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Abstract:

To extend the interesting new concept of all-metal electride, a series of endohedral
all-metal electride cages 2e Mg?>" (M@E,)*"Ca*" (E= Ge, Sn, and Pb; M = Ni, Pd, and
Pt) have been designed and investigated theoretically using exchange-correlation
functional CAM-B3LYP. In these electride cage molecules with excess electrons,
interesting pull-push electron transfer relay occurs. The metal cage M@E,, first pulls
valence electrons from Ca atom forming polyanion (M@E,)*, and then the formed
polyanion pushes valence electrons of Mg atom out its valence shell generating the
isolated excess electrons that characterize this species as all-metal electrides. These
endohedral all-metal electride cages display large electronic first hyperpolarizabilities
(B83) and then they could have a potential application as new kind of second-order
nonlinear optical (NLO) material. We have explored the structure-property
relationships, which are significant. It is shown that, for a given central atom, the
all-metal electrides with a Sn-cage correspond to the largest 5§, whereas, for a given
metal cage, the all-metal electrides with Ni as central atom correspond to the largest
BG. Owing to the two effects, the endohedral all-metal electride cage

2eMg** (Ni@Sny,)>Ca’?* exhibits the largest B§ value (16893 au). The same

conclusions are also valid for the frequency-dependent f%(—2w; ®, ®) and f°(—®; , 0).

Moreover, we have also explored the role of the vibrational contribution on the largest
components (in x-axis) of static f for endohedral all-metal electride cages. The
vibrational contributions are significant for new all-metal electride NLO properties

and therefore should be considered in the design of new NLO all-metal electrides.
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1. Introduction

Designing and synthesizing novel materials with superior nonlinear optical
(NLO) properties have attracted considerable interest in the light of their widespread
applications in dynamic image processing, optical computing, optical switching,
optical communication, optical logic, and among several others.!"!! Electrides can
serve as a kind of new nonlinear optical (NLO) molecule in which isolated excess
electrons act as anions.!? Previous studies!> ' have shown that introducing excess
electron(s) into a molecule can markedly strengthen the static electric first
hyperpolarizability (f,). For example, by doping different kinds of organic
complexants with alkali metal atoms® '5-2° many electride molecules with large B§
values were designed. Soon afterwards, a series of new strategies have been put
forward to enhance the NLO response and stability of the electride molecules,
including modeling how the excess electrons are pushed or pulled, size, shape, the
number of coordination sites of complexants,’! and manipulating the number and spin
state of excess electron.”? Recently, a new approach to unambiguously characterize
molecular electrides based on the analysis of their electron density was reported.??
Therefore, the design of electride molecules has entered a flourishing era.

In 2016, our group proposed the new concept “all-metal electride” inspired in the
polar intermetallic compounds with Zintl polyanions.?* Experimental and theoretical
studies have shown that all-metal extended Zintl polyanions>-?° are capable of
pushing the valence electrons of an electron donor to form excess electrons. On the
basis of the new concept “all-metal electride”, we designed and investigated all-metal
electride NLO molecules CuAg@Ca;M (M = Be, Mg and Ca).?* In these molecules,
alkaline-earth-metal atom Ca serves as the electron donor, and extended Zintl
polyanions [Cu-Ag-Be/Mg]* and [Cu-Ag]* act as complexants pushing the
remainder valence electrons of Ca atoms. We found that [(Ca?"),(CuAgMg)*] + 10e”
has a large p§ value of 1.43 x 10* au. In addition, we theoretically designed
all-metal NLO switches, i.e. all-metal electrides M(Ni@Pb,,)M (M = Be, Mg and Ca)

as novel external electric field driven NLO switches.3? Moreover, we also constructed
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one-dimensional all-metal electride chains [(Ni@Gey)Cas], (1, 2, 3, and 4) and
explored their structures and electric properties.®! In this all-metal electride multicage
chain series, B§ increases strongly from 9321 (n=1, N, =2) to 54232 au (n = N, =4),
showing a significant cage number and excess electron number effects on the NLO
response of the chains.

