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Ab Initio Study of Superalkalis. First Ionization Potentials and Thermodynamic Stability
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The equilibrium geometries and fundamental frequencies of the Li,F*, Li,F, Na,Cl+, Na,Cl, Li,O, Li;O*, Li;0,
Li,S, Li;S*, Li;S, Na,0, Na;0+, Na;0, Li;N, LiyN*, LiyN, Li;P, Li,P*, and Li,P species were calculated at MP2-
FULL/6-314+G*. The total energies at these geometries were calculated at the MP4SDTQ and QCISD(T) levels
with the 6-31+G*, 6-311+G*, and 6-311+G(2df) basis sets. The global minima are as follows: linear Li,F*,
Na;Cl*, NayO (D.p, !L*); angular LiyO, Li,S (Cy, 'A}) and Li,F, Na,Cl (Ca, 2A); planar Li;O*, Li;S*, Na;0*,
Li3sN (Dsp, 'A¢") and Li3O, Na;O (D3, 2A/'); pyramidal Li;P (Cs,, 'Ay) and LisS (Cs,, 2A)); tetrahedral LisNt,
Li,P* (T4 'A)) and LiyN (T, 2A,); distorted tetrahedral LisP (C,,, 2A,). All cationic and neutral species are stable
toward loss of alkali metal cation M* or alkali metal atom M, respectively. All Li,F, Na,Cl, Li,O, Li;S, Na;0,
Li4N, and Li,P species possess lower first ionization potentials (FIP) than the Cs atom (3.9 eV) and therefore are

termed “superalkalis”.

Introduction

Among all chemical elements the alkali metals possess the
lowest ionization potentials (IP (in eV)): Li, 5.39; Na, 5.14; K,
4.34; Rb, 4.17; Cs, 3.89.! However, in the last 15 years many
stable molecules with even lower IPs have been identified. These
alkali metal clusters?? and hyperalkali molecules ML, (where
L is an alkali metal atom, k the normal valency of the central
atom M, and # = 1)*5 may be considered to be “superalkaline”.5bf
Among the small alkali metal clusters, triatomic combinations
have the lowest IPs (e.g. Li; = 4.86, Li; = 4.35, Liy = 4.69, Lis
= 4,56, and Lig = 4.67 eVZ), Similarly, hyperalkali molecules
ML, with n = 1 have the lowest IPs (e.g. NaO = 6.5, Na,O
= 5.06, Na;0 = 3.90, and Na,O = 3.95 eV*). Such superalkali
molecules may serve as components of new nontraditional salts,
for instance ML+, *X~ with ML,+,* cations (e.g. Li;O%, Li;N*,
etc.). Moreover, the low IP of ML, species may allow the
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synthesis of new salts ML4;*X" in which corresponding neutral
atoms or molecules X possess low electron affinities (AE).

The IPs of Li,F, Li,Cl, Na,F, Na,Cl, Cs,F, Cs,Cl, Li;0, Li,S,
Na;0, NasS, LiyN, Li,P, Na;N, and Na,P were investigated
theoretically by the discrete-variational-Xa (DV-Xa) method
using the Slater-transition approximation (IPs were computed
with nyomo = !/2).58f These calculations were carried out at the
equilibrium geometries of the corresponding cations, and the IPs
of the ML, radicals were assumed to be equal to the vertical
EA values of the ML+ cations. All calculated IPs were found
to be 3.7 eV or lower and thus less than the IPs of alkali metal
atoms. However, due to the limitations in the DV-Xa theory,
the calculated IPs were usually lower than available experimental
data: Na,Cl, 3.7 eV (calcd’®) vs 4.15 eV (exptl*); Li;0, 3.4 eV
(calcd®®) vs 4.45 eV (exptl*e); Na;0, 3.5 eV (caleds®) vs 3.98 eV
(exptl*); LisS, 3.2 eV (caled®®) vs 6.65 eV (exptlé). Large
discrepancies are found with Li;O and Li;S. We have now refined
the calculations of the IPs of several superalkali species at high
abinitio levels using equilibrium geometries both for neutral and
for cation forms. We have computed the dissociation energies
and the vibrational frequencies of these species, as well.

Computational Methods

The geometries of LiF, Li,F*, Li,F, NaCl, Na,Cl*, Na,Cl, Li,0,
Li;0%, Li30, Li,S, Li3S*, LisS, Na;0, Na;O*, Na;0, Li3N, LisN*, LisN,
LisP, LisP*, and LisP were optimized employing analytical gradients’
with a polarized split-valence basis set augmented with diffuse functions
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Figure 1. Geometries of superalkali compounds with bond lengths (A), natural charges (e), and overlap weighted NAO bond orders.3%34



4836 Inorganic Chemistry, Vol. 31, No. 23, 1992

251’-H0

c -
M
2a,-MO

Figure 2. Highest occupied molecular orbitals (HOMOs) of superalkali
compounds.

(HF/6-31+G*)%10 and at correlated (MP2-FULL/6-31+G*) levels
(UHF and UMP2-FULL for open shell systems). Parts a—e of Figure
1 display the geometries. Fundamental frequencies, normal coordinates,
and zero point energies (ZPE) were calculated by using standard FG
matrix methods.! The MP2-FULL/6-31+G* equilibrium geometries
were used to evaluate electron correlation corrections in the frozen-core
approximation both by Moller—Plesset perturbation theory to full fourth
order!! and by the (U)QCISD(T)!? method using the 6-311+G* and the
6-311+G(2df) basis sets. The UHF wave functions for openshell systems
were projected to pure spectroscopic states (PUHF, PMP2, PMP3, and
PMP4).13 Analytical frequencies at MP2-FULL/6-31+G* for closed
shell systems were carried out with the CADPAC program,'4 while
GAUSSIAN 90 (CONVEX version)!Swas used for the other calculations.
The total energies at different correlated levels are presented in Table
1. Dissociation energies and ionization potentials are given in Tables II
and III, respectively. The first harmonic frequencies are summarized in
Table IV.

