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Abstract

All-metal electride molecules CuAg@Ca;M (M = Be, Mg and Ca) are designed and researched in
theory for the first time. In these molecules, a pull-push electron relay occurs. Unusual all-metal
polyanions of fourfold negatively charged [Cu-Ag-Be/Mg]* and [Cu-Ag]* with 4 extra electrons
gained from Ca atoms, push the remaining valence electrons of the Ca atoms forming the multi-excess
electrons (Ne=10/12). Therefore, these molecules can be described as salt-like [(Caz+)7(CuAgM)4']+IOe'
(M = Be and Mg) and [(Ca2+)g(CuAg)4']+l2e'. In these salt-like molecules, there are extraordinary
covalent bonding modes including 2c-2e/3¢-2¢ o-bonding in the polyanions and the Ca®* cations sharing
the diffuse multi-excess electrons.

For intriguing nonlinear optical (NLO) response, these all-metal electride molecules display large
electronic first hyperpolarizabilities (f), thus a new class of NLO molecules — all-metal electride NLO
molecules emerge. Meanwhile, it is also found that manipulating atomic number and position of M is a
new strategy to enhance fy. As a result, the CuAg@Ca;Mg(1) exhibits considerable £, (1.43 x 10* au)
being 16 times the Sy sum of two isolated CuAg and Ca;Mg(1) subunits, which deeply reveals the
fundamental origin of considerable f, namely the multi-excess electrons generated by subunit
interaction. These all-metal electride molecules have the infrared (IR) transparent region of 1.3-6 pm,

and hence are new IR NLO molecules. Besides electronic contribution £, the large effects of vibrations
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on static first hyperpolarizabilities of these all-metal electride molecules are also estimated. Thus, this
work opens a new research field of all-metal electride IR NLO molecule.
1. Introduction

In recent years, a new research field of NLO molecules has been established since it is discovered
that introducing the excess electron into a molecule is an effective approach to remarkably enhance the
static first hyperpolarizability (8,).'> Especially, the electride molecule®? including the excess electron
anion has attracted great attention. In previous works, it has been found that the

213 and chain-like" complexants

alkali-metal-atom-doped molecules with cup-like,'" cage-like,
exhibited large first hyperpolarizabilities due to the excess electron generated by the push/pull electron
effect of the complexants in these systems.'® More recently, a series of new strategies for enhancing the
NLO response and electronic stability have been proposed for electride molecules. These strategies
include regulating the behaviors of pushed and pulled electron, size, shape, and the number of
coordination site of complexants,”” as well as the number and spin state of excess electrons to
manipulate excess electron binding state'® in the electride molecules. It is noteworthy that although the
electride molecules usually possess satisfactory Sy, they have not a transparent infrared (IR) region of
electronic spectra. Thus, they are not the expected IR NLO electride molecules yet.

IR NLO materials are widely used in modern laser frequency conversion technology and optical
parameter oscillator processes.'” " High performance IR NLO crystals are rare, and each of the
commercial crystals unfortunately suffers its own drawbacks (low laser damage threshold and so on),
which hinders their application. Therefore, the exploration and development of new IR NLO
compounds®' ™ is of broad scientific and technological importance.**

Fortunately, although constructing new electride molecules with large IR NLO response is a great
challenge for NLO molecule design, unusual all-metal polyanions can be used here as novel structural
units with interesting bonding features in the chemistry of the polar intermetallic compound.”?
Specially, all-metal extended Zintl polyanions®*>* have the capacity to push the electrons of the electron
donor to form excess electrons, which leads to the formation of a new class of compounds. For

1

transition-metal anions among the late 3d or 4d elements, thier d'%s*p' case is found for reported

compounds containing [Pt-Pt]”, [Au-Au]", [Ag-Ag]4', and [Cu-Cu]* dimer anions®™’. Synthetised
CasAgs and CasAu; containing (Ag-Ag)4'(Ag2') and (Au-Au)4'(Au2')3 839 their electronic structure™ can
be described as [(Ca2+)5(Ag-Ag)4'(Ag2')]+4e' and [(Ca®")s(Au-Au)*(Au®)]+4e”. This new class of
compounds not only has electride feature due to containing excess electron anions but also has an
all-metal composition characteristic. Thus, we propose a new concept “all-metal electride” to describe
the novel intermetallic compounds containing excess electron anions.