As explained above, we have studied the interesting effect of all-metal
complexant size (i.e. metal cage number) on NLO properties. Then, a logical question
to deeply understand these types of NLO molecules is: What is the effect of atomic
number of all-metal complexant on NLO response? Constructing a series of
endohedral all-metal electride cages with same molecular shape and exploring their
property dependency on the atomic numbers of the cage atoms and central atom may
be a meaningful approach to answer this question. The electronic structures of the
(M@Pb,)> (M=Ni, Pd, and Pt) icosahedral cages are unusual because the five
d-orbitals of the centered transition metal give rise to a highly delocalized,
three-dimensional d-bonding orbitals.’> Therefore, (M@Pb,)> (M=Ni, Pd, and Pt)
icosahedral cages not only have a beautiful shape and an all-metal composition, but
also have pushing electron features due their two negative charges, and then it can be
the basis for designing the cage of endohedral all-metal electrides.

In present work, we have designed a series of endohedral all-metal electride
Mg(M@E,)Ca (M = Ni, Pd, and Pt; E = Ge, Sn, and Pb). In this clusters the central
atom M is encapsulated by E;, cage, and alkaline-earth metal Mg and Ca atoms
sandwich the endohedral all-metal cage M@E;,, which act as electron acceptor.
Considering functions of alkaline-earth metals, the Ca atom serves as the electron
source to form endohedral all-metal Zintl cage polyanions (M@E;;)> and Mg atom
serves as the excess electron source in the interesting intramolecular pull-push
electron transfer relay. In this work, we show that the studied all-metal electrides
exhibit large first hyperpolarizabilities of endohedral all-metal electride cages, reveal
the effects of the atomic number of cage and encapsulated central atoms on their NLO
properties, find new strategies for enhancing their first hyperpolarizabilities, and

propose new endohedral all-metal electrides which may be used as NLO materials.
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2. Computational Methods

For NLO calculations, it has been reported that the values of first
hyperpolarizability (fo) are quite sensitive to the basis set used.’3-38 Zalesny and his
coworkers have found CAM-B3LYP is a successful DFT method for calculating
hyperpolarizabilities of large system.’*> Then the calculations of equilibrium
geometries and corresponding properties of all-metal electride cage molecules
Mg(M@E;,)Ca (E = Ge, Sn, and Pb; M = Ni, Pd, and Pt) with all real frequencies
have been performed using the CAM-B3LYP functional.*>- 4! The Pople-type basis
sets*> 6-311+G* for Mg and Ca, and Los Alamos double-zeta type set*>#
LANL2DZ+diffuse function for Ni, Pd, Pt, Ge, Sn, and Pb are selected.

The vertical ionization potential (VIP) is calculated at same level. The VIP is
noted as follows: '3

VIP = E[M*] - E[M]
where the energies E[M*] and E[M] are calculated at the optimum geometry of the
neutral molecule. For electronic transition properties, the transition energy AEF,
oscillator strength fy, and the difference of dipole moment Au between the ground and
the crucial excited state are estimated by
TD-CAM-B3LYP/6-311+G*/LANL2DZ+diffuse function.

The static electronic first hyperpolarizability (85) is noted as follows:

1
B6 = (Bx + By + B2 2

where

Bi=5% ey B
For the longitudinal component of vibrational (nuclear relaxation) first
hyperpolarizability (S%,), we use the numerical finite field NR (i.e., FF-NR)
methodology.*® In the FF-NR methodology, one needs to optimize the geometry in the
presence of a finite static field while strictly imposing the Eckart conditions.*’ Then, a
finite field numerical differentiation of the electronic energy is carried out, in this

paper using field strengths of +0.0002, +0.0004, £0.0008, +0.0016, +0.0032, and

+0.0064 au. The smallest magnitude field that produced a stable vibrational NLO
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property was selected using a Romberg method triangle.*®
According to Bishop and co-workers,* if we denote the equilibrium molecular
geometry with a static electric field F present by Ry and without the field present, by

Ry, then we may define:
(A g, = ME(F.Ro) — pf(0,Ro) (1)
and (BuH) g, = 1§ (F.RE) — uf(0,Ro) )

The electronic contribution to the (hyper)polarizabilities can be derived from the
expansion of Eq. (1). But the expansion of Eq. (2) leads to the definition of the
electronic and also the vibrational (nuclear relaxation) contributions to the