Results and Discussion

Li;F+, Li,F, Na,Cl*, and Na,Cl. Experimental geometriesand
frequencies of Li,F* and Na,Cl* are not known, but the
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experimental heat of formation of Na,ClI* and its dissociation
energy into NaCl + Na* (Dy = 41.3 kcal/mol) are available.!
According to published ab initio data (only at the HF level) the
Li,F* cation is linear (D, symmetry), L*-Hal—L*, with R,-
(Li—F) = 1.68 A%,17 (longer than in LiF, R,(Li~F) = 1.563 864
Al8), We optimized Li,F+ and Na,CI* at the correlated MP2-
(FULL)/6-314+G* level. Both species are linear (no imaginary
frequencies) with bond lengths 1.671 A for Li,F* and 2.481 A
for Na,ClI* (see Figure 1a). At our highest level (QCISD(T)/
6-311+G(2df)//MP2(FULL)/6-31+G*+ZPE) the dissociation
energies, Li,F* — LiF + Li* and Na,Cl* — NaCl + Na*, are
67.9 and 48.0 kcal/mol, respectively.

The extra electrons in the neutral linear species Li,F and Na,-
Cl (D.., symmetry) occupy 20-MOs (see Figure 2). Although
those MOs are antibonding with respect to the central atom-
ligand interaction, their energy should be lower than the 2s(3s)-
AO energy of the isolated Li (Na) atom.5® The earlier DVM-X,,
calculations for linear Li,F and Na,Cl (at cation geometry) agree
with this qualitative picture:5® the IPs of Li,F and Na,Cl (3.7 eV)
are lower than the IPs of Li (5.39 eV)! and of Na (5.14 eV).%’
However, the neutral compounds Li,F and Na,Cl are not stable
toward angular deformation, because the 2¢-MOs in these species
are ligand-ligand bonding. Accordingly, these neutral species
deform to give shorter L..L distances and better ligand AO
overlap. The previous Hartree~Fock calculations of Na,Cl led
to a Cy, equilibrium geometry with a Na-Cl-Na bond angle of
78.9°, a Na—Cl bond length of 2.566 A, and a Na.Na distance
of 3.261 A.19 A corresponding Cj, structure with a linearization
barrier of only 2.6 kcal/mol had been found for Li,F (R(F-Li)
=1.617 A, ZLi-F-Li = 117.9°).5 The resulting geometric and
electronic structure is well described as Na,*+Cl- 1920—and the
same is true for Li;**F-. The experimental dissociation energy
of Na,Cl— NaCl + Na was estimated to be 18.0 kcal /mol?! and
a IP of 4.15 £ 0.2 eV was found.*

Optimization of both Li,F and Na,Cl at UMP2-FULL/6-
314+G* led to angular C,, structures (%A, state) with R(Li-F)
= 1.676 A, R(Li-~Li) = 2.696 A, and /Li-F-Li = 107.1° and
R(Na-Cl) = 2.545 A, R(Na--Na) = 3.263 A, and /Na—CI-Na
=79.7°, respectively (Figure 1a). Both neutralspeciesare minima
(noimaginary frequencies). The calculated Li-Li and Na~Na
distances are intermediate between bond lengths in neutral Li,
(2.777 A) and Na, (3.153 A), on the one hand, and the charged
Li*+ (3.160 A) and Na,*+ (3.653 A) radical cations (all geometries
optimized at MP2-FULL/6-31+G*), on the other. The calcu-
lated dissociation energies of Li,F — LiF + Li and Na,Cl —
NaCl + Na are 33.1 and 20.1 kcal/mol (QCISD(T)/6-
311+G*+ZPE)). The Na,Cl value agrees with the experiment
estimate (see Table II). The calculated adiabatic IPs of Li,F
(3.87 eV) and Na,Cl (3.76 eV) are very close to the vertical
electron affinities of corresponding cations calculated by the DV-
X, method (both 3.7 eV).5® The experimental IP of Na,Cl, 4.15
+ 0.2 eV,* is somewhat higher.

Li;O,Na;0,and Li;S. A linear Li-O-Li geometry was deduced
from molecular beam experiments.2? The Li-O bond length of
1.60 % 0.02 A was obtained from gas-phase electron diffraction;2?
the vibrational frequencies, v, = 112 cm™! and »3 = 945.6 cm™},
were determined by IR spectroscopy in matrix isolation.2 HF
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Table I. Correlated Total Energies (-au)