In order to construct new IR NLO molecules of all-metal electride, alkaline earth metal calcium

atom is selected to serve as the electron source. In other words, all-metal extended Zintl polyanions are
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formed by gaining some valence electrons from Ca atoms and in turn push the remaining valence
electrons of Ca atoms to form the excess electrons. Different from the previously reported NLO
materials (containing non-metal elements) being insulators or semiconductors, all-metal electride
molecules have electrical conductivity due to the existence of multi-excess electrons. Consequently, a
potential phenomenon — electric current effect on NLO responses may be predicted.

In this paper, we further consider substituting Be and Mg for one Ca atom to construct novel
all-metal electride molecules CuAg@Ca;M (M = Be, Mg, and Ca). The evolutions of structure and
properties as well as stability of the CuAg@Ca;M molecules are shown. In addition, extraordinary polar
metal-metal bonds in the all-metal electride molecules are also discussed. Especially, the large NLO
responses and IR transparent optical spectrum region of these novel electride molecules are revealed.

This work will open new perspective for the development of novel all-metal electride NLO molecules.
2. Computational details

For computational methods, density functional theory (DFT) has now become the preferred
method for complex chemical systems including transition metals.”’ For the applications of density
functionals to molecular structures containing transition metals (groups 3 to 12 on the periodic
table)*'**, the exact-exchange-incorporated PBEO is the most satisfactory functional.***’

The choice of suitable basis sets for molecular structure and property calculations is another major
issue in modern computational quantum chemistry. For predicting geometric structures and
physicochemical properties of transition metal systems, the Los Alamos set of the double-zeta type
LANL2DZ*?° for transition metals and Pople-type basis sets for the others have been proved to be
competent.”’ As for accurately calculating the electronic first hyperpolarizabilities, the studies of the

5237 show the importance of embedding diffuse basis functions. And basis set choices

59-61

basis set effect
have been discussed in detail for electride®, open-shell m-conjugated systems”®', and singlet diradical
systems.62

As our systems contain the transition elements, the PBEO functional is selected here. Hence, the
optimum geometric structure and vibrational frequency calculations were performed for all-metal
electride molecules CuAg@Ca;M (M = Be, Mg and Ca) at the PBEO level. The natural bond orbital
(NBO)* analyses, vertical ionization potential (VIP) and binding energy (Ep) calculations were also
performed at the PBEO level. Meanwhile, the LANL2DZ for Cu and Ag and the 6-31G(3df) basis set
for Be, Mg and Ca were employed. The binding energy of the M atom is calculated by counterpoise

64-65
and defined as:

procedure
Ey=ExtEp-Eap (1)
where the same basis set, Xap, was used for the subunit energy (Ex and Ep) calculation as for the

compound energy (Eag) calculation.
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The first electronic hyperpolarizabilities (fy) of five electride molecules were calculated by the
high level MP2 method®®" in conjunction with the LANL2DZ for Cu and Ag and the 6-311+G(3df)
basis set for Be, Mg and Ca (The studies of the basis set effect are shown in Table S1 and Table S2).
The static first hyperpolarizability (fy) and dipole moment (o) are noted as follows:

By=(B:+B+ )"

()
where
3
:Biz_(:Biii+:Bzyj+:Bikk) o
S A k=xy,z
2 2 251/2

All of the calculations were carried out using the GAUSSIANQO9 program package.68 Molecular

orbitals were visualized with the GaussView program.®’

3. Results and discussion

3.1 Equilibrium geometries

The five optimized structures of CuAg@Ca;M (M = Be, Mg and Ca) with all real frequencies are
exhibited in Figure 1. In the optimized structure of CuAg@Cas, two square four-membered rings
(Ca(1)Ca(2)Ca(7)Ca(8) and Ca(3)Ca(4)Ca(5)Ca(6)) form a quasi-cube with the C4 axis passing through
a Cu-Ag bond. In the Cu-Ag bond, the Ag atom is sandwiched between the two staggered
four-membered rings but Cu atom locates slightly under the quasi-cube (the Cu atom caps on the
bottom face of the quasi-cube, see Figure 1).

