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This article describes the nature of bonding in hyperlithiated molecules with stoichiometries exceeding normal
valence expectations. The existence of such hyperlithiated or hypervalent molecules as CLig, Li3O, Li4O, LisO, Li3S,
LisS, LisP, Li;CN, NayCN, and K>CN has already been experimentally confirmed by means of Knudsen-effusion mass
spectrometry in our laboratory. These molecules have nine or more valence electrons, violating, at least formally, the octet
rule. However, these molecules are thermodynamically more stable than the corresponding octet molecules. Results of
ab initio MO calculations reveal that the extra valence electrons beyond the usual octet are in singly occupied orbitals
(SOMO) or highest occupied orbitals (HOMO) in the Li,A (A=C, O, P, S) molecules. The SOMO as well as HOMO
forms the Li—Li bonds between all pairs of lithium atoms and contribute to stabilization of these molecules. The bonding
situation of the Mo,CN (M =Li, Na, K) species is apparently different from that of Li,A. The favored structure has Cs
symmetry and is best described as a complex of the CN™ anion with the M,* cation. The extra valence electron is in
SOMO, which corresponds to the radical cation SOMO and contributions to M-M bonding. The presence of the Ma" unit

is a typical example of justifying the term hypervalent.

The octet rule? states that the most stable species is
formed in a molecular system of covalent bonds when eight
electrons are shared in the valence shell. All of the hydrides
of elements in the second- and third-row of the periodic table
obey the rule. The typical example is bonding in such hy-
drides as CHy4, NHj3, and H,O. However, recent studies have
indicated that replacement of the hydrogen atoms by lithium
atoms in these hydride molecules changes the feature of the
chemical bonds. Experiments by Kudo and Wu*—'? as well
as theoretical work by Schleyer et al.'*!® have shown the ex-
istence of thermodynamically stable polylithiated molecules
with nine or more valence electrons; e.g., LizO, Li3S, and
LisP with nine valence electrons and CLig, LisO, and LisS,
with 10 valence electrons. These polylithiated molecules,
called hyperlithiated or hypervalent molecules, are thermo-
dynamically more stable than octet molecules with eight va-
lence electrons like Li,O, Li;S, and CLi4. Does the hyper-
lithiated molecule violate the octet rule?

The hyperlithiated molecules described above exhibit the
following characteristics: (1) nine or more electrons bind
substituents to the central atom, (2) substituents are com-
parably distant from the central atom, (3) there is a global
energy minimum on the potential energy surface, and (4)
molecules are thermodynamically stable toward all possible
dissociation products, but not necessarily stable to associa-
tion or reactions with other molecules. Recently, the exis-

tence of another type of hyperlithiated molecule (e.g. Li;CN)
has been confirmed experimentally.!” The favored structure
of Li;CN obtained by theoretical calculations has C; sym-
metry and is best described as a complex of the CN™ anion
with the Li,* radical cation.

The study of the nature of bonding in hypervalent
molecules is a subject of current interest, and a number
of theoretical computations have been conducted on the
structure and stability of not only hyperlithiated molecules
(CLis, CLig, LiyN, LisN, LizO, LisO, Li;F, LisF, LisS,
LisS, LigP),’*2” but also of hypersodium (Na,O, NazO,
Na,Cl1),%3» hyperpotassium (K,0, K30, K,C1),** hy-
peraluminum (Al;O, Al,0),**® hypermagnesium (Mg,O,
Mg;0, Mg40),%3® hypersilicon (Si;0, Si30),* and other
hypervalent molecules.*®*" The present paper describes the
experimental and theoretical studies on the nature of bonding
in hyperlithiated molecules.

The Hyperlithiated Molecules Li;O and Li O

The first hyperlithiated molecule LizO was observed in
1978 in the gas phase over Li, O crystals at elevated temper-
atures by Kudo and Wu through a mass spectrometric study
on vaporization of Li; O crystals, which were a potential can-
didate for tritium breeding materials of thermonuclear fusion
reactors. The ionization energy observed was 4.5+0.2 eV.
The dissociation energy of LisO to give Li,O and Li was
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determined as 212442 kJmol~!. These experimental re-
sults indicated that the Li;O molecule should be a neutral
molecule which had formally nine valence electrons. This
molecule is thermodynamically more stable than Li,O, an
octet molecule, because the dissociation reaction

LisO(g) — LixO(g) + Li(g) @)

is endothermic with AH3=212+42 kJ mol~'. It seems hard
to give a reasonable explanation of the formation of the sta-
ble LizO molecule with nine valence electrons in a con-
text of the octet rule, since the formation of the stable H;O
molecule with nine valence electrons is denied theoretically;
the molecular ion H30™" as well as the water molecule (H,O)
with eight valence electrons is thermodynamically stable.