(hyper)polarizabilities,

WE(F, Rp) = a\F; + 1/2b FiFy + 3)
where
a = af(0;0) + aif (0;0) +-- “4)
bi= B5(0,0,0) + B(0;0,0) + - 5)

S¢ and ™ denote the electronic and vibrational (nuclear relaxation) contributions to
the (hyper)polarizabilities.>°

The frequency-dependent first hyperpolarizabilities of these all-metal electride
cages were obtained by the coupled perturbed Hartree-Fock (CPHF) method.*! 32 The
basis set employed are the LANL2DZ+diffuse function for Ni, Pd, Pt, Ge, Sn, and Pb

and 6-311+G* for Mg and Ca. The frequency-dependent is noted as>?

1
Be(w) = (B2 + B2+ D) /2

Where
1 .
Bi = z[2Bj;i( —2w;w,0) + Biji( —2w;w,0)] (i, j =X, y, and z)

for the second-harmonic generation (SHG) and

1
pi= gzj — vy B —0;0,0) + 2B —w;w,0)]
for the electro-optical Pockels effect (EOPE).

All of the calculations were carried out using the Gaussian09 program package.>*

Molecular orbitals were visualized with the GaussView program.>>
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3. Results and discussion

3.1 Equilibrium geometries, electride features, and molecular stabilities

The ground state optimized structures with all real frequencies of the nine endohedral
all-metal cages Mg(M@E,)Ca (E = Ge, Sn, and Pb; M = Ni, Pd, and Pt) are given in
Figure 1. Figure 1 shows that these structures possesses a same structural mode in
which alkaline-earth metal Mg and Ca atoms sandwich the endohedral all-metal cage
M@E),. Selected geometrical parameters of these studied endohedral all-metal cages
are summarized in Table 1. As shown in Table 1, for a set of molecular structures
Mg(M@E,)Ca (E = Ge, Sn, and Pb) with a given M, the distance Mg—Ca increases
along with the increasing atomic number of metal E, that is, the larger the atomic
number of E, the longer the Mg—Ca distance, exhibiting a correlation with the atomic

radius of E. The same general trend is also valid for the smallest Ca-E bond distance.

Figure 1 Geometric structure of Mg(M@E;;)Ca (M = Ni, Pd, and Pt; E = Ge, Sn, and Pb)

All-Metal Electride cages.
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Table 1 Selected Geometric Parameters (in A) including Mg-Ca distance, the smallest Mg-E
distance, the smallest Ca-E distance and Zyjy.m.ca. First Vertical Ionization potentials (VIP, in eV)
and HOMO-LUMO Gaps (H-L Gap, in eV) of endohedral all-metal electride cages
Mg(M@E;/,)Ca (M = Ni, Pd, and Pt; E= Ge, Sn, and Pb). Atomic Radius R(A) (in A).

Mg-Ca Mg-E Ca-E  [Oygmca VIP H-L Gap R(A)
Mg(Ni@Ge;)Ca  9.06 3.56  2.85 130 6.56 3.48 1.25(Ge)
Mg(Ni@Sn;;)Ca  10.62 429  3.06 180 593 3.31 1.45(Sn)
Mg(Ni@Pb;;)Ca 1091 426 3.08 164 5.72 3.19 1.80(Pb)

Mg(Pd@Ge)Ca  8.61  3.15 294 132 613 370  1.35(Ni)
Mg(Pd@Sn;,)Ca 1081 444 306 180 605 335  1.40(Pd)
Mg(Pd@Pb;,)Ca 11.05 435 3.09 164 570 323 13501

Mg(Pt@Ge.)Ca  8.69 326 2.93 133 615 3.82
Mg(Pt@Sn;,)Ca 1082 453 3.07 180 589 339  1.50(Mg)
Mg(Pt@Pb;,)Ca 11.08 443 3.09 163 564 324  1.80(Ca)

However, the smallest Mg—E distance present its maximum for E=Sn. From table 1,
we can also find that these three electrides with E=Ge has optimum geometries clearly
different from the other six all-metal electrides. The values of its smallest Mg-Ge
distances are only in the range of 3.15-3.56 A. Furthermore, due to a skewing of Mg
out of Ca-M axis, their Mg-Ca distances are only in the range of 8.61-9.06A. We also
note that in these six electrides with E = Sn and Pb, the Mg-M-Ca angle is about 180°,
but its value for Mg(M@Ge,)Ca is about 130°, which results from skewing of Mg out
of Ca-M axis. Besides, It is interesting to note that the Mg—E distance are larger than
the corresponding Ca—E distance values, which is in disagreement with the
corresponding sum of atomic radius.