PMP2(FC)* PMP3(FC)c PMP4(FC)* QCISD* QCISD(T)° QCISD(T)“+ZPE4

6-31+G*, 6-31+G*, 6-314+G*, 6-314+G*, 6-31+G*, 6-31+G*,
MP2 (FULL)? 6-311+G*, 6-311+G*, 6-311+G*, 6-3114+G*, 6-311+G*, 6-311+G*,
species 6-31+G* ZPE? 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df)  6-311+G(2df)
Lit+ ('S) 7.23599 7.235 54¢
7.235 84¢
7.235 84¢
Li (3S) 7.43211 7.431 56¢
7.432 03¢
7.432 03¢
Nat (!S) 161.660 87 161.659 29¢
161.664 29¢
161.664 29¢
Na (28) 161.843 74 161.841 44¢
161.845 98¢
161.845 98¢
Liz (Dan, 'Lg") 14.887 48 (0) 0.5 14.88597 14.892 13 14.894 81 14.897 01 14.897 01 14.896 26
14.889 04 14.895 12 14.897 82 14.900 10 14.900 10 14.899 35
14.891 08 14.896 64 14.899 24 14.901 59 14.901 59 14.900 84
Naz (Den, 'Lg") 323.70427(0) 0.2  323.69867 323.703 68 323.705 78 323.707 37 323.707 37 323.707 07
323.707 98 323.71291 323.71506 323.716 67 323.716 67 323.716 37
323.710 09 323.714 53 323.716 59 323.718 28 323.718 28 323.71798
LiF ('L, 107.15135(0) 1.3 107.145 13 107.138 06 107.151 01 107.145 46 107.147 64 107.145 69
107.205 18 107.196 21 107.210 82 107.203 63 107.208 10 107.206 15
107.254 43 107.247 57 107.262 66 107.252 72 107.259 53 107.257 58
NaCl (1L, 621.55159(0) 0.5  621.53882 621.550 48 621.553 87 621.551 38 621.554 40 621.553 65
621.577 14 621.588 35 621.59218 621.589 30 621.59265 621.591 90
621.632 57 621.649 87 621.656 43 621.648 62 621.656 52 621.65577
LisF* (Dep, 'Zg%) 11449843 (0) 25  114.48785 114.483 16 114.493 32 114.488 92 114.491 07 114.487 32
114.549 65 114.543 19 114.554 93 114.549 03 114,553 11 114.549 36
114.598 47 114.593 97 114.606 55 114.597 84 114.604 32 114.600 57
LisF (Ca 2A1) 114.638 55 (0) 2.3 114.629 07 114.624 22 114.635 56 114.630 80 114.633 40 114.629 95
114.691 04 114.684 41 114.697 44 114.691 01 114.695 73 114.692 28
114.740 78 114.736 16 114.749 92 114.740 66 114.747 81 114.744 36
NaClt (Do, 'Zg*) 78329134 (0) 1.0  783.27476 783.286 80 783.289 77 783.287 37 783.290 19 783.288 69
783.317 86 783.329 49 783.332 89 783.33013 783.333 26 783.331 76
783.372 55 783.390 25 783.396 64 783.388 88 783.396 73 783.395 23
Na,Cl (Ca, 2A1) 783.42794(0) 09  783.41172 783.423 95 783.427 53 783.424 85 783.428 30 783.426 95
783.454 14 783.465 90 783.469 91 783.466 85 783.470 63 783.469 28
783.509 47 783.527 18 783.526 03 783.534 54 783.533 19
LizO (Da, 1Zg*) 90.021 94 (2) 2.6 90.008 24 89.991 24 90.016 63 90.004 33 90.009 11 90.005 22
90.048 49 90.028 54 90.042 75 90.050 64 90.046 75
90.094 37 90.076 13 90.105 95 90.086 33 90.097 61 90.093 72
Li;O (Cy, 'A)) 90.021 96 (0) 2.7 90.008 17 89.991 14 90.016 64 90.004 29 90.009 07 90.005 03
90.048 40 90.028 41 90.058 25 90.042 66 90.050 57 90.046 53
90.094 24 90.075 96 90.105 88 90.086 20 90.097 50 90.093 46
Li;Ot (D4, 'AY) 97.401 67 (0) 4.7 97.382 08 97.371 49 97.389 38 97.380 55 97.385 19 97.377 70
97.423 80 97.410 28 97.432 20 97.420 34 97.427 72 97.420 23
97.467 90 97.456 18 97.478 32 97.463 12 97.473 29 97.465 80
LisO (D4, 2A1) 97.529 62 (0) 4.2 97.509 50 97.498 45 97.519 74 97.509 53 97.515 82 97.509 53
97.55111 97.537 30 97.562 42 97.549 22 97.558 42 97.551 73
97.595 76 97.583 62 97.592 04 97.604 18 97.597 89
LisO%* (T4, 'Ay) 104.58980 (0) 5.8 104.565 48 104.557 07 104.572 31 104.564 66 104.569 19 104.560 50
104.607 07 104.596 54 104.615 87 104.605 20 104.612 33 104,603 64
S
N2,0 (Dap, 'Zg*)  398.75953(0) 1.5  398.746 78 398.71519 398.765 98 398.74577 398,739 62 398.737 23
398.789 69 398.754 85 398.810 50 398.785 59 398.787 23 398.784 84
398.836 32 398.803 37 398.857 06 398.825 36 398.835 58 398.833 33
Na;0* (D, !AY/)  560.54427(0) 2.6  560.523 71 560.504 13 560.533 96 560.519 36 560.524 25 560.520 11
560.572 45 560.549 89 560.584 09 560.566 20 560.574 25 560.570 36
560.618 35 560.597 69 560.631 11 560.609 52 560.620 89 560.617 00
NaiO (Da, 2A¢)  560.66243 (0) 2.5  560.643 20 560.620 22 560.659 08 560.640 47 560.646 79 560.642 81
560.691 57 560.665 60 560.708 87 560.686 72 560.696 80 560.692 82
560.736 59 560.712 46 560.754 51 560.728 87 560.742 80¢ 560.739 05¢
LisS (Ca, 1A71) 412.63923(0) 1.9  412.62517 412.636 32 412,643 11 412.634 08 412.643 96 412.640 93
412,663 59 412.674 39 412.682 07 412.675 88 412.68276 412,679 73
412,710 48 412.726 04 412.735 67 412.724 42 412.735 51 412,732 48
LisS (Dap, 1Z4%) 412.638 56 (0) 2.2  412.62336 412.634 82 412.640 88 412.636 37 412.641 70 412.638 19
412.660 76 412.67183 412.678 80 412.673 33 412.679 50 412.67599
412,710 26 412,726 04 412,73505 412.724 31 412.734 90 412,731 39
LisS* (Da, 'AYY)  419.99484 (0) 1.8  419.97905 419.991 26 419.996 29 419.991 83 419.996 87 419.994 00
420.018 45 420.030 45 420.036 29 420.030 92 420.036 78 420.033 91
420.064 45 420.081 22 420.089 59 420.079 31 420.089 50 420.086 90
LisS (Cio, 2A1) 420.12535(0) 2.8  420.108 90 420.121 32 420.128 47 420.123 08 420.130 17 420.125 71
420.149 21 420.161 37 420.169 38 420.162 90 420.170 94 420.166 48
420.19512 420.211 75 420.222 07
LisS (Cx, ?A)) 420.12124 (1) 2.6  420.10523 420.117 68 420.123 81 420.119 19 420.12522 420.121 08
LisN (D3, 'AY) 76.996 37 (0) 4.4 76.977 98 76.951 28 76.995 99 76.972 77 76.982 98 76.975 97
77.006 49 76.978 36 77.025 76 76.999 33 77.012 30 77.005 29

77.042 63

77.015 20

77.031 23

77.048 16

717.041 57
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Table I. (Continued)

Rehm et al.