The existence of stable Li;O was theoretically supported
by Schleyer et al. in 1982.'» They were able to find a global
energy minimum on the potential energy surface for Li;O 1
(Fig. 1) with C,, symmetry by ab initio MO calculations at
the 3—21 G level. Later, Schleyer et al. reported that the
most stable structure is LizO 2 with D3, symmetry.>® The
O-Li bond length (1.682 A) in Li3O 2, a nine valence elec-
tron species, is actually shorter than the bond length (1.696
A) in Li;O* (D3p) 3, an octet molecule. On the other hand,
the stable LisO 4 prefers a tetrahedral geometry (7). The
O-Li bonds are not lengthened significantly. The structures
and energies of these hypervalent molecules indicate that the
“extra” electrons are neither antibonding nor even nonbond-
ing, but occupy bonding orbitals.

What is the nature of the hyperlvalent bonding in these
molecules? Hypervalent molecules with third-row central
atoms are common and use low-lying d orbitals. This can-
not be the explanation in the second-row, since d orbitals
are less readily available energetically; in any case, the phe-
nomenon is found with the 3—21 G basis, which has no d-
type functions.'” Some indication of the nature of bonding
can be obtained from the occupied molecular orbitals and the
Mulliken analysis. In tetrahedral Li,O, 10 valence electrons
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1, Lig0 (Cpy) 2, Lig0 (Dygy)
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Fig. 1. Optimized structures of LizO, Li3O*, and LisO cal-
culated by Schleyer et al.'>?¥ at HF/3-21 G for 1, 4 and
MP2(FU)/6-31+G™ for 2, 3; the bond distance in A.
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occupy molecular orbitals (3a;)?(2t;)®(4a;)>. The 3a; and
2t, orbitals are analogous to the valence orbitals in the tetra-
hedral CH4 and CLi4. Occupation of these four orbitals leads
to AX bonding, but not antibonding among the substituent
atoms, X. The highest occupied orbital (HOMO) in Li,O
is the totally symmetric orbital 4a; with an additional radial
node. However, the 4a; orbital is bonding between all pairs
of lithiums. Since the eight electrons in 3a; and 2t largely
fill the octet on the oxygen atom, 4a; has large coefficients on
lithium atoms (particularly the diffuse outer function of the
3—21 G Li basis). It follows that the contribution to Li—Li
bonding from six pair-wise combinations is quite large.

To our astonishment, the further computations by
Schleyer’s group have predicted the formation of a vari-
ety of stable hyperlithiated molecules; e.g. CLis, NLi4, and
FLi, with nine valence electrons, CLig, NLis, and FLi3
with 10 valence electrons, and LisO and FLi4 with 11 va-
lence electrons.' Table 1 summarizes the dissociation en-
ergies of hyperlithiated or hypervalent molecules, the ex-
istence of each of which has eventually been confirmed
experimentally,>—1242—

Hyperlithiated Molecule CLig

Of hyperlithiated molecules listed in Table 1, CLis and
CLig have attracted great interest of theoretical chemists as
well as organic and organometallic chemists. The molecular
configurations of CLis (Dsy) 5 and CLig (Oy) 6 are highly
symmetrical as shown in Fig. 2. These molecules are ther-
modynamically more stable than CLis with eight valence
electrons.'¥ Namely, theoretical calculations by Schleyer’s
group have indicated that the following dissociation reactions

CLis(g) — CLis(g) + Li(g) 2)
CLig(g) — CLis(g) + Lia(g) 3
are endothermic with AH§ =226 and 273 kI mol™!, respec-

tively. )

According to the Schleyer’s ab initio MO calculations,'”
the C-Li bond lengths in CLis 5 and CLi¢ 6 are only slightly
longer than those found for CHsLi (2.001 A) or CLiy4 (1.929
A) at the 3—21 G basis set, showing that all the lithiums are
bound to carbon. In octahedral symmetry, the occupancy of
the 10 valence electrons is (3a1)*(2t1,)%(4a;,)?. The 3a;, and
2t), orbitals are analogous to the valence orbitals found in T
or O, symmetry. If only four valence orbitals are occupied,
C-Li bonding results, but the Li-Li contacts are antibonding.