In each all-metal cage, an interesting pull-push electron transfer relay occurs.
All-metal cage M@E, pull valence electrons from the electron source-alkaline-earth
metal Ca atom and becomes an electron pushing complexant, namely, all-metal Zintl
polyanion (M@E,,)*. Then, the polyanion (M@ZE;,)> pushes the two valence
electrons of the excess electron source-Mg atom forming two excess electrons located
close to Mg?". Thus, the electronic structure of the endohedral all-metal cage is
represented as 2eMg>* (M@E;;)>Ca?" and it may be proposed as an endohedral

all-metal electride cage with two isolated excess electrons. The HOMOs of these
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endohedral all-metal cages depicted in Figure 2 indicate the presence of excess
electron close to Mg, which supports the conclusion that the endohedral all-metal
cages are endohedral all-metal electride cages.

Taking into account the existence of loosely bound excess electrons, it is relevant
to investigate the electronic stability of these all-metal electride cage molecules. The
electronic stability of a molecule may be characterized by its first vertical ionization
potential (VIP) value. The VIPs of 2e Mg (M@E,;)>Ca?>" (M = Ni, Pd, and Pt; E =
Ge, Sn, and Pb) are in the range of 5.64-6.29 eV (see Table 1). The VIP values
decrease with the atomic number of the cage atoms, whereas M atomic number effect
on VIP is small. The VIP correlates with the size of the spherical lobe rounding Mg in
HOMO, which is associated to the dispersion of excess electron density. The VIP
values of these molecules are slightly larger than the reported values of inorganic,
organic and other all-metal electride molecules, !> 24 30 31. 36 byt smaller than the very
larger value (7.78 eV) of the electride molecule with the excess electron protected
inside the CsgF3 cage.’” Hence, these all-metal electride cages exhibit larger

electronic stability than most of the investigated electride molecules.

B\ @% .l )

Mg (Ni@Sn,,) Ca Mg (Ni@Pb,,) Ca

Mg (Pd@Ge,,) Ca Mg (Pd@Sn,,) Ca Mg (Pd@Pb,,) Ca

)j %

9

Mg (Pt@Ge,,) Ca Mg (Pt@Sn,,) Ca Mg (Pt@Pb ) Ca

Figure 2 The HOMO isosurfaces of 2e MgZ*(M@E,;)*Ca?>* (M = Ni, Pd, and Pt; E = Ge, Sn,
and Pb).
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Table 2 Transition energies (AE, in eV), oscillator strengths ( fy), and difference of dipole moment
(Au, in D) between the ground and the crucial excited state, static electronic first
hyperpolarizability B¢, and crucial transitions for Mg(M@E,)Ca (M = Ni, Pd, and Pt; E = Ge,
Sn, and Pb).

AE Au fo Aufy/ AE®> B Crucial transtion
Mg(Ni@Ge;;)Ca 299 11.39 0.1474 496 7503 72% H-6—L
Mg(Ni@Sn;;)Ca  2.29 1431 0.3159 2984 16893 56% H-5—L
Mg(Ni@Pb;;)Ca  2.09 6.98 0.1851 1117 14151 63% H-5—L

Mg(Pd@Ge;)Ca  2.48 6.03 0.1474 529 5098 50% H—L+3
Mg(Pd@Sn;;)Ca  2.32 1215  0.2458 1889 14206 63% H-5—L
Mg(Pd@Pbj;)Ca  2.11 4.02 0.0838 286 12677 41% H-5—L

Mg(Pt@Ge)Ca  2.58 9.72  0.1106 496 4848 61% H—L+3
Mg(Pt@Sn;;)Ca  2.37 11.66 0.2354 1632 11895 61% H-5—L
Mg(Pt@Pb;;)Ca  2.11 7.10 0.1626 974 11386 72% H-5—L