PMP2(FC)* PMP3(FC)- PMP4(FC)¢ QCISD¢ QCISD(T)c QCISD(T)+ZPE“4
6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*,
MP2 (FULL)* 6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*,
species 6-31+G* ZPE! 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df)
LisP (Cy,, 'A))  363.25064 (0) 3.0 363.233 44 363.243 88 363.256 03 363.246 26 363.256 90 363.252 12
363.267 49 363.277 69 363.290 60 363.279 47 363.291 11 363.286 33
363.304 81 363.31772 363.33204 363.31581 363.33135 363.326 86
LisP (D3, ‘A7) 36324073 (1) 1.7
Li,N* (T4 'A)) 8438424 (0) 6.2 363.25976 363.270 46 363.281 18 363.271 40 363.281 61 363.278 90
84.358 60 84.343 25 84.371 68 84.354 99 84.365 20 84.355 32
84.388 42 84.371 52 84.383 32 84.395 64 84.385 76
f
LisN (Ty 2A) 84.506 72 (0) 5.7 84.485 65 84.472 36 84.501 80 84.483 35 84.496 47 84.487 93
84.51533 84.500 61 84.532 80 84.511 64 84.526 91 84.518 37
f
Li,P* (T4 'A;)  370.61345(0) 3.7 370.594 50 370.606 95 370.614 69 370.607 16 370.615 29 370.609 39
370.631 77 370.644 20 370.652 74 370.644 04 370.653 15 370.647 25
f
LisP (Ca, 2A1)  370.736 71 (0) 370.716 84 370.728 58 370.739 61 370.729 60 370.741 26
370.753 16 370.764 70 370.776 63 370.765 33 370.778 04
f

a Number of imaginary frequencies in parentheses. # Zero point energy. ¢ MP2(FULL)/6-31+G* geometry. ¢ Scaled by 0.94.1° ¢ Equivalent to HF
values. / Exceeded our computational resources. ¢ Estimated value. * MP2(FULL)/6-31G* geometry.

abinitio calculations with different basis sets also favored a linear
D..structure for Li,0.52¢25 Very extensive HF calculations with
large STO basis sets gave an equilibrium bond length of 1.595
A, which coincides with the experimental value. Similarly, linear
Li-S-Li structures were calculated at HF/6-31G* 25¢8.26 with a
Li-S bond length of 2.12 A. However, our MP2(FULL)/6-
31+G* geometry optimizations for both Li;O and Li,S led to
lower energy angular C,, configurations (see Figure 1b) with
equilibrium bond lengths and valence angles of 1.635 A/169.4°
forLi;Oand2.116 A/114.9° for Li,S. Thelinearization barriers
are very small in both cases, and Li,O and Li,S in their ground
states are “quasilinear” with large deformation amplitudes.
Moreover, geometry optimization of Li,S even at HF/6-31+G*
led to an angular structure. Li,O affords an additional example
of a structure which changes preference from linear to bent when
electron correlation corrections are included, e.g. at MP2(FULL)
(see Table I). However, Na,O is linear both at HF/6-31+G*
and at MP2(FULL)/6-31+G* (the latter with Na—-O = 2.029
A; see Figure 1b).

AsLi,Oand Li,S areisoelectronic with H,O, they are expected
to have nonlinearstructures. Asshownby the NLMO analysis,?’
in the bent structures the lithium contributions to the hybrid
overlap in the natural localized MOs prevail over the Coulomb
repulsion of the positively charged Li atoms (which leads to a
widening of the angle). This covalent contribution is manifest
especially in SLi,, but it is also significant enough in OLi, to
influence the geometry.

The preference of linear or nonlinear structures of L,O
compounds (L = alkali metal atom) depends generally on the
balance of covalent contributions to the L-O bond (which favors
an angular structure) and of the repulsion between the positively
charged ligands (which favors a linear structure). Correlation
results in shifts of electron density in Li,O and Li,S from the
doubly negatively charged central atom to the ligands. Since the
bonds become more covalent, the structural preference of Li,O
changes to C5,. WithNa,O, this correlation effect is not sufficient
to overcome the repulsion between the Na* cations.

Li;O0*, Li,0, LisS*, Li;S, Na;0*, and Na;0. TheLi;O*,Li;St,
and Na;O" cations were studied at HF levels previously.m The

(25) (a) Grow, D. T.; Pitzer, R. M. J. Chem. Phys. 1977, 67, 4019. (b)
Blickensderer, R. P.; Jordan, K. D. Chem. Phys. 1979, 41,193. (c) Kao,
J. J. Mol. Struct. 1979, 56, 147. (d) Marynick, D. S.; Dixon, D. A. J.
Phys. Chem. 1983, 87, 3430. (e) Curtiss, L. A.; Blauder, M. J.
Electrochem. Soc. 1984, 131, 2271. (f) Siddarth, P.; Gopinathan, M.
S.J. Am. Chem. Soc. 1988, 110, 96. (g) Mebel, A. M.; Klimenko, N.
M.; Charkin, O. P. Zh. Strukt. Khim. 1988, 29, 357.

(26) Marsden, C. J. J. Chem. Soc., Chem. Commun. 1989, 89, 1356.

(27) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1985, 83, 1736.

most stable Dj; configurations, with R(Li-O) = 1.70 A,% 1.67
A52 R(Li-S) = 2.23 A,% and R(Na—-0) = 2.02 A5 as well as
dissociation energies for Li;O* — Li,O + Li* (86.6 kcal/mol)
and Li;S* — Li,S + Li* (72.6 kcal/mol) were deduced.’i The
adiabatic ionization potential, Na;O — Na,O*, was estimated
to be 2.92 eV.5m

Geometry optimization at MP2(FULL)/6-31+G* for Li;O*,
Li,S*,and Na;O™ also led to planar Dy, structures (no imaginary
frequencies). Our bond lengths and dissociation energies agree
with the earlier HF data (see Figure 1¢ and Table IV) because
the bonding is highly ionic and electron correlation is not
important.