Li Li
TS C—— L Pl
¢ | 2.056 N
L | Nl BT
Li Li
5, CLis (Dg) 6, CLig (0y)

Fig. 2. Optimized structures of CLis and CLi¢ calculated by
Schleyer et al.;!® the bond distance in A.
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Table 1. Dissociation Energies of Hyperlithiated Molecules: LinA—Lin—1A+Li

Number of Molecules D§/kI mol ™!
formal valence (Point group)
electrons Theoretical Experimental
Schleyer et al. Kudo et al. Kudo et al.
9 CLis (D3n) 226.4 — _
LizO (Ds4) 198.3 — 212442
LisS (C3) 141.8 148.5 138+14
LisP (Ty) 141.8 — 18624
10 CLi (On) 504 — _
273)? — (274411
LisO (Tw) 120.9 — 197430
LisS (Coy) 1232 102.5 212+13
11 LisO (C3,) 65.7 — 121+25
Li,CN (Cs) — 103.8 13714
Na,CN (C;) - 72.8 104+14
K2CN (Cy) — 74.5 8248

a) CLig(g)—CLig(g)+Lir(g) process.

However, the HOMO in the 10 valence electron species,
CLig, is totally symmetric (4a;g) and possesses an additional
spherical node. The Li-Li bonding character of this 4a;,
orbital is revealed by the positive overlap populations and
the large coefficients on the lithium atoms. The 12 pair-wise
bonding contacts between adjacent lithium atoms in CLig
contribute significant stabilization to the whole system.

The indicated charges (3—21 G) on carbon do not in-
crease appreciably as more lithium atoms are added: CLig
(C, —-0.81), CLi5 (C, —0.81), and CLis (C, —0.93). Thus,
the extra electrons in the effectively hypervalent molecules,
CLis and CLig, are not associated with carbon, which re-
mains content with its normal octet. The extra electrons
beyond the usual octet are involved with Li-Li bonding and
help to build a metallic “cage” around the central atom. The
feature of bonding is depicted in Fig. 3.

Fig. 3.

To confirm the theoretical prediction, Kudo™*'? conducted
experiments with a specially designed Knudsen-effusion
mass spectrometer illustrated in Fig. 4. The apparatus con-
sists of a cross-beam ionizer, a quadrupole mass filter, and
an electron multiplier with a conversion dynode, all of which
are installed in an ultrahigh vacuum (UHV) chamber. The
background pressure of the UHV system was kept below
6x10~7 Pa at room temperature and 4x 10~ Pa during the
measurements at elevated temperatures. Lithium carbide
(Li,Cy) crystals were loaded in a molybdenum Knudsen cell
and heated by a radiofrequency generator. The cell temper-
ature, controlled with +5 K at 1000 K, was measured with
both a thermocouple (R-type) embedded at the bottom of
the cell and an optical pyrometer, which were calibrated in
situ at the triple points of Al and Ag. The volume of the
Knudsen cell was 1.5 cm® and the orifice diameter was 0.3

3t

- 4a,

2t 1,

—+H-  3a,,

Features of valence molecular orbitals in CLis molecule. Extra valence electrons are in 4a;, orbital (HOMO) that is

antibonding between the Li and C, but bonding between all pairs of Li atoms.
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Fig. 4. A sketch of Knudsen-effusion mass spectrometer

installed in UHV system.

mm. Molecular species effusing from the cell were directly
introduced into the ionizer. A shutter was inserted between
the cell and the ionizer to discriminate the molecular beam
from the residual gas; molecular species in the beam were
analyzed by the mass spectrometer only when the shutter was
open.

