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Abstract

High-level electronic structure calculations are carried out to obtain optimized geometries 

and excitation energies of neutral lithium, sodium, and potassium complexes with two 

ethylenediamine and one or two crown ether molecules. Three different sizes of crowns are 

employed (12-crown-4, 15-crown-5, 18-crown-6). The ground state of all complexes contains an 

electron in an s-type orbital. For the mono-crown ether complexes, this orbital is the polarized 

valence s-orbital of the metal, but for the other systems this orbital is a peripheral diffuse orbital. 

The nature of the low-lying electronic states is found to be different for each of these species. 

Specifically, the metal ethylenediamine complexes follow the previously discovered shell model 

of metal ammonia complexes (1s, 1p, 1d, 2s, 1f), but both mono- and sandwich di-crown ether 

complexes bear a different shell model partially due to their lower (cylindrical) symmetry and the 

stabilization of the 2s-type orbital. Li(15-crown-5) is the only complex with the metal in the middle 

of the crown ether and adopts closely the shell model of metal ammonia complexes. Our findings 

suggest that the electronic band structure of electrides (metal crown ether sandwich aggregates) 

and expanded metals (metal ammonia aggregates) should be different despite the similar nature of 

these systems (bearing diffuse electrons around a metal complex).
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1. Introduction

Electrides are solids that contain trapped electrons in their cavities or pores.1, 2 The 

pioneering work of Dye and co-workers in early 1980’s disclosed the existence of these materials 

by separating a Cs+ core from its valence electron using crown ethers. Specifically, two 18-crown-6 

(18C6) crown ethers coordinate to each Cs+ ion and the electrons diffuse in the periphery of these 

complexes residing in the formed cavities. 3, 4 Since then, numerous systems have been examined 

termed as either organic (metal complexes with crown ethers or cryptands)5-10 or inorganic (such 

as [Ca24Al28O68]4+@4e−).11, 12 A different category of inorganic electrides composed of cationic 

crystal and anionic electron layers has also been discovered, such as the two-dimensional Ca2N 

and other nitride systems.13-15 Various applications have been reported in the literature including 

CO2 activation,16 ammonia synthesis,17, 18 and organic synthesis.19, 20 Computational studies have 

largely contributed to understanding the properties of these materials. The periodic density 

functional theory calculations of the Johnson group have shed light to their stability and electronic, 

magnetic, and chemical properties. 21-27

The complexation of positively charged alkali metals with crown-ethers (CE) finds 

applications in the selective isolation or extraction of the metal ions from solutions.28-30 For this 

reason different mono and di-CE complexes with pure or “functionalized” (addition of side chains) 

CE have been studied in the literature.31-34 The same concept has been applied in 2D-materials, 

where a CE-type hole is incorporated in the graphene sheet.35-37 These complexes are also 

introduced in new materials.33, 38, 39 We are aware of only one recent study on neutral alkali metal-

CE complexes [Li(12-crown-4) or Li(12C4), Na(15-crown-5) or Na(15C5), K(18-crown-6) or or 

K(18C6)] which explains the lower ionization of the ground state of these complexes with respect 
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to the metal atom.40 A systematic electronic structure study on more complexes (in their ground 

and excited states) and their connection to electrides is still missing.

Metal ammonia complexes have been shown to form crystalloid structures with a grid of 

positively charged metal ammonia complexes and “free” diffuse electrons orbiting among them.41-

52 These materials (termed as expanded or liquid metals) have metallic properties and have been 

proposed as high-temperature superconducting materials.53 The similarity of electrides and 

expanded metals has been expressed in the literature.54 Experimentally only alkali and alkaline 

earth metals have been investigated but theoretical studies demonstrated that transition metals can 

form identical structures.55-57

Inspired by the rising interest on expanded metals, our research group has recently 

published a series of articles on the electronic and geometric structure of their building units.55-66  

Ground and low-lying excited electrons states have been studied for metal ammonia complexes 

via high-level electronic structure methodologies. We have shown that diffuse electrons reside in 

the periphery of positively charged metal ammonia complexes occupying hydrogenic-type 

orbitals. The Aufbau principle (1s, 1p, 1d, 2s, 1f, 2p) resembles that of the Jellium or nuclear shell 

models, which describe approximately the electronic structure of small metallic particles 