When a Ca atom is substituted by one Be or Mg atom, the C4, geometry of quondam CuAg@Cas is
distorted. Obviously, the Be-substitution leads to greater geometric distortions than Mg-substitution
does due to the atomic radius order” of 1.05 for Be < 1.50 for Mg < 1.80 A for Ca. Considering
M(1)-substitution in the upper four-membered ring, as the M(1)-Ag distance increases in the order
2.540 (Be-Ag) < 2.932 (Mg-Ag) < 3.231 A (Ca-Ag) (see Table 1), the vertex atom M(1) is gradually
pulled toward the Ag atom with decreasing atomic radius of M(1). The order of M(1)-Ca(3 or 6)
distances is 2.912/3.089 (Be-Ca) < 3.372 (Mg-Ca) < 3.874 A (Ca-Ca), the vertex atom M(1) is also
gradually pulled down toward the Ca(3)Ca(6) of the bottom ring with decreasing atomic radius of M(1).
Thus, the vertex atom M(1) is contracted inward and collapsed down gradually along with its
decreasing atomic radius. Considering M(3)-substitution in the lower four-membered ring, as the order
of M(3)-Cu distance is 2.130 (Be-Cu) < 2.706 (Mg-Cu) < 2.989 A (Ca-Cu) (see Table 1), the vertex
atom M(3) is gradually pulled toward the Cu atom with decreasing atomic radius of M(3). As the order
of M(3)-Ca(l or 8) distances is 2.983/2.862 (Be-Ca) < 3.479 (Mg-Ca) < 3.874 A (Ca-Ca), the vertex
atom M(3) is gradually pulled up toward the Ca(1)Ca(8) of the upper ring with decreasing atomic radius
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of M(3). Then, the vertex atom M(3) is contracted inward and uplifted gradually along with its
decreasing atomic radius.

As stated above, M-substitution effects (M = Mg, Be) generate some obvious shorter bond lengths
including the Be(1)-Ag (2.540 A), Be(3)-Cu (2.130 A) and Be/Mg-Ca bonds (2.862-3.372 A),
compared with corresponding Ca-Ag, Ca-Cu and Ca-Ca bonds in the structure of CuAg@Cas,
respectively. These shorter bonds lead to not only great geometric distortion but also the changes of

electronic structure and interatomic bonding.

3.2 Electride characteristic of the intermetallic compounds

Using alkaline earth Ca atoms as the electron sources, and the resulting polyanions [Cu-Ag]4' and
[Cu-Ag-M]* (M = Be and Mg) as electron-pushing subunits, we design the new all-metal electride
molecules. The NBO charges (q), valences (V) of anions and polyanions as well as molecular excess
electron number (Ne) are shown in Table 2. For the CuAg@Cag, we can see that the [Cu-Ag] subunit is
negatively charged with -3.557|e| charge, indicating that the valence of the [Cu-Ag] subunit is -4.
Considering counting the number of electrons, the 8 calcium atoms provide 16 valence electrons.
Thereinto, 4 electrons are taken away by [Cu-Ag] forming polyanion [Cu-Ag]*, and the remaining 12
valence electrons are pushed by [Cu-Ag]* forming the excess electrons of Ne = 12. Figure 2 illustrates
the 6 frontier orbitals occupied by the 12 excess electrons (HOMO, HOMO-1, HOMO-2, HOMO-3,
HOMO-6, and HOMO-7), showing pushed orbital lobes.

When a calcium atom is substituted with one Be or Mg atom with larger electronegativity, the
remaining 7 Ca atoms act as electron source and provide 14 valence electrons. From Table 2, the NBO
charges of Mg atoms are close to 0, that is, Mg atoms neither accept nor donate electron. In the
Be-substituted molecules, due to the larger electronegativity of Be atom, all of the Be atoms have the
charges of ca. -1|e|, suggesting that each Be atom in the molecules accepts one valence electron from Ca
atoms.

In the CuAg@Ca;M (M = Be and Mg), all of the [Cu-Ag-Be/Mg] subunits are negatively charged
with -4.112~-3.440|e| (far above -3) charges, which indicates that the valences of [Cu-Ag-Be/Mg]
subunits are -4. It is well known that the charge calculated is very closer to valence number of ion,
which is not often. Fortunately, in this work, charge calculated is closer to valence number of ion. Two
nearest charges, -3.557 and -3.440 are far above -3. They corresponding to -4 valence may be
reasonable. For -3 valence, good charge should be -2 — -3. Therefore, for the 14 valence electrons of Ca
atoms, the formed polyanion [Cu—Ag—Be/Mg]4' occupied 4 of them. Owing to the repulsion from
polyanion [Cu-Ag-Be/Mg]", the remaining 10 valence electrons of Ca atoms convert into 10 excess
electrons occupying excess electron orbitals of 5/6 (see Figure 2, the H-1 and H-5 orbitals have a half of
the character of excess electron orbital for M = Mg(1)).