The extra electrons in the planar D3, forms of the neutral
molecules, Li;O, Na;0, and Li;S, occupy valence 2a; MOs. These
MOsare antibonding with respect to interactions between central
atom and ligands but are ligand-ligand bonding (Figure 2).5¢
Therefore, the geometries of the neutral species and cations might
differ—as in the M,X cases—to take advantage of ligand-ligand
bonding. However, MP2(FULL)/6-31+G* optimization still
favored planar triangular Ds, geometries for Li;O and Na;O but
gave a triangular pyramidal C;, structure for Li;S (see Figure
1¢). Theoptimized M-L bond lengths are nearly the same in the
neutraland in the corresponding cationic species: 1.682 A (Li;0)
vs 1.696 A (Li;0*), 2.205 A (Li,S) vs 2.192 A (LisS*), and
2.057 A (Na;0) vs 2.038 A (Na;O*) (all data at MP2(FULL)/
6-314+G*). Li;O and Na;O as cationic and neutral molecules
have the same geometries because the ligand-ligand distances
2.913 and 3.562 A are close to the optimum values (see Li,F and
Na,Cl,above). ForLi;StheLi-Liseparationinthe Dj,structure
(3.797 A) is too large. Therefore, pyramidization occurs; the
Li-Li distance of 3.067 A in the Cy, form of Li3S is quite close
to that in D, Li;O.

LisN and Li;P. There is no experimental information about
the structures, stabilities, and vibrational frequencies of the Li;N
and Li;P molecules. HF ab initio geometry optimizations are
available for LiyN%¢il2829 and for LiyP.542630 Planar D3, and
pyramidal C;, structures were found for Li;N and Li;P, respec-
tively, with bond lengths of 1.735 A for Li~N28 and 4.186 A for
Li-P as well as a 110.7° bond angle for <Li-P-Li.3*® Our
optimizationsat the correlated MP2(FULL)/6-31+G* level also
led to the same preferences, Dj, geometry for LisN and C;, for
Li;P with R(Li-N) = 1.744 A, R(Li-P) = 2.257 A, and £Li~

(28) Wiirthwein, E.-U.; Sen, K. D.; Pople, J. A,; Schleyer, P. v. R. Inorg.
Chem. 1983, 22, 496.

(29) Armstrong, D. R.; Perkins, P. G.; Walker, G. T. Theochem. 19858, 23,
189.

(30) Marynick, D. S. Chem. Phys. Ler. 1980, 75, 550.



Ab Initio Study of Superalkalis

Inorganic Chemistry, Vol. 31, No. 23, 1992 4839

Table II. Correlated Reaction Energies (kcal/mol) at MP2(FULL)/6-31+G* Geometries

MP2(FC) MP3(FC) MP4(FC) QCISD(T)  QCISD(T)+ZPE=
6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*,
MP2-FU  6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*,
reacn 6-314+G* 6-3114+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) 6-311+G(2df) exptl
1. Li, = 2Li 14.6 14.3 18.2 19.9 21.3 20.8 22.7%
157 19.5 21.2 22,6 221 23.73%
17.0 20.4 221 23.5 23.1 255+ 1.5%
2.Na; —2Na 10.5 9.9 13.1 14.4 15.4 15.2 16.9%°
10.1 13.1 14.5 15.5 15.3 17.0%
11.4 14.2 15.5 16.5 16.3
3. Li;F* — LiF + Li* 69.7 67.3 68.8 67.0 67.7 66.6
68.2 69.7 67.9 68.5 67.4
67.9 69.4 68.4 68.4 67.2
4, Li;F = LiF + Li 34.6 329 343 332 34.0 331
338 352 343 349 339
341 355 34.7 353 344
5. Na,Cl* — NaCl + Na* 49.5 48.1 48.3 48.1 48.0 47.5 41,316
48.0 48.2 48.0 479 47.4 36.74b
47.5 477 47.6 47.6 472
6. Na;Cl — NaCl + Na 20.5 19.7 20.1 20.2 20.4 20.0 14.34
19.5 19.8 19.9 20.1 19.7 18.02
19.4 19.7 20.1 19.7
7. Li;0* — Li,0 + Li* 90.2 86.8 90.8 86.1 88.2 86.2
87.6 91.6 86.7 88.7 86.7
86.5 90.6 85.7 87.8 85.8
8. Li,O* — Li;O* + Li* ~30.0 -32.7 -31.3 -33.0 -32.3 -33.1
-33.0 =311 ~-32.7 -32.1 =329
9.LisO0— Li,O + Li 47.4 43.7 47.5 449 47.1 50.7 & 10.04:40
44.3 48.2 453 47.6 46.1
43.6 475 44.5 46.8 45.6
10. Na;O* — Na,O + Na* 71.7 73.8 80.1 78.2 78.6 71.5
74.3 82.0 68.6 71.0 76.1
11. Na3O — Na,O + Na 371 34,5 39.9 324 41.2 40.2
351 40.6 32.9 39.9 38.9
34.1 39.6 323
12. LigN* — LisN + Li* 95.3 91.0 98.2 87.8 92.0 90.2
91.7 98.7 92.6 90.8
13.LiyN —LisN + Li 49.1 48.4 56.8 51.4 50.4
48.2 56.6 47.1 51.8 50.9
14. Li;S* — Li;S + Li* 75.0 74.3 74.9 73.8 73.6 73.7
74.7 75.4 74.3 74.2 74.3
74.1 74.9 74.1 74.1 74.3
15. Lis8 — Li,S + Li 339 32.7 335 33.8 343 334 454 £ 10.3¢
336 345 347 35.2 343
331 337 34.2 347 339
16. LisP* — Li3P + Li* 79.6 78.8 80.0 71.3 771 76.4
80.6 82.0 79.2 79.2 78.5
17.LiP — LisP + Li 339 326 334 327 331 44.5 @ 5.74
34.0 34.8 339 344

4 Scaled by 0.94.10

P-Li = 94,9° (Figure 1d). Our inversion barrier for LisP, 4.7
kcal/mol at QCISD(T)/6-311+G* + ZPE//MP2(FULL)/6-
31+G*, is somewhat larger than the 2.2 kcal/mol CISD value.3?
Calculated frequencies (Table III) may help to identify these
molecules in the gas phase or in matrix isolation.