(superatoms)67 and the proton/neutron shell model within nuclei.68 Transition metals maintain their 

inner d-shell in addition to the outer peripheral orbitals, and the inner electrons act nearly 

independently of the outer ones.65

Besides ammonia, other solvents or molecular scaffolds, such as water, ethers, 

methylamine, tetrahydrofuran, and dodecahedrane have been shown to solvate electrons and form 

solvent separated ions-electrons.41, 43, 69-86 Presently, we investigate the electronic structure of 

neutral metal crown ether complexes by means of high-level quantum chemical techniques. 
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Specifically, we combine lithium, sodium and potassium with three differently sized crown ethers 

(12C4, 15C5, 18C6). Experimentally synthesized electrides combine Li through Cs alkali metals 

with 18C6, 15C5 crown ethers, and cryptands (“polycyclic crown ethers”). Presently, our goal is 

to perform a systematic study on metal-crown ether complexes with one or two crowns, study their 

stability, show that these systems (shown in Figure 1) can accommodate outer diffuse electrons, 

identify the nature of the excited states and the orbital series of these systems, and monitor how 

the excitation energies change with the metal identity and the ether size. In addition, we include 

the study of metal-ethylenediamine (see Figure 1) complexes as a bridge between the building 

units of organic electrides and expanded metals.

Figure 1. Typical geometries of the examined metal-ethylenediamine and metal-crown-ether 
molecules.

2. Computational Details

M(en)2, M(12C4), M(15C5) [M = Li, Na, K], and M(18C6) [M = Na, K] structures were 

optimized at the second-order Møller–Plesset perturbation theory (MP2).87 At the same level of 

theory binding energies (De) were obtained with respect to M + 2 (en) and M + 12C4/15C5/18C6 

fragments. The spin contamination for the unrestricted Hartree−Fock wavefunction of these 

species is minor. De values of M(en)2 and M(12C4) [M = Li, Na] were also evaluated by 

performing CCSD(T) (coupled-cluster singles, doubles, and perturbative triples) 88-91 calculations 

at the MP2 optimized geometries (CCSD(T)//MP2). Only valence electrons are correlated at MP2 
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and CCSD(T). Harmonic vibrational frequencies were obtained at DFT/B3LYP (DFT ≡ Density 

Functional Theory) 92, 93 level to confirm that every structure is a minimum of the potential energy 

surface and obtain zero-point energy (ZPE) corrections. For MP2, CCSD(T), and DFT calculations 

the cc-pVTZ (≡TZ) basis set 94-96 is used for all atoms except hydrogens, where a series of diffuse 

functions (aug-cc-pVTZ ≡ ATZ) 97 has been added to describe the peripheral orbitals more 

accurately.58 In the case of Li(12C4) we also explored the effect of diffuse functions on the lithium 

center (ATZ).

The MP2 optimized ground state geometries were used for the excited state calculations. 

Koopmans’s theorem (KT), diagonal second-order (D2), partial third-order quasiparticle method 

(P3), and renormalized partial third-order quasiparticle (P3+) electron propagator theory (EPT) 98-

101 methods were used to calculate vertical electron attachment energies of the corresponding 

cations. Vertical excitation energies of the neutral molecules were inferred from the differences of 

the calculated electron attachment energies. The accuracy increases in the KT < D2 < P3 < P3+ 

order. In all cases, the pole strengths are higher than 0.9 validating the use of EPT. Vertical electron 

attachment energies and pole strengths are reported in the Electronic Supplementary Information 

(ESI). Several low-lying excited states of the smallest Li(en)2 were further investigated at the 

EOM-EA-CCSD (equation-of-motion coupled-cluster method for the electron affinity) theory. 102-

105 The basis set of hydrogen has been enhanced with an additional series of diffuse functions for 

the excited state calculations, d-aug-cc-pVTZ (≡DATZ) for M(en)2 and M(12C4).  For the larger 

complexes, M(15C5) and M(18C6), we had to reduce the basis set to double-ζ quality: cc-pVDZ 

for all atoms and d-aug-cc-pVDZ for hydrogen.106
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The geometry optimization of the M(12C4)2 complexes was carried out at the CAM-

B3LYP/cc-pVTZ(C,O) aug-cc-pVTZ(H) level of theory, and the excited states of K(12C4)2, which 

is the only one making a sandwich structure, at EPT/cc-pVDZ(C,O) d-aug-cc-pVDZ(H).