It is noteworthy that owing to including multi-excess electrons (10/12) and unusual metal
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polyanions [Cu-Ag]* and [Cu-Ag-Be/Mg]*, the electronic structures of CuAg@Cag and CuAg@Ca;M
(M = Be, Mg) intermetallic compounds can be interestingly described as [(Caz+)g(CuAg)4']+1Ze' and
[(Caz+)7(CuAgM)4']+IOe- (M = Be and Mg), respectively. Naturally, these intermetallic compounds can
be considered as electride molecules with excess electron anions. Actually, some synthesized
intermetallic compounds™>®7' belong to this case due to containing all-metal zintl anion and alkali or
alkali earth metal cations as well as excess electron anions. Then, a new concept of "all-metal electride"
is needed and should be presented to describe the unusual intermetallic compound containing excess

electron anion. Meanwhile, an interdiscipline of intermetallic compound and electride is beginning.

3.3 Unusual bonding features and molecular stabilities

In these all-metal electride molecules, the resulting all-metal polyanions are also unreported. The
covalent bonding in the all-metal polyanions is interesting. Figure 3 illustrates the s-type bonding
molecular orbitals in polyanions.

For the bimetallic polyanion [Cu-Ag]* in CuAg@Cas, the Cu® and Ag” transition metal anions
form a two-centre two-electron (2c-2¢) o-bonding. The o-bond between Cu and Ag anions has the
calculated bond length of 2.594 A and covalent bond order (Wiberg Bond Index ,WBI) value of 0.79
(see Table 1). Of course, owing to surrounding counterions (8Ca*"), the possible Coulomb explosion

7273 of the polyanion [Cu—Ag]4' is prevented, which is beneficial to

(the charge dissociation of polyion)
forming the c-bond.

For the trimetallic polyanions [Cu-Ag-M]* in the M-substituted CuAg@Ca;M molecules, the
covalent bonding modes among Cu, Ag and M elements are 3c-2e o-bonding. (see Figure 3) As far as
the M-substitution effect on 3c-2e o-bonding is concerned, the M(1) and M(3) positions are considered
separately because of their different atomic environments. For M(1)-substitution, in [Cu-Ag-Be(l)]4',
the formed 3c-2e o-bonding of Cu-Ag-Be chain has the Cu-Ag distance of 2.695 A with the WBI of
0.67 and Ag-Be distance of 2.540 A with the WBI of 0.65. In [Cu-Ag-Mg(1)]*, the 3c-2¢ o-bonding of
Cu-Ag-Mg chain has the Cu-Ag distance of 2.594 A with large WBI of 0.73 and Ag-Mg distance of
2.932 A with the WBI of 0.44. The difference between the 6-bonding of Cu-Ag-Be(1) and Cu-Ag-Mg(1)
chain exhibits an atomic number dependence on M(1).

For M(3)-substitution, in [Cu-Ag-Be(3)]*, the 3c-2¢ o-bonding of Cu-Ag-Be triangle has the
Cu-Ag distance of 2.763 A with the WBI of 0.41, Ag-Be distance of 2.636 A with the WBI of 0.53 and
Be-Cu distance of 2.13 A with large WBI of 0.85. In [Cu-Ag-Mg(3)]*, the 3c-2e o-bonding of
Cu-Ag-Mg triangle exhibits the Cu-Ag distance of 2.621 A with large WBI of 0.70, Ag-Mg distance of
2.992 A with the WBI of 0.42 and Mg-Cu distance of 2.706 A with the WBI of 0.52. The difference
between the o-bonding of Cu-Ag-Be(3) and Cu-Ag-Mg(3) triangle also shows an atomic number
dependence on M(3).

In summary, in all-metal polyanions, there are three covalent bonding modes: 2¢c-2e o-bonding of
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linear Cu-Ag in bimetallic [Cu—Ag]4', 3c-2¢ o-bonding of Cu-Ag-M(1) chain in trimetallic
[Cu-Ag-M(l)]4' for M(1)-substitution and 3c-2e 5-bonding of Cu-Ag-M(3) triangle in [Cu-Ag-M(3)]4'
for M(3)-substitution.