It 1s well-known that the gap between the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital) is another useful quantity
for examining the molecular chemical stability. A large gap value reflects a high
chemical stability. Table 1 lists HOMO-LUMO (H—-L) gaps of these all-metal
electride cages 2e Mg>" (M@E ;)>Ca*>" (M = Ni, Pd, and Pt; E = Ge, Sn, and Pb),
which are in the range of 3.19-3.82 eV. These HOMO—-LUMO gap values are
comparable or larger than the HOMO-LUMO gap value of about 3.5 eV of the
CuAg@Ca;M (M = Be, Mg and Ca) all-metal electride molecules.?* Therefore,
2e Mg (M@E,;)*>Ca** (M = Ni, Pd, and Pt; E = Ge, Sn, and Pb) have chemical
stabilities close to other all-metal electrides.

3.2 First hyperpolarizabilities

3.2.1. Static electronic and vibrational first hyperpolarizabilities.

Now, we focus on the effect of atomic number of the cage and the encapsulated
central atoms on the molecular static first hyperpolarizabilities. The calculated static
first electronic hyperpolarizabilities for all-metal electride cage molecules are
exhibited in Table 2 and Figure 3. These values of [§ are in the range of
4848-16893 au. These endohedral all-metal electride cages with excess electrons
display large first hyperpolarizabilities (S3), thus they may be considered as a new

class of endohedral all-metal electride cage NLO molecules.
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Figure 3 f§ of 2eMg>*(M@E,,)>Ca*" (E =M =Ni, Pd, and Pt; Ge, Sn, and Pb).

ﬁe 20000 T T T T ' T ' T r
0

Figure 4 The effect of the atomic number of cage atoms (E, color balls) and encapsulated central
atom (M, color lines) on S§.
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The relationship between the B§ value and the atomic number of cage atoms (E)
for all-metal electride cage NLO molecules can be presented by a mono-peak curve,
as shown in Figure 4. The maximum values of [§ correspond to E=Sn, are
16893(M=Ni), 14206 (M=Pd) and 11895 (M=Pt) au. Therefore, the selection of Sn
cages is an effective strategy for enhancing the first hyperpolarizability of all-metal
electride cage NLO molecules.

For a given Ej, cage, the B§ value decrease when atomic number M increases
(see Figure 4), namely for E = Ge, 9583 (M=Ni) > 6780 (M=Pd) > 4848 au (M=Pt);
for E = Sn 16893 (M=Ni) > 14206 (M=Pd) > 11895 au (M=Pt); and for E = Pb
14151(M=Ni) > 12677 (M=Pd) > 11386 (M=Pt). This results shows that the use of
M=Ni leads to the largest B for the all-metal electride cage molecule
2e Mg (M@E;,)*Ca?".

Based on preceding discussions, the two strategies for enhancing B§ consist one

selecting Ni as central atom and Sn as cage atoms, leading to all-metal electride cage

molecule 2e- Mg?*(Ni@Sn;,)?Ca?*, which have the largest B§ value (16893 au).

ﬂgzoooo v IMIN'_.I T ] LS B B R I B 4000%
=Ni
. NLO R | <
' €sp >
16000 - - Olise
| M= | S|
| é | L 3000
12000 - | | > -
| | L 2000
8000 - | |
|
|
| | L 1000
4000 - |
} | | )]
0 T T .1 % T °? || T %%l T = 1 = Tl 0
E Ge Sn Pb Ge Sn Pb Ge Sn Pb

Figure 5 The relationship of S§ (red lines) and Auf/AE? (blue lines).
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But, how can one rationalize the wvariations of f§ value of
2eMg* (M@E;,)*Ca?" with the changing M and E atomic number? We may consider

the two-level model!®: 37

Aufo
AE3

Po x

where AE, fy, and Au are the transition energy, oscillator strength, and difference in
the dipole moment between the ground state and the crucial excited state,
respectively. From the two-level expression, £ is proportional to fy and Ay, whereas it
is inversely proportional to the second power of AE. Herein, the crucial excited states
of 2e Mg (M@E,)*Ca?" were obtained, and the corresponding AE, f, and Au values

as well as dominate transitions are presented in Table 2. By considering two-level