Li,N*, LigN, Li,P*, and Li,P. The Li,P* cation was detected
in mass spectrometric experiments,* but experimental structures
for LisN*and Li;P* donot exist. Abinitiocalculations assumed
tetrahedral structures; equilibrium bond lengths were calculated
at HF/3-21G (Li-N = 1.80 A)’c and at HF/3-21G* (Li-N =
1.83 A, Li-P = 2.32 A).5 The calculated dissociation energies
of LigN+ — Li3N + Li* and Li,P* — Li;P + Li* were 89.8 and
84.3 kcal/mol at MP3/DZP.5k We optimized the geometries of
both cations at MP2(FULL)/6-314+G* in T;symmetryand found
them to be the global minima (no imaginary frequencies; see
Table III). Our bond lengths 1.790 A (Li,N+) and 2.275 A
(LisP*) differ little from the previous ab initio data.5*i The same
is true for our calculated dissociation energies of 90.8 kcal/mol
for LisN* and 78.5 kcal/mol for Li,P* (QCISD(T)/6-
311+G*+ZPE).

For the neutral Li,P molecule the heat of formation and a
dissociation energy into Li;P + Li (44.5 kcal/mol) have been
measured by high-temperature thermochemistry.# Abinitiodata
are available for Li;N3¢ but not for Li;P. The valence electronic

configuration of both LiyN* and Li,P* is (1a;)2(1t;)%(2a,)%
therefore, the extra electron of the neutral LiyN and LisP species
should occupy the 2a; MO in T, symmetry. This MO is
antibonding with respect to central atom-ligand interactions but
ligand-ligand bonding (see Figure 2¢). According to our MP2-
(FULL)/6-314G* calculations, LisN favors tetrahedral sym-
metry with Li-N = 1.778 A (Figure le). AsinLi;O and Na;0,
the neutral Li;N and charged LiJN+ species prefer structures
with the same symmetry because in neutral LiyN the Li~Li
distances (2.903 A) are nearly optimum. Indeed, the bonding
Li-Liinteractions result in Li--Li distances even shorter in Li;N
than in Li;N*. However, the C,, structure of Li,P (see Figure
le) differs from the T; geometry favored by the corresponding
LisP* cation. Theexplanationof the instability of the T;structure
for LisP is the same as discussed above for Li;S. The Li-Li
distances (3.669 A) in T, Li,P are too large to permit optimum
overlap between the Li AOs; therefore Li,P distorts to C,,
symmetry. While one edge of the tetrahedron increases to 4.500
A, the other Li-Li distances decrease to 3.338 A (see Figure le).
The last separation is closer to the Li--Li distance in Li;O, Li;S
(Cy), and LiyN.

The same kind of distortion has been noted before in LiyF.5
The closed shell system Li,Si and Li,S favor similar structures
aswell. The C,, geometry of LisSiis 6.6 kcal /mol lowerin energy
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Table III. Adiabatic Ionization Potentials (eV) at MP2(FULL)/6-31+G* Geometries
MP2(FC) MP3(FC) MP4(FC) QCISD(T)
6-31+G*, 6-31+G*, 6-31+G*, 6-31+G*,
MP2-FU 6-311+G*, 6-311+G*, 6-311+G*, 6-311+G*,
reacn 6-31+G* 6-311+G(2df)  6-311+G(2df)  6-311+G(2df) 6-311+G(2df) QCISD(T)+ZPE* exptl
1.Li — Li* 5.34 5.33 5.33 5.33 5.33 5.39!
5.34 5.34 5.34 5.34
5.34 5.34 5.34 5.34
2.Na — Na* 4.98 4.96 4.96 4.96 4.96 5.14%7
4.94 4.94 494 4.94
4.94 4.94 494 4.94
3.Li;F — Li,F* 3.81 3.84 3.84 3.87 3.87 3.88
3.85 3.84 3.88 3.88 3.89
3.87 3.87 3.90 3.90 391
4. Na,Cl — Na,CI* 372 3.73 3.73 3.75 3.76 3.76 4.15 & 0.2%
3.71 3.71 3.73 3.74 3.74
3.73 3.73 3.75 3.75
5. Li;0 — Li;O* 3.48 3.47 3.45 3.55 4.50.2%
3.46 3.46 3.54 3.56 3.58
3.48 347 3.55 3.56 3.59
6. Na;O — Na;0* 3.22 3.25 3.16 3.40 3.33 3.34 3.90%£0.1%
3.24 3.15 3.40 333 3.33
3.22 3.12 3.36
7.LisN — LiyN+ 3.33 3.49 3.54 3.57 3.61
3.45 3.51 3.56 3.61
8.LisS — Li,S* 3.55 3.53 3.54 3.60 3.63 3.58 6.6 £ 0.26
3.56 3.56 3.62 3.65 3.61
3.56 3.55 3.61 3.63 3.58
9, LiyP — LisP* 3.35 3.27 3.31 3.40 343
3.30 3.28 3.37 3.40

2Scaled by 0.94.1

than the 7, form (MP2/6-31G*//3-21G(*)).3! A similar
minimum exists for Li,S, although this is not the global minimum
(E.y = 8.26 kcal/mol at HF/6-31G*).3?

The cﬁtimum ligand-ligand distances, ca. 2,9 A for Li~Liand
ca. 3.3 A for Na.-Na, may be useful to help interpret possible
distortions of the neutral ML, species with other central atoms
from the structures of the corresponding ML, ,* cations. These
optimum ligand-ligand distances may also help to explain
structural distortions from these expected in molecules where
bonding ligand-ligand interactions are important. For example,
the Li4O molecule is tetrahedral (with a Li-Li distance of 2.815
A at HF/6-31G*), but the isoelectronic Li,S molecule prefers
Cy, symmetry (S atom coordinated to a Li, tetrahedron3Z). The
ligand-ligand distances (3.634 A) are too large in the T, Li,S
structure.

Low experimental IPs for the other superalkali systems, for
KH,0 (3.92 £ 0.04 eV), KNH, (3.87 £ 0.04 eV), K,NH; (3.94
%+ 0.08 eV), and K,OH (3.55 = 0.08 eV),* are comparable to
the IPs of the superalkalis studied here.