In the all-metal electride molecules, for polar metal-metal bond between oppositely charged atoms,
besides Coulombic force of attraction, based on covalent bond order analysis, the extended covalent
bonding (sharing electron cloud) feature between individual anions (in [Cu-Ag-M]* metal polyanions)
and the surrounding Ca”" cations have been shown (see WBI values in Table 1). For example, Ca*-Ag”
having the bond length of 3.111 A and WBI of 0.61, and Ca**-Cu” having the bond length of 2.928 A
and WBI of 0.50 in CuAg@Ca;Mg(1) are shown. In CuAg@Ca;Be(1), Ca>*-Be” having the bond length
0f2.912 A and WBI of 0.53 is also exhibited.

Besides, the weakly covalent bonding between Ca®" cations also occurs (see Table 1). The
strongest Ca’’-Ca*’ bonding in CuAg@Ca;Be(3) has the WBI of 0.40. In general, for these all-metal
electride molecules, the Ca’’-Ca®" bonding has WBIs of 0.18-0.40, which indicates that the novel
covalent bonding between Ca®" cations exists. Why? For these unusual molecules with novel
endohedral sandwich structure and the Coulomb interaction among layers, the inner all-metal polyanion
is surrounded by 7 or 8 Ca®" cations, and the whole framework is surrounded by multi-excess electrons
(10 or 12). The diffuse multi-excess electrons surrounding the Ca®" cations as unusual bonding electrons
are shared by those Ca>" cations forming extended covalent bonding effect.

As mentioned above, the M-substitution not only generates various 3c-2e c-bonding modes in the
polyanions [Cu—Ag—Be/Mg]‘F, but also changes the covalent bonding between the anions (in the
polyanion) and the surrounding Ca®" cations, as well as novel covalent bonding effect between Ca”"
cations.

For molecular stabilities, as is well-known, the gap between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is a useful quantity for examining the
chemical stability of molecules. A large gap value reflects a high chemical stability. Table 3 lists the
HOMO-LUMO (H-L) gaps of the CuAg@Ca;M (M = Be, Mg and Ca) all-metal electride molecules.
Obviously, the chemical stability order is CuAg@Ca;Be(1) < CuAg@CasBe(3) < CuAg@Ca;Mg(3) <
CuAg@Cag < CuAg@Ca;Mg(1). The gaps of the all-metal electride molecules CuAg@Ca;M (M = Be,
Mg and Ca) are in the range of 3.344-3.586 eV, which are larger than those of 1.64 eV for organic
electride Li@3°Adz™®, 1.660 eV for LICNLi@BNNT with excess electron protected inside the
nanotube’””, 2.814 eV for Ca(NH;)sNas(b”)’® and are close to 3.563 eV for K---2C8(0)”’ with excess
electron protected inside the two C8 cage units. Compared to H-L gaps of all-metal clusters, our values
are larger than those of 1.03 or 0.99 eV for the clusters with interstitial La ion”® and 1.80eV for Auyg
(Td)79. Above all, it is shown that these studied all-metal electride molecules have higher chemical

stability.
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For these electride molecules, the electron stability is important due to the existence of
loosely-bound excess electrons. The electron stability of a molecule may be characterized by its VIP
value. From Table 2, VIP values of 4.23-4.40 eV for the five all-metal electride molecules are slightly
larger than reported values of electride molecules: 3.880 for Ca@(NH3)6Naz(b"),76 4.16 for
Li@calix[4]pyrrole'®, 4.20 eV for LICNLi@BNNT". While very large VIP value of 7.78 eV for
Cup---K3O+~--e@C36F36_80 occurs due to the fact that excess electron is protected inside the C;¢F36 cage
with sufficient interior electron attractive potential. It shows that these all-metal electride molecules
exhibit moderate electron stability in electride molecules. Considering their stabilizations,
anti-oxidation is still needed due to the existence of loosely-bound excess electrons.