Auf . . . .
model, the trend of AE: evolution agrees with that of B§ evolution as shown in

Figure 5. Therefore, in all-metal electride systems, first electronic hyperpolarizability
(B3) evolution trend can be easily reproduced with two-level model. The results of

table 2 also show that the tree factors of two-model formula (i.e. AE, f;, and Au) have

a key role determining the variation of B of the all-metal electride cage NLO

molecules.
The p§ values of our new all-metal electride cages (4848 — 16893 au) is

comparable to the values of some of previously reported electrides: 7326 for an
organic electride Li@calix[4]pyrrole,’> 10645 for LiCNLi@BNNT,® 7197 for
Cup-'K3;0" - -e@C36F36 7,7 12782 for inorganic electride molecule
Ca-(NH;3)gNay(b”),® and 14300 au for all-metal electride molecule
CuAg@Ca;Mg(1).%* Nevertheless, there are also some reported electride molecules
which exhibited larger B§ values compared with the B§ of 2eMg>"(M@E,)?-Ca*".

For example, the B§ values of new inorganic electride compound M@r6 —

AlpN1,,% Na—(C,NH;),%° and e @C,F 19 (CHy)* NH,---Na' '8 are, respectively, 8.89
x 10°, 3.4 x10°and 9.5 x 10° au.
It is well known that in addition to the electronic contribution, the effect of

vibrations on the hyperpolarizabilities is also quite important.” %! Garcia-Borras et



Journal of Materials Chemistry C

Table 3 The largest component (in X-axis) of the Static electronic and vibrational contributions to
i, a, and B (in a.u.) for all-metal electrides 2e Mg (M@E,)>Ca?>" (M = Ni, Pd, and Pt; E = Ge,
Sn, and Pb). The magnitudes of the ratio between the NR and corresponding static electronic

properties (nr/e) are given in italics.

e nr e nr
HMx Axx Qyxx nr/e ﬂ XXX xxx nr/e

Mg(Ni@Gel2)Ca 4.93 648 123  0.18 -9.28x10% 5.30x10* 3.57
Mg(Ni@Sn12)Ca 4.93 950 56 0.06 -2.71x10* 1.90x10* 0.70
Mg(Ni@Pbl2)Ca 4.11 1012 76 0.08 -2.18x10* 2.79x10* 0.13

Mg(Pd@Gel2)Ca 321 674 145 0.21 -5.17x10° 4.04x10* 3.85
Mg(Pd@Sn12)Ca 4.88 940 58 0.06 -2.26x10* 2.69x10* [1.19
Mg(Pd@Pbl2)Ca 3.88 997 78 0.08 -1.65x10* 3.81x10* 2.31]

Mg(Pt@Gel2)Ca 3.29 661 114 0.17 -5.02x103 -4.38x10* &8.71
Mg(Pt@Sn12)Ca  4.78 916 88 0.10 -1.88x10* 3.32x10* [1.77
Mg(Pt@Pbl12)Ca  3.99 997 103 0.10 -1.73x10* 4.11x10* 2.38

al. have previously investigated the key role of the vibrational NLO properties for a
representative set of electrides.®! Their results showed that vibrational contribution
can be quite important and may even be much larger than the electronic counterpart.
In Table 3, we present the comparison between the electronic and vibrational
contributions of a and f for the x-axis component of all-metal electride cages
2eMg* (M@E/,)>Ca?". The ratios between the vibrational and electronic contribution
are small, in the range of about 0.06-0.21, for ay,. On the contrary, the nr/e ratios are
quite large, in range of 1.19-8.71, for Sy, except for 2eMg?*(Ni@Pb;,)*-Ca’>" and
2eMg?*(Ni@Snjp)>Ca?" which nr/e ratios are 0.13 and 0.70, respectively.
Noteworthy, for 2e Mg?"(Pt@Ge;,)>Ca?*, vibrational contribution to B is far larger
than its electronic contribution (nr/e = 8.71). Interestingly, the dependency of [,
on the atomic numbers of E and M is different than the dependency showed by the
electronic contribution. For a given M, the variation of absolute value of B3, of
2e Mg (M@E,;)>*Ca*" with the atomic number of E follows the Ge > Pb > Sn
order. And for a given E, absolute value of B3, of Mg(M@E;)Ca with E=Sn and
Pb increase with the increasing atomic number of M. However, when E=Ge, the
variation of absolute value of B%y, of 2eMg>*(M@E,,)>Ca*" is different due to a

