C222)Ca . Polarizability of both these series shows dependence on alkaline
earth metal’s size. By the enlargement in alkaline earth metal’s size containing excess electron, the polarizability also increases. This is
because larger anions have more loosely held electrons in their outermost shell, since they are situated farther away from the nucleus,
hence more polarizable. While the K series (K*(C222)M2) shows a non-monotonic trend of polarizability, showing an increase in value
from K(C222)Be™ to K'(C222)Mg~ but further decrease for K*(C222)Ca™.

However, the analyses of values of hyperpolarizability of all the three series shows that for Li series (Li"(C222)M2), j, increases in a
linear pattern, showing an increase in value from LiT(C222)Be™ to LiT(C222)Mg~ and then to Li"(C222)Ca". The consistent increase in
the value of hyperpolarizability can be credited to alkaline earth metal’s size. With the size enlargement of alkaline earth anion, f, also
increases i.e., f, of Li*(C222)Ca~ (1.3 x 10° au) > Li*(C222)Mg~ (1.0 x 10° au) > Li"(C222)Be™ (2.4 x 10* au). The larger the size of
anion, the lesser its electronegativity and it is less likely to hold the electron. This causes easier excitation of the excess electron ul-
timately increasing f,.

The f, of Na and K series, Na"(C222)M2 and K*(C222)M2 (M2 = Be, Mg & K), shows a non-monotonic trend. For these two series,
B, increases from Na™(C222)Be /K 1(C222)Be™ to Nat(C222)Mg~ /K (C222)Mg~ but decreases further for Na*(C222)Ca™ /K" (C222)
Ca. The reason behind the elevation in f, from M1(C222)Be™ to M1(C222)Mg~ (M1 = Na or K) can be alkaline earth metal’s size
(former compounds contain Be of smaller size and latter contain Mg of greater size). As per the fact that alkaline earth metal atoms in
each compound hold the excess electron, the greater the metal’s size (holding excess electron), the smaller its ionization energy and the
gentler & easier the stimulation of electron from such metal and eventually larger will be the value of hyperpolarizability. So, in this
case, alkaline earth metal atom’s size (holding excess electron) is the deciding factor for hyperpolarizability value. The value of
hyperpolarizability shows decrease further from M1(C222)Mg™ to M1(C222)Ca™ (M1 = Na or K). This can be credited to the increase
in interaction distance between the metal ions in a complex. When the interaction distance between the interacting ions becomes the
deciding factor for the j, values, we find the higher hyperpolarizability values for the complexes with smaller distance between the
interacting parts. So, in this case the interaction distance is the deciding factor for hyperpolarizability value. Compounds with Mg
anion, M1(C222)Mg™~ show higher value of hyperpolarizability with shorter distance between interacting ions contrary to the com-
plexes with Ca anion (M1(C222)Ca™) with greater interaction distance. Na*(C222)Mg* (2.7 x 10° au) > Na™(C222)Ca™ (2.0 x 10°
au) > Nat(C222)Be™ (6.5 x 10% au) and K*(C222)Mg™~ (1.1 x 10° au) > K*(C222)Ca™ (8.7 x 10* au) > K*(C222)Be™ (5.4 x 10* au).

3.4. Controlling factors of hyperpolarizability

Certain factors affecting hyperpolarizability i.e., f,, oscillator strength, Ap, change in dipole moment and AE, energy that is required
for transition in between two states i.e., ground and crucial excited state, are studied by employing two level model.

Br~ Ap x f, /AE?

The equation shows that there is direct relation of §, with f, and Ap while f, is related inversely to AE® (values given Table 2).