To explore the thermostability of the studied molecules, the binding energy (£1,) of an atom (except
for Cu and Ag) in the five all-metal electride molecules are obtained at the PBEO level with
counterpoise procedure, as shown in Figure 4 and Table S3. Then, we use the smallest £}, of molecule to
represent molecular thermostability. For non-substituted CuAg@Cas, the smallest £, is 30 kcal/mol. For
the M(1)-substitution cases, Be(1)-substitution generates not only the largest £y, of 52 kcal/mol for Be(1)
but also the smallest £}, of 27 kcal/mol for the neighbouring Ca(2), and Mg(1)-substitution generates the
smallest £}, of 26 kcal/mol of Mg(1). For the M(3)- substitution cases, Be(3)-substitution generates the
smallest £y, of 33 kcal/mol of Ca(7), and then Mg(3)-substitution generates the smallest £, of 30
kcal/mol of Ca(2) and Ca(7). Obviously, the difference of smallest £, among these molecules is less
than 7 kcal/mol. Consequently, the thermostability order is CuAg@Ca;Mg(1) ~ CuAg@CasBe(1) <
CuAg@Ca;Mg(3) = CuAg@Cag ~ CuAg@Ca;Be(3).

3.4 Static first hyperpolarizabilities

Table 3 shows the electric first hyperpolarizabilities (fy) of the five all-metal electride molecules at the
MP2 level. From Table 3, the order of Sy values is 6500 for non- substituted CuAg@Cag < 7300 for
CuAg@Ca;Mg(3) < 9300 for CuAg@Cas;Be(3) < 12000 for CuAg@Ca;Be(l) < 14300 au for
CuAg@Ca;Mg(1). Obviously, these novel all-metal electride molecules display large first
hyperpolarizabilities (f), thus these all-metal electride molecule is a new class of NLO molecules and
can be referred to as all-metal electride NLO molecule.

We now discuss the effect of substituting Be or Mg for Ca atom on fy. It is obviously seen from
Figure 5 that Be/Mg-substitution increases fy value compared to non-substituted CuAg@Cag with the
smallest Sy value. As to substitution position effect on Sy, it is found that the f, values of
M(3)-substituted molecules (M(3) near Cu) are smaller than those of M(1)-substituted molecules (M(1)
near Ag). Considering atomic number effect on Sy, the order of Sy is Be(1)-substituted molecule <
Mg(1)-substituted molecule, but the order of fy is inverse for M(3)-substitution. Based on above
discussions, a strategy to enhance £ is obtained, that is, using the Mg(1)-substitution near Ag can bring

considerable S, of 14300 au for all-metal electride molecule CuAg@Ca;Mg(1).
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What is the origin of large first hyperpolarizability in new all-metal electride molecules is a
meaningful question. From Table 3, CuAg@Ca;Mg(1) with interaction between CuAg and Ca;Mg(1)
subunits and resulting multi-excess electrons has considerable Sy of 14300 au. By contrast, its two
isolated subunits CuAg and Ca;Mg(1) without excess electron have small Sy values of 844 and 35 au,
respectively. The # wvalue, a ratio of fy between a molecule and its subunits is fy
(CuAg@Ca;Mg(1))/[fo(CuAg) + Bo(CasMg(1))] = 16, which clearly shows that the multi-excess
electrons generated from subunit interaction is the fundamental origin of considerable f.

It is well known that besides electronic contribution, the effect of vibrations on the

81-83

hyperpolarizabilities are also quite important. Luis and coworkers™ have already pointed that the

vibrational hyperpolarizabilities exceed the corresponding static electronic property values by up to an

85,86 Wlth

order of magnitude for five selected electride molecules. Using Bishop and Kirtman theory
double-harmonic approximation, we estimated the static vibrational first hyperpolarizabilities by high
level MP2 method with the LANL2DZ for Cu and Ag and the 6-31G(3df) basis set for Be, Mg and Ca
for these all-metal electride molecules. From Table 4, ratios (#y.) between By and Sy° are 0.16-0.63,
exhibiting large vibrational contribution. Therefore, total static first hyperpolarizability f,' including
electronic and vibrational contributions for these all-metal electride molecules is obviously larger than
its electronic contribution fy.

The comparison of f, values between our all-metal electride molecules and previously reported
organic and inorganic electride molecules is meaningful. Our 6500-14300 au is comparable to reported
values: 7326 for an organic electride Li@calix[4]pyrrole,10 7197 for Cup---K30+---e@C36F36_,80 10645
for LiCNLi@BNNT75 and 12782 au for inorganic electride molecule Ca(NH3)¢Nay(b").”® Of course,
there are also some reported electride molecules, which exhibited considerable S, values compared with
our S values of 6500-14300 au. For example, 8.89 x10° au for a new inorganic electride compound
M@r6—A112N12,87 a considerable 9.5 x 10° au for ef@CzoFlgf(CHz)“_NHz'''Na+.13 Obviously, the
all-metal electride molecules have the larger S, values which are similar to those of some organic and
inorganic electride molecules.