skewing of Mg. Our results clearly point that the vibrational contribution should be
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Figure 6 The diagrams of — x*p@(r) for 2e Mg2*(M@E,)*Ca2" (E = Ge, Sn, and Pb; M =
Ni, Pd, and Pt), in which blue and green meshes represent the positive and negative density
contributions to By respectively.

considered to properly determine the nonlinear optical properties of the endohedral
all-metal electride cage NLO molecules.

It is noted that, the B%,, values in Table 3 are negative. To rationalize the origin
of this negative sign we used the so-called electronic first hyperpolarizability density.
The expansion of the electron density p(r, F) in terms of an applied external electric

field F is given by:%2

p(r, F) =pO) +pD()F + %p(z)(r)F2 + %p“)(r)F3 + o
where the second-order derivative of electron density p®(r) is related with the
electronic first hyperpolarizability . In fact, S« can be obtained by the integration
of —xp@(r), which can be then considered as the x diagonal component of the
electronic first hyperpolarizability.®? p{®(r) can be calculated at each spatial point
by using the following second order numerical differentiation:
p(r,F) —2p(r,0) + p(r, — F))

(F)?

The x diagonal component of first hyperpolarizability density distributions of

PR =

2eMg** (M@E,)>Ca’" are plotted in Figure 6, in which blue and green meshes

represent the positive and negative contribution to [5,,, respectively. It can be seen

that negative contribution of green meshes around alkaline-earth- metal atoms is the
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main contribution of electron density for f%,, values, so the By, values are
negative. The 2eMg?"(Pt@Ge,)>Ca’*, which has the smallest pB%,, value,
corresponds to the smallest green meshes around alkaline-earth-metal atoms.

3.4.2. Frequency-dependent first hyperpolarizabilities

To understand the dispersion effect on the [§ value, the frequency-dependent f. of
the molecular all-metal electride cages were calculated using the CPHF method. Table
4 lists the frequency- dependent values of electro-optical Pockels effect (EOPE) f¢(—w;
o, 0) and second-harmonic generation (SHG) f°(—2w; ®, ). As shown in Table 4 and
Figure 7, for all-metal electride cages 2e Mg (M@E,)>Ca?" with E= Sn and Pb, the
computed f4(—2m; o, ®) and f° (—o; o, 0) at ® = 0.005 and 0.01 au are slightly larger
than the corresponding static £§ at ® = 0.0 au. However, for all-metal electride cages
with E = Ge, the order is just opposite. For each all-metal electride cage, the
frequency-dependent value increases with the increment of the optical frequency. For
example, for 2e Mg (Ni@Sn;,)?> Ca?, the f%(—2m; ®, 0) at ® = 0.010 is about 1.07
times larger than that at @ = 0.005 au. It is also shown that the f*(—2®; ®, ®) is larger
than the f°(—w; ®, 0) for each all-metal electride cage. Significantly, the
frequency-dependent f°(—2m; ®, ®) and f(—o; ®, 0) at ® = 0.005 and 0.01 au show
the equivalent dependence on the atomic number of the M and E atoms. Therefore, for
Table 4 Frequency-dependent pS°(—2w; ®, ©®) and f(—®; ®, 0) values (au) for

2e Mg (M@E;,)>*Ca*" (M = Ni, Pd, and Pt; E= Ge, Sn, and Pb) calculated at the CAM-B3LYP
level.