Gaussian 16 suite 107 was used for the MP2, DFT, and EPT calculations. CCSD(T) and 

EOM-EA-CCSD calculations were carried out with MOLPRO 2015.1 108 and Q-CHEM5.1 109 

packages, respectively. Molden 110, 111 and GaussView 112 software was used create Dyson orbital 

plots.

3. Results and Discussion

M(en)2. The complexation of the two ethylenediamine molecules to Li, Na, and K creates 

a pseudo-tetrahedral (D2) geometry with four equivalent M−N bonds. The M−N bond length scales 

linearly with the size of the metal. There is an excellent linear correlation (R2 = 0.9994) between 

the M−N bond length (see Table 1) and the covalent radius of the metal (1.30, 1.60, and 2.00 Å 

for Li, Na, and K, respectively).113 The Li−N and Na−N distances of M(en)2 are longer than those 

of Li(NH3)4 and Na(NH3)4 by 0.003 and 0.033 Å (CCSD(T) level)59 and by 0.002 and 0.027 Å 

(current MP2 values for Li(NH3)4 and Na(NH3)4 = 2.079 and 2.483 Å), and the total binding 

energies De decrease by ~10 kcal/mol (or ~2.5 kcal/mol per bond; current MP2 values for Li(NH3)4 

and Na(NH3)4 are 54.9 and 30.1 kcal/mol). The MP2 and CCSD(T)//MP2 De values of Table 1 

agree within 2 kcal/mol validating the accuracy of our MP2 values for the rest of the complexes. 

Going from Li to Na, we see that De drops to about half (44.8 vs. 19.9 kcal/mol) but only a quarter 

going from Na to K (19.9 vs. 15.0 kcal/mol). This is due to the smaller charge density 

(charge/volume) of the heavier metals. Finally, the vertical ionization energy of the M(en)2 

complexes is practically independent of the central metal and equal to 2.45−2.48 eV (see Table 1), 
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which is considerably smaller than the ionization energy of the plain metals (see Table 1). The 

ionization energy of Li(NH3)4 and Na(NH3)4 is slightly larger (2.92 and 2.79 eV)59 probably  

because of the screening of the metallic charge to the outer electron caused by the carbon chains 

of M(en)2. As shown in Figure 2, the outer orbital is distributed evenly around the Li(NH3)4
+ core 

but it is polarized away from the carbon chains of the Li(en)2
+ core.

The excited states of M(en)2 follow the same pattern as in M(NH3)4. Table 2 lists the 

computed excitation energies and Figure 3 depicts the corresponding Dyson orbitals. The first 

three excited states are of 1p character spanning an energy range of 0.258, 0.265, and 0.261 eV for 

M = Li, Na, K, respectively. The higher symmetry of M(NH3)4 places all three 1p components 

together at 0.72 and 0.66 eV for M = Li and Na.59 These values are higher than the excitation 

energy of all three 1p excitations of M(en)2 (see Table 2) indicating again that the nuclear charge 

is screened by the carbon chains. The average 1p excitation energies for M(en)2 are 0.46, 0.48, and 

0.54 eV for M = Li, Na, and K revealing a slightly increasing excitation energy as we move to 

larger metals. This is the opposite trend observed for M(NH3)4, M = Li, Na (see above), where the 

excitation energy drops from 0.72 to 0.66 eV.59 The next group of states has 1d character, but the 

five components span a smaller energy range of about 0.1 eV (see Table 2) and they lie 1.0-1.1 eV 

higher than 1s state for all three metals. The 2s state follows next at ~1.4 eV and the 1f states come 

next in the 1.40-1.65 eV range. The Dyson orbitals suggest a mixed character of 2p, 1g, and 2d 

orbitals and are given in the Figures S1, S2, and S3 of the ESI. We have calculated all the bound 

states of these systems with respect to the ionization M(en)2
+ + e− limit. The highest four are 

actually above it at the lower KT level but below it at every other level (D2, P3, P3+). According 

to Table 2, the excitation energies increase by 0.1 eV or more going from KT to D2. The D2 values 

have practically converge with respect to P3, P3+ or EOM-EA-CCSD approaches.
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Figure 2. Contours of the singly occupied outer orbital of Li(en)2, Li(NH3)4, and Li(12C4). An 

iso-value of 0.03 Å−3 was used.