For the expectation of bulk material property, these all-metal electride molecules may act
as building blocks. Figure 6 illustrates that structures and electronic first hyperpolarizabilities for
polymers (block number n=1-3) of molecule CuAg@Cas. From Figure 6, a possible evolution of a
molecule towards one-dimensional solid is exhibited and a favorite result is obtained that the electronic
first hyperpolarizability increases sharply with increasing molecular unit number.

For NLO molecules, transparent region of electron spectrum is important. From Figure 7, the five
all-metal electride molecules have the infrared (IR) transparent region of 1.3-6 um, so these all-metal

electride molecules are new IR NLO molecules.
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4. Conclusions

It is well known that electride is a kind of interesting salt containing excess electron anions.
Hitherto, extensive studies have been devoted to the organic electrides. Meanwhile, the recently
developed inorganic electrides have also attracted great attention. However, the all-metal electride
molecules have not been reported yet. It is worth noting that some polar intermetallic compounds
containing excess electron anions and having an all-metal composition should belong to a new class of
electrides. As a result, we propose a new concept referred to as all-metal electride. All-metal electride
molecules CuAg@Ca;M (M = Be, Mg and Ca) are designed and researched in theory for the first time.
In these molecules, the subunit interaction is interesting. Unusual all-metal polyanion [Cu-Ag-Be/Mg]4'
or [Cu-Ag]* pushes the remaining valence electrons of the Ca atoms to form the excess electrons
(10/12). Then they can be described as salt-like [(Caz+)7(CuAgM)4']+IOe- (M = Be and Mg) and
[(Ca2+)8(CuAg)4']+12e- (M = Ca). For these unusual molecules, a newfangled endohedral sandwich
structure emerges. An inner all-metal polyanion is surrounded by 7 or 8 Ca*" cations (as the counterions
to prevent the Coulomb explosion of the polyanion), and the whole framework is surrounded by
multi-excess electrons (10 or 12), which brings diverse covalent bonding modes including 2c-2e/3c-2¢
o-bonding in the all-metal polyanions and weakly covalent bonding effect between Ca®" cations due to
surrounding the multi-excess electrons (special bonding electrons). The multi-excess electrons will also
bring the electric conductivity of these NLO molecules. Thereout, a potential phenomemon — electric
current effect on NLO responses may be predicted.

Especially, it is revealed that these all-metal electride molecules are a new class of NLO molecules
with large electronic first hyperpolarizabilities (fy) resulting from the involved multi-excess electrons.
Based on the finding that the Sy values depend on the atomic number and position of M, a new strategy
to enhance f is also obtained.

Considering a perspicacious analysis, the CuAg@Ca;Mg(1) has considerable £y (1.43 x 10* au)
being 16 times the Sy sum of two isolated CuAg and Ca;Mg(1) subunits, which sheds light on the
fundamental origin of the considerable Sy, namely multi-excess electrons generated by the subunit
interaction. These all-metal electride molecules have the IR transparent region of 1.3-6 um and are new
IR NLO molecules.

Besides electronic contribution fy, the vibrational hyperpolarizabilities of these electride
molecules are also estimated. We have reason to believe that total hyperpolarizability for these all-metal
electride molecules are much larger than its large electronic contribution f.

An evolution of structure and property from a molecule towards solid material is significant. An
initial discussion on a possible evolution of a molecule towards one-dimensional solid exhibits a
favorite result that the electronic first hyperpolarizability increases sharply with increasing molecular

unit number. Thus, a new research field in all-metal electride IR NLO molecule is opened.
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Table 1 The Selected Distance (in A), Followed by Their Wiberg Bond Index (WBI), at the PBEO

Level for the Intermetallic Compounds.
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Cu-Ag Ca-Ag Ca-Cu Be/Mg-Ag Be/Mg-Cu Ca-Ca Be/Mg-Ca