The crucial transitions are calculated through the TD-DFT (time dependent density functional theory) calculations. The inverse
relation between AE and f, can be observed through the high values of 3, (up to 10° au) and the lower values of AE (0.68-2.06 eV) for
the complexes. Such lower values of AE are the reason behind elevated hyperpolarizability values (as confirmed via the previous
reports [76,78-80]. Moreover, this inverse relation can be studied through the hyperpolarizability and AE values of Na™(C222)M2
(M2 = Be, Mg & K) series. Hyperpolarizability of Na™*(C222)M2 series increases like, Na*(C222)Mg’ (2.7 x 10° au) > Na*t(C222)Ca~
(2.0 x 10° au) > Nat(C222)Be™ (6.5 x 10* au) while AE shows the decreasing trend in the same pattern i.e., Na*(C222)Mg’ (0.68 eV)
< Nat(C222)Ca™ (0.77 eV) < Na™(C222)Be™ (2.06 eV). Such a trend where AE is lowering down a series, is because enlargement of an
atom’s size (alkaline earth metal here) decreases its ionization potential that ultimately lowers energy required for electronic
excitation.

The direct relation between oscillator strength and hyperpolarizability is shown by one of the series i.e., Li series (Li"(C222)M2). f,
of Lit(C222)Ca~ (1.3 x 10° au) > Li*(C222)Mg~ (1.0 x 10° au) > LiT(C222)Be” (2.4 x 10* au) and in the same pattern, f, of
LiT(C222)Ca™ (0.11) > LiT(C222)Mg~ (0.10) > Li*(C222)Be™ (0.07).

Moreover, the direct relation between f,, hyperpolarizability and Ay, change in dipole moment can be observed in the Na series
(Na'(C222)M2), where the highest value of 3, (2.7 x 10° au) is calculated for the compound Na*(C222)Mg’ having highest Ap (5.81
D) as well.
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Fig. 5. The UV-VIS absorption spectra of M1(C222)M2 (M1 = Li) (M2 = Be, Mg and Ca) compounds.

3.5. Absorption analysis

Absorption analysis shows the maximum absorption in infrared region. Li series, (LiT(C222)M2) shows the absorption maxima for
Li(C222)Be ™ at 1256 nm. A red shift is observed for Li*(C222)Mg~ to 1614 nm then a slight blue shift is seen for the next compound of
the series (Li"(C222)Ca™) to 1506 nm. The highest absorption maxima in this series for Li*(C222)Mg’ can be due to the lowest AE of
this complex in Li series. A very similar trend is shown by Na*(C222)M2 and K*(C222)M2 series. For Na(C222)M2 series, an increase
in the absorption maxima (Amay) has been observed from Na™(C222)Be™ (600 nm) to Na™(C222)Mg~ (1800 nm) then a slight blue shift
is seen for the next compound of the series (Na™(C222)Ca™) at 1609 nm. Here, the highest absorption maxima showing complex
Na'(C222)Mg~ possesses the lowest AE in the series (like Li series) and H-L gap for the same complex is also lowest in the series. For
K™ (C222)M2 series, an increase in the absorption maxima (4max) has been observed from K™(C222)Be™ (614 nm) to K*(C222)Mg™
(1796 nm) then a slight blue shift is seen for the next compound of series (KT(C222)Ca™) at 1598 nm. Here, the highest absorption
maxima showing complex K™(C222)Mg ™~ possesses the lowest AE in the series (like Li and Na series) and H-L gap for the same complex
is also lowest in the series. Spectra are given in Fig. 5/Fig. S3.

4. Effect of EEF on M1(C222)M2

After finding the NLO response of M1(C222)M2 series we took a step forward and aligned the compounds with respect to Cartesian
axis using VMD (visual molecular dynamics) software in order to apply the EEF in right direction i.e. &+ x, y, z axis (Fig. 6). This results

-10 0 +10
External electric field

Fig. 6. Geometric structure of M1(C222)M2 under EEF, the Cartesian axis, and direction of positive and negative EEF (+1 x 102 au) are presented.
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Table 3

Comparison of NBO charges of M1(C222)M2 compounds without EEF and with +1 x 102 au EEF.
M1(C222)M2 EEF =0 EEF = +1 x 1072 EEF = 0 EEF =+1 x 1072