Figure 3. Select Dyson orbitals for the Li(en)2
+ + e− → Li(en)2 process. An iso-value of 0.02 Å−3 

was used.
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Table 1. MP2 total binding energy (De and D0, kcal/mol), P3+ and CCSD(T) vertical ionization 

energies (IE, eV), and MP2 equilibrium distances (re, Å) of the studied molecules.a

De D0 
b IE re

Species
MP2 CCSD(T) MP2 P3+ CCSD(T) M−A c M−X d O−X e

Li(en)2 44.8 46.7 41.4 2.48 2.57 2.081

Na(en)2 19.9 21.6 18.2 2.45 2.57 2.510

K(en)2 15.0 14.0 2.45 3.033

Li(12C4) 18.7 19.9 16.9 2.54 2.66 2.06 (2), 2.09 (2) 0.98 1.82

Na(12C4) 5.8 6.9 5.0 3.61 3.65 2.58 (2), 3.70 (2) 2.52 1.93

K(12C4) 3.7 3.0 3.23 3.21 (2), 4.22 (2) 3.22 1.93

Li(15C5) 21.2 19.1 1.96 2.09, 2.14 (2), 2.26 (2) 0.02 2.18

Na(15C5) 12.3 10.6 2.58 2.62, 2.65, 2.66, 2.72, 2.81 1.40 2.30

K(15C5) 9.6 8.0 2.58 3.06, 3.16, 3.19, 3.26, 3.38 2.20 2.33

Na(18C6) 15.9 15.1 2.35 2.83 (2), 2.96 (2) 0.86 2.76

K(18C6) 17.2 16.0 2.33 3.12 (2), 3.25 (2) 1.49 2.82

a P3+ vertical ionization energies obtained with cc-pVTZ (M,C,N,O) d-aug-cc-pVTZ (H). All 

other results are obtain with cc-pVTZ (M,C,N,O) aug-cc-pVTZ (H).
b ZPE is obtained at the B3LYP level of theory (see Section 2).
c A is N for M(en)2 or O for M(12C4), M(15C5), and M(18C6), and M = Li, Na, or K. Values in 

parenthesis show the number of such distances.
d X is the center of the crown-ether ring calculated as the center of mass of the oxygen atoms, and 

M−X is its distance from the metal M.
e Average O−X distance; see footnote d for the definition of X.
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Table 2. Vertical excitation energies (eV) for Li(en)2 at the KT, D2, P3, P3+, and EOM-EA-CCSD 

levels of theory.

Config. a KT D2 P3 P3+ EOM-EA-
CCSD

Li(en)2
1s 0.000 0.000 0.000 0.000 0.000
1p 0.262 0.355 0.350 0.350 0.369

0.310 0.422 0.416 0.416 0.436
0.483 0.613 0.607 0.608 0.621

1d 0.809−0.854 1.017−1.087 1.010−1.079 1.011−1.079 1.046−1.127
2s 1.205 1.384 1.387 1.386 1.419
1f 1.231−1.397 1.466−1.643 1.462−1.640 1.462−1.640 1.477−1.700

2p/1g/2d b 1.347−2.250 1.670−2.470 1.665−2.464 1.665−2.464
Na(en)2

1s 0.000 0.000 0.000 0.000
1p 0.279 0.382 0.376 0.376

0.320 0.439 0.433 0.434
0.517 0.645 0.641 0.641

1d 0.811−0.837 0.996−1.089 0.990−1.083 0.991−1.083
2s 1.174 1.353 1.356 1.356
1f 1.184−1.345 1.407−1.635 1.404−1.633 1.405−1.633

2p/1g/2d b 1.375−2.251 1.664−2.456 1.662−2.451 1.662−2.451
K(en)2

1s 0.000 0.000 0.000 0.000
1p 0.362 0.455 0.451 0.451

0.353 0.468 0.467 0.468
0.616 0.710 0.711 0.712

1d 0.843−0.903 0.997−1.112 0.996−1.110 0.996−1.110
2s 1.167 1.361 1.364 1.365
1f 1.188−1.391 1.399−1.640 1.400−1.642 1.400−1.642