Bonding in Superalkalis. The stability of the cations (Li,F*,
Na,CI+, Li;O+, Li;S*, Na;O*, LiyN*, and Li,P*) is due to the
electrostatic attraction of the Li* or Na* cations to the negative
charged central atom (natural population and natural bond orbital
analyses’334 are given in Figure la—e). The L-M bonds in all
these cations are essentially fully ionic. On the basis of
electrostatic repulsion of the cations’ linear Li,F* and Na,CI*
D.jstructures, planar triangular Ds, structures for Li;O*, Li;S*,
and Na;O* and tetrahedral T, structures for Li;N* and Li;P*
can be expected.

According to classical theories of valence, the neutral super-
alkali species ML, should not be stable, because the maximum
“combining capacity” is one for F and Cl, two for O and S, and
three for N and P; the central atom would have to “accept” more
electrons and thus violate the octet rule. However, the bonding
in neutral ML+, species is significantly different from such

(31) (a) Schleyer, P.v. R.; Reed, A. E. J. Am. Chem. Soc. 1988, 110, 4453.
(b) Reed, A. E,; Schleyer, P. v. R.; Janoschek, R. J. Am. Chem. Soc.
1991, 113, 1885.

(32) Rehm, E.; Schleyer, P. v. R. Unpublished results.

(33) Reed, A. E.; Weinhold, F. QCPE Bull. 1985, 5, 141.

(34) Reed, A. E.; Weinhold, F. Chem. Rev. 1988, 88, 899.

classical models: whilethe centralatoms possess nearly maximum
anionic charges (F-, Cl-, 0%, S2-, N3, and P3-), the lithium and
sodium charges are less than the unit values (e.g. as found in
ML, * cations). The stability of neutral superalkali species is
due both to the attractive electrostatic interactions between ligands
and the central atom and in all superalkali ML, molecules to
the covalent interactions between ligands.

The HOMOs all have the same character, antibonding with
respect to central atom-ligand interactions but ligand-ligand
bonding (see Figure 2). The HOMOs are mainly comprised of
the ligand AOs. The NH, molecule is also stable (see ref 35 and
references there), but the nature of the bonding differs funda-
mentally from that in Li;N. The HOMO of NH, is a Rydberg
nitrogen AO (essentially no contributions from the hydrogen AO).
The corresponding antibonding MO in NH, is higher than the
Li;N HOMO. This change in the bonding character is due to
the Li-Li interactions (the valence orbitals of alkali metals are
more diffuse than the 1s AOs of hydrogen). Therefore, the
antibonding MOs of the hyperlithiated compounds are lower in
energy than the Rydberg AOs of the central atoms.

Speculations on Experimental Realization. While nearly all
the permetalated cationic species we have discussed have been
detected experimentally in the gas phase4di6.!16 and the Li,F+
cation was found in molten [(K,Na),Li]}[F,NO,] salt systems
with a total concentration relationship Cy; > Cr,3¢ no solid salts
containing superalkali cations have been recognized. We suggest
that molecules like Li;O*Cl-, Li;N*Br-, etc. may be prepared in
matrix isolation by condensing gas-phase mixtures of Li;O and
LiCl,Li;N and LiBr, etc. Solid-statesubstances with superalkali
cations might be prepared by melting Li,O and LiBF,, or similar
pairs of salts, in 1:1 stoichiometric proportions. As mentioned
above, the Li;F* cation was detected in a molten mixture of salts.
The calculated frequencies and IR intensities of superalkali cations
(Table III) may help to identify these molecules e.g. in matrixes.

Moreover, multicharged cations like Li O+ 537 Li P2+, etc.
may also be stable in the crystal fields of the solid state. Although

(35) (a) Williams, B. W.; Porter, R. F. J. Chem. Phys. 1982, 73, 5598. (b)
Gellene, G. 1.; Cleary, D. A.; Porter, R. F. J. Chem. Phys. 1983, 77, 287,

(36) Bengtsson, L.; Holmberg, B.; Ulvenlund, S. Inorg. Chem. 1990, 29,
3615.