©=0.005 ®=0.01
Bs  f-o0,0) f(l00,0)  f-0;00) [(20;0,0)
Mg(Ni@Ge,)Ca 7503 7147 7215 7249 7535
Mg(Ni@Sn;;)Ca 16893 17132 17380 17506 18571
Mg(Ni@Pb;,)Ca 14151 14597 14813 14920 15855
Mg(Pd@Ge,)Ca 5098 4037 4078 4098 4270
Mg(Pd@Sn;,)Ca 14206 14432 14630 14731 15579
Mg(Pd@Pb;,)Ca 12677 13064 13255 13353 14183
Mg(Pt@Ge,)Ca 4848 4509 4557 4581 4784
Mg(Pt@Sn;;)Ca 11895 12088 12240 12317 12963

Mg(Pt@Pb,,)Ca 11386 11793 11950 12030 12705

Page 18 of 24



Page 19 of 24

a given M central atom, the Sn-cage corresponds to the largest frequency dependent
[¢. And again, for a given E cage atom, the frequency dependent f° strongly increases
with decreasing the atomic number of central atom M metal. For instance, for E = Sn,
[(—2m; o, ®) values at ® = 0.01 au are 18571 au (M=Ni) > 15579 (M=Pd) > 12963
(M = Pt). Therefore, although external optical frequency ® changes the values of the
electronic first hyperpolarizability, does not change the dependency of ¢ with atomic

number of cage atoms (E) and encapsulated central atom (M) for endohedral all-metal

electride cages
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Figure 7 The frequency-dependent f%(—2w, ®, ®) and p(—o, ®, 0) values

(M =Ni, Pd, and Pt; E = Ge, Sn, and Pb).

of

2e Mg** (M@E;,)>*Ca*" (M = Ni, Pd, and Pt; E= Ge, Sn, and Pb) calculated at the CAM-B3LYP
level at @ = 0.005 and 0.01 au.
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Figure 8 Electronic absorption spectra of all-metal electride cage molecules.
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For the NLO molecules, the transparent region of the electronic absorption
spectrum is selected as its working waveband. The region of the working waveband
has great of NLO devices. Figure 8 shows that the nine all-metal electride cage
molecules studied here have an infrared (IR) transparent region at wavelength > 2000
nm. Thus, these nine all-metal electride cage molecules could be used as new IR NLO
materials. Simultaneously, they also have an ultraviolet (UV) transparent region at
wavelength < 250 nm. Then, these all-metal electride cage molecules could be also

used as new UV NLO materials.

4. Conclusions

A series of endohedral all-metal electride cages 2e Mg>"(M@E;,)>Ca** (M = Ni,
Pd, and Pt; E= Ge, Sn, and Pb) have been designed and theoretically investigated as
potential candidates for a new kind of NLO material. The molecular electride
characteristics of the nine all-metal cage molecule are originated from an interesting
mechanism of intramolecular pull-push electron transfer relay. The metal cage
M@E), first pulls valence electrons from Ca atom forming polyanion (M@E,)*, and
then formed polyanion pushes valence electrons of Mg atom forming isolated excess
electrons. Owing to the existence of excess electrons, these endohedral all-metal
electride cages display large electronic and vibrational first hyperpolarizabilities and
then can be considered a new type of NLO molecule. The effects of the atomic
number of cage atoms (E) and encapsulated central atom (M) on S§ have been
revealed. It is shown that, for a given central atom, the Sn-cage corresponds to the
largest (§; whereas, or a given metal cage atoms, the central atom Ni corresponds to
the largest S§. Due to this two combined effects, the endohedral all-metal electride
cage 2eMgZ*(Ni@Snjy)>Ca’*" exhibits the largest B§ value (16893 au) of the 9
all-metal electride studied. Furthermore, frequency-dependent f*(—2w; ®, ®) and
[e(—o; o, 0) present the similar two atomic number effects of cage atoms and
encapsulated central atom. The vibrational contribution to the largest longitudinal
nr

component to first hyperpolarizability (%) of these nine all-metal electrides has also

been studied. The nuclear relaxation contribution to the static first hyperpolarizability
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is for seven of the nine all-metal electrides investigated larger than their electronic
counterpart. For the particular case of 2eMg?"(Pt@Ge;,)>Ca?’, the P%, value of
about 10° au, which is about 9 time of corresponding f%,, value. Therefore, the
vibrational contribution should be considered in the design of new NLO all-metal

electrides.
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TOC Graphic

The endohedral all-metal electride cages 2e Mg (M@E,)*Ca?" (M = Ni, Pd, and Pt;
E= Ge, Sn, and Pb) exhibit the better NLO response.