2p/1g/2d b 1.534−2.217 1.705−2.390 1.711−2.390 1.711−2.390

a Occupied orbital of each electronic state; see Figure 2. A more detailed list of excitation energies 

and more Dyson orbitals are given in Tables S10, S11, and S12 and Figure S1, S2, and S3 of ESI.

b Mixed character. The four highest energy states are not bound with respect to the ionization 

energy at KT level of theory.
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M(12C4), M(15C5), M(18C6). Typical geometries of these systems are shown in Figure 

1. The metal resides on the top of the crown ether ring, and the distance of the metal from the 

center of the crown ether depends on the size of the metal atom and the radius of the ring. In Table 

1, we consider the center of the crown ether as the center of mass of its oxygen atoms (X) and the 

radius of the ring as the average O-X distance. As expected, the distance of the metal from X 

increases with the metal size and decreases with the ring radius. The longest M-X distance is 3.22 

Å for K(12C4), while Li sits practically at the center of 15C5. In Table 1, we also list the M-O 

distances for each case. Two kinds of M-O distances are observed: the shorter ones between the 

metal and the oxygen atoms pointing to it, and the longer ones between the metal and the rest of 

the oxygen atoms pointing towards the opposite side of the ring. For 12C4 and 18C6, the M-O 

distances within each group are exactly equal (C2v and C3v point groups), unlike the lower 

symmetry 15C5 systems (C1 point group).

The approach and anchoring of the metal to the crown ether is a result of the polarization 

of the valence s-orbital of the metal away from the ring (see Figure 2). The induced positively 

charged side of the metal is electrostatically attracted by the crown oxygen atoms. The resulting 

binding energies are as low as 3.7 kcal/mol for K(12C4) and as large as 21.2 kcal/mol for Li(15C5). 

After ZPE corrections these values drop to 3.0 and 19.1 kcal/mol (see Table 1). Generally, Li 

makes strong complexes and tends to reside in the middle of the ring. On the other hand, heavier 

metals prefer larger rings, which explains the composition (Cs and 18C6 ring) of the 

experimentally observed electrides.3, 4

Another effect of the observed bonding is the reduction of the ionization energy (IE) of the 

systems. The IEs of the single Li, Na, and K atoms are 5.392, 5.139, and 4.341 eV, respectively,113 

which drop to 2.54, 3.61, and 3.23 eV for Li(12C4), Na(12C4), and K(12C4). The bigger rings 
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enable stronger binding between the metal and the ring, which indicates a larger polarization of 

the valence s-orbital of the metal and thus easier ionization. Indeed, the IEs drop significantly 

(more than 0.5 eV) going to 15C5 systems and by ~0.25 eV going to 18C6 (see Table 1). An 

interesting observation is that although the IE of the single metal atoms decreases monotonically 

from Li to K, the IE of the Li-crown-ether complexes are significantly lower as a result of the 

stronger binding with the crown-ether rings. Our vertical IEs are within the DFT (PBE0, TPSSh) 

range of ref. 40.

We next examine the excited states of these systems, and we first focus on Li(12C4). The 

vertical excitation energies and the populated orbitals for all bound electronic states of Li(12C4) 

are given in Table 3 and Figure 4. The Dyson orbitals indicate a mixed Li-valence and crown-ether 

Rydberg character. For this reason, we examined two series of basis sets. The first one consists of 

plain TZ functions on all atoms and DATZ on hydrogen atoms. This has been successfully used 

for highly excited states of metal-ammonia complexes.58, 114 The second series includes additional 

diffuse functions on the metal (ATZ). The excitation energies of the two series differ by no more 

than 0.02 eV in all cases except for two cases where the difference is larger but smaller than 0.05 

eV (see Table 3). Therefore, we used the TZ/DATZ combination for the rest of the systems to 

compromise accuracy and efficiency.

The lowest energy states of Li are 2S(1s22s1), 2P(1s22p1), 2S(1s23s1), 2P(1s23p1), 2D(1s23d1). 