(37) Jug, K. J. Comput. Chem. 1984, 5, 555.
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Table IV. Frequencies (cm™!), Zero Point Energies (ZPE, in kcal/mol), and IR Intensities (in Parentheses, km/mol)
species, sym MP2(FULL)/ species sym MP2(FULL)/
geometry state NIMAG* freq HF/6-31G* 6-31+G* geometry state NIMAG? freq HF/6-31G* 6-31+G*
Li20, Dai 1T 0/1 v (ag) 858 (0.0) 769 LisS, Ca 24, 1/- v (al) 618 (240)
v2 (oy) 1137 (454) 1027 v (a1) 495 (16)
¥ () 133 (237) 46i v (a1) 260 (23)
ZPE} 3.2 26 v (by) 23i (44)
Lizo, Czp lAl 0/0 141 (81) 774 Vs (bz) 426 (16)
vz (a1) 64 ve (b2) 67 (32)
vs (ba) 1027 ZPEb 27
ZPEb 27 LisP, Cy 1A} 0/0 vy (a1) 503 (1.3)
Li;O*, Dy A 0/0 ¥ (81’) 727 685 (0.0) 1 7] (81) 172 (46)
va (a7”) 272 285 (288) V3 (e) 532 (64)
vy (¢) 874 843 (286) va (€) 169 (5.2)
vs (€) 291 305 (75) ZPE 30
ZPE? 48 4.7 LisP, D3y 1Ay 1/3 v1 (ay') 500
LisO, Dy A 0/0 v (a1’) 699 (0.0) vz (a2") 80;
v2 (87" 148 (0.0) v (¢) 362
v3 (¢) 859 (181) va (€') 357i
va (&) 188 (592) ZPE} 1.7
ZPEY 42 LisP*, T4 1A} 0/0 v (a1) 457 (0.0) 445 (0.0)
LisO%*, Ty 1A} 0/0 vy (a1) 557 v (€) 133 (0.0) 141 (0.0)
v (e) 266 v3 (t2) 510 (182) 517 (153)
vy (t2) 627 va (t2) 129 (82) 106 (60)
va (t2) 365 ZPEY 38 35
ZPEb 58 LisP*, Dy 1Al 1/- v (a1g) 472 (0.0)
LisN, D TAY 0/0 vy (81) 707 (0.0) 641 v2 (824) 94 (164)
vz (a2”) 144 (160) 202 3 (b1g) 446 (0.0)
v3 (¢)) 915 (254) 852 va (bag) 261 (0.0)
n (¢) 236 (66) 257 vs(bn)  106i (0.0)
ZPE? 45 44 ve (&) 527 (312)
LigN*, Ty 1Ay 0/0 v (a1) 643 (0.0) 606 (0.0) va (&) 189 (30)
v2(e) 237 (0.0) 264 (0.0) ZPEY
vs (t2) 776 (276) 760 (149) LisP, Gy A, 0/- vi (a1) 574 (125)
va (t2) 312 (114) 303 (60) v (ar) 470(1.2)
ZPE? 6.3 6.2 i (ay) 168 (3.8)
LisN*, Dy 1A 1/- » (aig) 479 va (e) 457 (0.9)
vz (a2) 58 vs (e) 109 (243)
vy (big) 466 s (€) 52 (43)
ni(by) 303 ZPEb 3.5
vs (ba) 20¢ LisP, T4 2A, 3/- vi (ay) 449 (0.0)
ve (e) 648 710)] 54 (0.0)
v (&) 280 3 (t2) 484 (626)
ZPE? 4.0 va (t2) 103i (391)
LisN, Ta 2A4 0/0 v1 (a1) 573 (0.0) 710 (0.0)¢ ZPE, 29
v2 (e} 192 (0.0) 225 (0.0)¢ LiP, Cx (1) A, 0/0 v (a1) 498 (11)
vy (t2) 749 (1.0) 788 (404)° vz (a1) 459 (12)
vq (t2) 193 (194) 149 (1229)¢ vi(a1) 143 (17)
ZPEb 5.4 5.7¢ va (ay) 93 (12)
LiaN, Dux A 1/- v (a1g) 530 (0.0) vs (a2) 142 (0.0)
vaaz)  227(113) vs (b1) 510 (419)
3 (big) 493 (0.0) v7(b2) 120 (48)
v4 (bzg) 275 (0.0) g (b2) 527 (18)
vs (ba) 169i (0.0) vy (b2) 150 (232)
s (eu) 739 (2.9) ZPE® 3.8
v7 (e) 204 (1974) LisP, Ca (119 2A, 0/- v (a1) 524 (47)
ZPE® 49 vz (ay) 457 (13)
LisN, Co A4 1/- v (a1) 872 (750) v3 (a1) 222 (0.1)
14} (ﬂl) 614 (22) va (B.l) 82 (67)
v (a1) 282 (127) vs (a2) 100 (0.0)
V4 (81) 178 (13) 173 (bl) 565
vs (b1) 111 (48) 7 (b2) 45(8.6)
ve (b1) 63 (61) vg (b2) 404 (29)
v7 (b2) 661 (76) vy (ba) 52 (31)
vg (b2) 188 (7.4) ZPE? 35
v9 (b2) 169i (23) LisP, Dap 2By, 1/- v (aig) 478 (0.0)
ZPE® 42 v2 (a2u) 34i (54)
LisS, Co 1A} 0/0 vy (a1) 583 v3 (big) 473 (0.0)
vz (a1) 128 4 (bzg) 310 (0.0)
vy (b2) 637 »s (bzw) 32(0.0)
ZPE? 19 vs (€u) 674 (7992)
LisS, Der 15" 2/0 ¥ (o) 588 ¥ (ea) 300 (1254)
vz (0u) 658 ZPE? 4.6
v (xy) 127 NaCl¥, Dus 1T+ 0/- » (ag) 222 (0.0)
ZPE® 2.1 v (0u) 321 (109)
LisS*, Dsy AL 0/0 v (a1) 482 v3 () 52(71)
v2 (a2) 102 ZPE® 0.9
vs (') 547 Na3;O*, Dy 1A, 0/0 v (ar) 307 (0.0)
vs (¢/) 140 vz (a2”) 203 (151)
ZPEb 18 v3 (¢') 520 (132)
LisS, Cs,p 1A, 0/0 v1 (a1) 546 (31) ve (&) 147 (15)
v (ay) 144 (18) ZPE? 2.6
v (e) 507 (3.1) Na3O0, Ds» A, 0/0 v (ar’) 316 (0.0)
va (€) 119 (210) vz (a2”) 138 (4.3)
ZPE? 28 vs (e) 524 (24)
va (e) 109 (31)
ZPE? 2.5

4 Number of imaginary frequencies at HF/MP2. ? Unscaled. < MP2(FULL)/6-31G*. 4 This local minimum represents a variant of structure I (see
Figure Ie), with a shortened LigLieq bond, an elongated PLi bond, and a decreased La,PLiix angle.
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having metastable minima in isolation (see Table IV), these doubly
charged species are thermodynamically unstable and are likely
tosplit offLi* (see Table IT). Theelectrostatic repulsions between
the ligands are high.

Conclusions

1. All the superalkalis we have investigated (Li,F, Na,Cl,
Li;0, Li;S, Na;0, LisN, and LisP) are thermodynamically stable
toward loss of an alkali metal atom. All possess very low
IPs—Ilower than the IP of the Cs atom, the lowest IP among the
alkali metals. Thelow firstionization potentials in the superalkali
species are due to the antibonding character of central atom-
ligand bonding and to the electrostatic stabilization of the
corresponding cations.
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2. The structures of the superalkali species are determined
mainly by the ligand-ligand bonding interactions in the HOMO
of these species. The Li;0, Na30, and Li;N molecules possess
the same high-symmetry geometries as the corresponding cations,
Li;O*,Na3O*, and LisN*. Incontrast, the neutral Li,F, Na,Cl,
Li3S, and LisP prefer lower symmetry than their cations. These
changes in geometrical preference result from the energy gain
when optimum ligand-ligand distances (2.9 A forLiLiand 3.3
A for Na.+Na) are achieved. While the metal-metal distances
are nearly optimum in the Ds, structures of Li;O and Na;O0,
lower symmetries are adopted by Li,F and Na,Cl (C;, and not
D<), LisS (Cs, and not D), and LigP (C,, and not 7)) in order
to optimize the bonding ligand-ligand interactions.
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