2594 0.79 3231 045 2989 047 (1-3)3.874 0.28
(3-4)4.085 0.19
(I-8)4.156  0.20

2695 0.67 3.130 047 2963 0.39 2.540 0.65 4308 0.20 3.838 0.18 (/-3)2912  0.53

(1-6)3.089  0.43

(1-7)2.865  0.53

(1-8)3.040  0.45

2.594 073  3.111  0.61 2928  0.50 2932 0.44 4.083 0.19 3868 027 (/-3)3372 041

(1-6)3.372  0.41

(1-7)3.789  0.23

(1-8)3.789  0.23

2.763 041 3.098 037 3.062 0.31 2,636 053 2.130 0.81 3.709 0.40 (/-3)2.983 0.40

(3-4)2.998  0.39

(3-8)2.862  0.43

2.621 070  3.169 047 2934 045 2992 042 2.706  0.52 3.842 028 (1-3)3479  0.34

(3-4)3.707  0.22

(3-8)3.479  0.34

A, B, C, D, E are CuAg@Ca; CuAg@Ca;Be(l), CuAg@Ca;Mg(l),CuAg@Ca;Be(3),

CuAg@Ca;Mg(3), respectively.
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Table 2 The NBO Charges (q) and Valences (V) of Anion Subunits, Molecular Excess Electron

Number (N,), the First Vertical lonization Potential (VIP, in eV).

q \Y Ne VIP

Cu Ag M Cu-Ag Cu-Ag-M M Cu-Ag Cu-Ag-M
CuAg@Cag -1.223 2334 -3.557 -3.557 -4 -4 12 440
CuAg@Ca;Mg(3) -1.079 -2.250 -0.111 -3.329 -3.440 0 -4 -4 10 438
CuAg@Ca;Be(3) -0.341 2396 -0.896 -2.737 -3.633 -1 -3 -4 10 424
CuAg@Ca;Be(1) -0.839 -2.302 -0971 -3.141 -4.112 -1 -3 -4 10 423
CuAg@Ca;Mg(1) -1.150 -2.373 -0.144 -3.523 -3.667 0 -4 -4 10 437

M = Be or Mg
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Table 3 First Hyperpolarizability 5, (au) at the MP2 level, HOMO-LUMO Gaps (in e¢V) at the

MP2 level, Molecular Excess Electron Number (N,), and Ratio of Sy between a Molecule and its

Subunits ().

Po(auw) — Gap N, n
CuAg@Cag 6500 3524 12
CuAg@Ca;Mg(3) 7400 3.503 10
CuAg@Ca;Be(3) 9300 3.451 10
CuAg@Ca;Be(1) 12000 3.344 10
CuAg@Ca;Mg(1) 14300 3.586 10 16

CuAg 35
Ca;Mg(1) 844

1 = fo(CuAg@Ca;Mg(1))/[Bo(CuAg) + fio(CasMg(1))]

18
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Table 4 Static Electric First Hyperpolarizability fB,° (au), Static Vibrational First
Hyperpolarizability " (au) and Static Total First Hyperpolarizability S, (au) at the MP2 level,

and 7, is ratio between ' and f3,°.

ﬂoc ﬂov ﬂot Nvle
CuAg@Cag 6500 1240 7740 0.19
CuAg@CaMg(3) 7400 1189 8589 0.16
CuAg@CasBe(3) 9300 4774 14074 0.51
CuAg@CasBe(1) 12000 7503 19503 0.63

CuAg@Ca:Mg(1) 14300 2745 17045 0.19

19
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Figure 1 The optimized structures for the CuAg@Ca;M (M = Be, Mg and Ca) molecules.
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Figure 2 Occupied orbitals of multi-excess electrons in the all-metal electride compounds with

all-metal polyanions. For CuAg@Ca7Mg(1), the orbital occupied one-excess electron is still

double occupied with another non- excess electron.
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Figure 3 The 2c-2e bonding c-orbital in [Cu-Ag]4' and 3c-2e bonding c-orbitals in [Cu—Ag—M]4'

2

(M =Be and Mg).
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Figure 4 The binding energies of an atom in five all-metal electride molecules.
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Figure 5 Be and Mg-substitution effects on f in the all-metal electride molecules.
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Figure 6 Structures and electronic first hyperpolarizabilities for polymers (block number n = 1-3)
of molecule CuAg@Cas.

Geom: PBE(/3-21g level 57856a.u.
B,: HF/6-31+g(d) level ;
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Figure 7 The electronic spectra of the all-metal electride compounds.
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