The ground state is well separated from the first excited state, which is 1.85 eV higher and the next 

three states lie closer to each other in the 3.37−3.88 eV range.113 As stated earlier, the ground state 

of Li(12C4) bears an unpaired electron in a polarized 2s orbital of Li.  The singly occupied orbital 

in the second and third excited states is a p-type orbital (px and py; 13b1 and 13b2 of Figure 4) 

diffuse in the periphery of the Li(12C4)+ core and perpendicular to the Li-X axis (≡z-axis). These 
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two states are at 0.656 and 0.760 eV (see Table 3), clearly lower than the 2p1 state of lithium. The 

first and fourth excited states at 0.590 and 1.033 eV have an electron in one of two sp hybrids (18a1 

and 19a1) orthogonal to each other (see Figure 4). The lower energy hybrid has a larger metallic 

character as opposed to the higher energy hybrid, which is polarized towards the ring side. We 

think that the hybridization occurs between the remaining pz-type orbital and a Rydberg s-type 

orbital. This second s-type orbital is higher in energy in the metal-ammonia complexes and 

Li(15C5); see below. The next five states have d-orbital character (10a2 through 21a1) lying 

between 1.109 and 1.359 eV. As stated for the p-orbitals, these outer d-orbitals are much lower 

than the 3d atomic orbitals of lithium. The last five states examined presently are of f-orbital nature 

(15b1 through 16b2), but we were not able to identify the missing two f-orbitals, which appear to 

be highly mixed with other diffuse molecular orbitals (see ESI for more states and Dyson orbitals). 

Conclusively, the metal complexes with a single crown ether ligand resemble the supatomic nature 

observed for metal-ammonia complexes (see Introduction) with similar excitation energies (±0.2 

eV; compare for example Tables 2 and 3), except for the 2s orbital which has lower energy in the 

crown ether case.
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Table 3. Vertical excitation energies (eV) for Li(12C4) at the KT, D2, P3, and P3+ levels of theory. 
Two series of basis sets are employed for P3+. The states are ordered according to P3+ excitation 
energies. 

Config. a KT b D2 b P3 b P3+ b P3+ c

17a1 0.000 0.000 0.000 0.000 0.000

18a1 0.421 0.609 0.587 0.590 0.589

13b1 0.488 0.681 0.654 0.656 0.657

13b2 0.557 0.786 0.758 0.760 0.760

19a1 0.819 1.048 1.031 1.033 1.032

10a2 0.869 1.135 1.106 1.109 1.109

20a1 0.881 1.155 1.126 1.129 1.126

14b1 0.873 1.161 1.136 1.138 1.138

14b2 0.894 1.182 1.157 1.159 1.158

21a1 1.136 1.385 1.374 1.375 1.359

15b1 1.308 1.612 1.592 1.594 1.560

16b1 1.296 1.639 1.613 1.615 1.616

15b2 1.295 1.641 1.614 1.617 1.617

11a2 1.327 1.691 1.667 1.669 1.669

16b2 1.356 1.712 1.690 1.692 1.673

a Occupied orbital of each electronic state; see Figure 4. A more detailed list of excitation energies 

and more Dyson orbitals are given in Table S13 and Figure S4 of ESI.

b The DATZ basis set is used for hydrogen and TZ for all other atoms.

c The DATZ basis set is used for hydrogen, ATZ for lithium, and TZ for all other atoms.
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Figure 4. Select Dyson orbitals for the Li(12C4)+ + e− → Li(12C4) process. Li is on the top of the 

crown ether. An iso-value of 0.02 Å−3 was used.

We move now to two directions by changing either Li to Na or 12C4 to 15C5. Recall that 

the lithium atom sits in the middle of the crown-ether in Li(15C5), but Na is further from the ring: 

M-X distances for Na(12C4) vs. Li(12C4) are 2.52 vs. 0.98 Å; see Table 1. Comparing the Dyson 

orbitals of Li(12C4), Li(15C5) and Na(12C4), we see that the sp-hybridization found for Li(12C4) 

is not as evident for the latter two systems. Before the d-type orbitals, in the Li(15C5) case there 

are clearly one s-type and three p-type orbitals (62a through 65a orbitals of Figure S6 of ESI), 

while in the Na(12C4) case there are two s-type and three p-type orbitals (19a1, 14b1, 14b2, 20a1, 