Q" Q Q" Q Emomo-Lumo) Emomo-Lumo)

Lit(C222)Be™ 0.57 —0.81 0.85 —0.71 2.83 2.54
Lit(C222)Mg~ 0.57 —0.83 —0.31 0.01 2.53 1.65
Lit(C222)Ca™ 0.84 -0.77 —0.01 0.01 2.37 1.47
Nat(C222)Be™ 0.62 -0.83 0.86 —-0.73 2.56 2.26
Nat(C222)Mg™~ 0.87 —0.77 0.85 —0.72 2.26 1.80
Na*(C222)Ca 0.86 -0.78 0.85 -0.73 2.26 1.83
K*(C222)Be™ 0.64 -0.85 0.88 —0.74 2.29 2.06
K+(C222)Mg™ 0.60 —0.83 0.01 0.01 2.23 1.93
K+(C222)Ca™ 0.87 -0.77 0.03 -0.01 2.24 1.46

Table 4

Comparison of mean polarizibility and hyperpolarizability of M1(C222)M2 compounds without EEF and with +1 x 103 au EEF.
M1(C222)M2 EEF = 0 EFF=+1 x 1073

o Bo [ Bo

Lit(C222)Be™ 480 2.41 x 10* 493 9.72 x 10*
Lit(C222)Mg™ 644 1.11 x 10° 1409 6.87 x 10°
Lit(C222)Ca 735 1.35 x 10° 1525 6.56 x 10°
Nat(C222)Be™ 492 6.34 x 10* 526 2.07 x 10°
Na*(C222)Mg~ 680 2.73 x 10° 564 1.89 x 10°
Na*t(C222)Ca~ 766 2.01 x 10° 966 1.55 x 10°
K*(C222)Be™ 507 4.83 x 10* 551 2.90 x 10°
KT (C222)Mg~ 693 1.15 x 10° 1023 1.53 x 10°
K*(C222)Ca~ 422 8.79 x 10* 5431 2.48 x 107

the application of EEF along the charge transfer direction i.e. M1—-M2 and opposite to direction of charge transfer i.e. M2—-M1 (M1 =
Li, Na, K and M2 = Be, Mg, Ca). Then we run NBO, FMO and hyperpolarizability analysis in the presence of 0.001 au external electric
field to find the change in charge transfer, HOMO-LUMO energy gap and hyperpolarizability. Meanwhile we got interesting results
which are shown in Tables 3 and 4.

Table 4 shows that there is linear change in the hyperpolarizability of M1(C222)M2 compounds under the influence of applied EEF.
The maximum increase is observed in case of K*(C222)Ca~ where hyperpolarizability has been enhanced from 8.79 x 10* au to 2.48 x
107 au This huge change in the hyperpolarizability can be attributed by the fact that hyperpolarizability increases with decreased
HOMO-LUMO energy gap (citation). So, we can infer that EEF can be a good source to design the NLO compounds with maximum
hyperpolarizability.

5. Conclusions

In summary, with the help of ®B97X-D (6-314+G(d,p)), a new series of alkaline earthides based on Cryptand [222] is designed
theoretically and investigated in detail. The compounds bear negative charges and HOMOs reposing over the alkaline earth metals that
is examined through NBO and FMO analyses, respectively and is validated through the spectra of partial density of states. Moreover,
these properties render these complexes with very small values of transition energies lying in the range of 0.68-2.06 eV. All these
characteristic features ultimately result in high hyperpolarizability values ranging from 2.4 x 10* au to 2.7 x 10° au (the largest being
calculated to be 2.7 x 10° au for Na*(C222)Mg’). Furthermore, applying external electric field on the complexes enhances the
hyperpolarizability further by 10 folds. A remarkable increase of 1000 folds has been seen when hyperpolarizability of K"(C222)Ca™ is
calculated after EEF application i.e., from 8.79 x 10* au to 2.48 x 107 au; when subjected to 0.001 au external electric field.
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