21a1 orbitals of Figure S7 of ESI). In the case of Li(15C5) the excitation energies for the first three 

excited states drop significantly (from 0.589-0.760 eV to 0.135-0.280 eV; see Table 4). On the 

other hand, the excitation energies for the first three states of Na(12C4) are larger (1.367-1.858 

eV; see Table 4). The first two states have an electron in the outer px and py orbitals and lie at 1.367 
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and 1.422 eV. The corresponding values for Li(12C4) are 0.657 and 0.760 eV. Although the 

excitation energies for Na(12C4) increased, they are still lower than the 3s1→3p1 excitation of 

atomic Na (2.103 eV),113 as happened for Li(12C4) vs. Li.

Overall, Li(15C5) is an outlier and follows closely the shell model of metal ammonia 

complexes (1s, 1p, 1d, 1f, 2s). Recall that it is the only system with the metal in the center of the 

crown-ether ring. The rest of the complexes follow the same pattern as Li(12C4): Two of the 

lowest four excited states having one electron on the px and py orbitals, and the rest two populate 

the two spz hybrids called spz-1 and spz-2 in Table 4. Within the sodium and potassium series the 

px and py states are degenerate within 0.1 eV (average energy difference = 0.05 eV), and they 

stabilize (lower excitation energy) as the size of the ring increases. The two spz states also stabilize 

with increasing ring size but their energy difference is always higher than 0.18 eV (average energy 

difference = 0.27 eV). Finally, the d-type states follow a similar pattern. The larger the ring, the 

lower the excitation energies. Going from Li to Na, the excitation energies increase but they drop 

again from Na to K. The outlier Li(15C5) structure bears the smallest values.
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Table 4. P3+ vertical excitation energies for the lowest lying excited states occupying the px, py, 

spz-1, spz-2, and d-type orbitals of the metal crown-ether species. The excitation energy for the 

valence-s to the valence-p, p(M), and lowest energy d, d(M), atomic orbital for the metal is also 

listed.

Species px py spz-1 a spz-2 b d c

Li(12C4) 0.657 0.760 0.589 1.032 1.109-1.359

Li(15C5) 0.135 0.280 0.249 N/A 0.592-0.661

Na(12C4) 1.367 1.422 1.858 2.108 2.177-2.280

Na(15C5) 0.848 0.918 0.807 1.157 1.224-1.511

Na(18C6) 0.741 0.741 0.706 0.949 1.062-1.284

K(12C4) 1.012 1.072 1.524 1.704 1.771-1.942

K(15C5) 0.766 0.860 0.926 1.229 1.245-1.520

K(18C6) 0.691 0.691 0.751 1.031 1.031-1.057

a Lower energy spz hybrid. For Li(12C4) it is polarized towards Li, for Na(12C4) it is nearly 
isotropic, and for the rest complexes it is polarized towards the crown-ether ring. For Li(15C5) is 
it a pure pz orbital.

b Higher energy spz hybrid. For Li(12C4) it is polarized towards the crown-ether ring, for Na(12C4) 
it is nearly non-polarized, for Li(15C5) is not existent, and for the rest complexes it is polarized 
towards the metal center.

c Energy range for all five components.
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M(12C4)2. In order to identify metal-crown ether sandwich-type complexes, we optimized 

the structure of a metal interacting with two of the smallest rings (12C4). For all three metals (Li, 

Na, K) the second crown ether in the global minimum attaches to the metal with a single oxygen 

atom [lateral or L-K(C12C4)2]. Only for potassium we were able to locate a sandwich-type 

K(12C4)2 complex [S-K(12C4)2] (see Figure 5 for both isomers) 5.4 kcal/mol higher. Our findings 

suggest that larger metals tend to favor sandwich systems observed in electrides experimentally, 

and the formation of electrides as an aggregate of sandwich complexes is possibly driven by the 

interaction of neighboring units.

The excitation energies for the low-lying electronic states of the S-K(12C4)2 isomer with 

various EPT methods are listed in Table S22 of ESI. The P3+ excitation energies along with the 

contours of the corresponding occupied orbital in each electronic state [Dyson orbital for the S-

K(12C4)2
+ + e− → S-K(12C4)2] are shown in Figure 6. The cylindrically symmetric (D2d point 

group) fully coordinated metal-crown ether complexes adopt a completely different pattern from 

the pseudo-spherical metal-ammonia or metal-diamine complexes. The ground state is a σ-type 

orbital (1a1) followed by π-type (1e) at 0.64 eV. The second σ-orbital (2a1) with an additional 

radial node comes next at 1.06 eV. As happens for the 2s of K(12C4), the 2a1 (2σ) of S-K(12C4)2 

precedes the d- or δ-type orbitals (1b2 and 1b1 of Figure 6). The lowest energy δ-type state 

(populating the 1b1 and 1b2 orbitals) is at 1.15 eV. 

The next state corresponds to a pz-type orbital (2b2; z axis is running through the metal and 

the centers of the two rings) lying 0.67 eV higher (double excitation energy) than its relative 2px,y 

(1e) orbitals. The corresponding energy difference for K(en)2 is 0.26 eV (see Table 2) and 

practically zero for metal ammonia complexes.58, 59 The 2e and 3a1 orbitals (1.43 and 1.52 eV) 

complete the group of d-type states (along with 1b2 and 1b1), which lie within 0.37 eV, while 3e 

Page 19 of 26 Physical Chemistry Chemical Physics



20

corresponds to the second π-type orbital. Finally, the f-type orbitals (1a2, 4e, 4a1, 4b2, 5e) reside 

within only 0.13 eV indicating that the outer electrons at this energy level are located far enough 

to experience the structure of the complex as quasi-spherical.

The different pattern of electronic states of S-K(12C4)2 and K(en)2 or other metal-ammonia 

complexes suggests that the electronic band structure of electrides and liquid metals should be 

completely different affecting the electronic and magnetic properties of the systems.

Figure 5. The two located CAM-B3LYP structures for K(12C4)2. The S-K(12C4)2 isomer is 

higher in energy than L-K(12C4)2 by 5.4 kcal/mol.
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Figure 6. Select Dyson orbitals for the S-K(12C4)2
+ + e− → S-K(12C4)2 process. An iso-value of 

0.005 Å−3 was used. The numbers at the bottom of each orbital correspond to vertical excitation 

energies in eV.
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4. Conclusions

High-level electronic structure calculations are performed on metal ethylenediamine, 

mono- and di-CE complexes. Ground and excited electronic states were examined by means of 

EPT and large basis sets. Metal ethylenediamine complexes keep the same shell model (1s, 1p, 1d, 

2s, 1f) as the metal ammonia complexes but the degeneracy of same-shell orbitals is lifted, and the 

excitation energies drop due to the screening of the metal charge by the carbon chains. The 

replacement of ammonia with ethylenediamines affects the stability of the complex by decreasing 

each metal-nitrogen bond energy by 2.5 kcal/mol.

The ground state of metal mono-CE complexes is formed by the polarization of the valence 

s-orbital of the alkali metal and the interaction of the positively charged end of the metal with the 

oxygens of the CE. The excited states do not follow the electronic structure of the atom. Instead, 

they adopt a similar (to metal ammonia complexes) shell model, but with the 2s being lower in 

energy and hybridizing with one of the 1p orbitals. For sodium and potassium complexes, the 

excitation energies drop with the size of the ring or the metal. In all studied complexes, the metal 

lies out of the CE ring plane except for Li(15C5) complex, where lithium resides in the middle of 

the ring. This situation affects largely the electronic structure of Li(15C5), which adopts the 1s, 

1p, 1d, 1f, 2s pattern, like metal ammonia but 2s is higher in energy.

The second 12C4 ring attaches to the metal with one of its oxygen atoms and only K(12C4)2 

has a low-lying sandwich complex justifying why large crowns are necessary for the formation of 

electrides. For the sandwich complex we calculated excitation energies and showed the thoroughly 

different shell model for the outer diffuse electrons compared to metal ammonia complexes, partly 

due to the cylindrical symmetry. Our results suggest that despite the similarity of metal-ammonia 

and metal-crown ether in the ground state (diffuse s-orbitals), their excited states are completely 
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different and the electronic properties (such as band structure) of their “polymers” (electrides vs. 

expanded metals) are expected to differ considerably.
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