The effusing gaseous species were ionized by electron im-
pact at the energy around 5 eV higher than the ionization
energy of molecules to be detected. Identification of the
species was achieved from their mass-to-charge ratio, ap-
pearance energy, isotopic abundance and shutterability. The
partial pressure p; of the species i was determined in the usual
manner,*® based on the relation.

pi = #(I;T/ 03 y), “

where x is the proportionality constant, /; the ion inten-
sity, o; the relative ionization cross section, £; the isotopic
abundance, and ¥; the multiplier gain of the detector. The
proportionality constant » was obtained from comparison of
the observed Ip;-to-Ip;; ratio with the equilibrium constant
reported for the Liy(g)=2Li(g) reaction.*” The molecular
ionization cross section was calculated by taking the sum of
Mann’s cross sections.*® The multiplier gain of the detector
was obtained from a calibration curve.

Figure 5 shows a mass spectrum of gaseous species in
molecular beams effusing from the Knudsen cell heated to
1052 K. Different regions of the spectrum are shown at
different intensity scales. The gaseous species were ionized
by electron impact at 13.0 eV, an energy low enough to
prevent the fragmentation of parent species. The bold line
represents mass signals for species observed when the beam
shutter was open. The thin line is the background spectrum
observed while the shutter was closed. The mass peaks at m/z
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52, 53, and 54 in the mass spectrum indicated the presence
of the CLig molecule with the natural isotopic abundance.
No distinct signals were observed for another interesting
molecule CLis5 (m/z, 45—47).

Substituting the observed signal intensities for /; in Eq. 4,
one can obtain the equilibrium partial pressures of molecules
in the cell. Figure 6 illustrates the partial pressures of Li(g),
Lix(g), CLi3(g), CLis(g), and CLig(g) as a function of the
reciprocal temperature. From the equilibrium constant K,
evaluated from the partial pressures measured in the range
961—1161 K and the thermodynamic relation

— AHjo3/T =R In Kp + A[(GT — H3s) /T, ®)

the enthalpy of Reaction (3) was determined as AHj=
274411 kIJmol~!. This value agreed well with the theo-
retical value, AH;=273 kJmol ™!, reported by Schieyer et
al.' Agreement of the experimental value with the theo-
retical value and the mass spectrometric evidence for the
species provides proof for the existence of the hyperlithiated
molecule CLig.

Thermochemical Properties of Li, A (A=C, O, P, S)

With Knudsen effusion mass spectrometry, Kudo et al.”®!?
have extended the search for other hyperlithiated molecules
and determination of their thermochemical properties. Dis-
sociation energies of the hyperlithiated molecules, Li,A
(A=C, O, P, S), determined in a series of experiments are
summarized in Table 1. These values are the energies neces-
sary to break a Li—A bond to give Li,_; A and Li. For CLis,
the dissociation energy to lose Lij is listed. It is seen that all
of the'hyperlithiated molecules listed here are stable toward
loss of a lithium atom. Namely, it was confirmed that the
hyperlithiated molecules with nine or more valence electrons
were thermodynamically more stable than the corresponding
octet molecules with eight valence electrons.

Another value to be taken into account is the contributing
bond energy (CBE), which is equivalent to an average bond
energy in molecules. In Fig. 7, the CBEs of Li, A are plotted
as a function of the number of lithium atoms. Although
the dissociation energy tends to decrease with increasing
number of the constituent lithium atoms, the average C-Li
bond energy (252411 kJ mol~') of CLig with n=6 is higher
than the C1-Cl bond energy (243.5 kJmol=")* in Clp, an
octet molecule. The average bond energies in Li4P (Li—P,
218435 kJmol™') and LisS (Li—S, 2254-38 kJmol~!) are
still high compared with the bond energy for F—F (157.7
kJ mol—1), Br-Br (192.9 kJ mol~!), and I-1 (150.6 kJ mol 1)
molecules.*

The ionization energy is also an important thermochem-
ical value for understanding the nature of bonding. Ta-
ble 2 lists the theoretical and experimental values of ion-
ization energies (IP) for hypervalent molecules detected in
our experiments,'7*23449 The experimental values were
measured by electron impact ionization using a mass spec-
trometer. Theoretical values are the vertical ionization en-
ergy, calculated as the multireference single- and double-
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Fig. 5. Mass spectrum of gaseous species in molecular beams effusing from Knudsen cell containing Li»Ca(s) at 1025 K. The

gaseous species were ionized by electron impact at 13.0 eV.

excitation configuration interaction (MRCI) energy of Li, A*
ions relative to that of the neutral Li, A species at the energy
minimum. The experimental values agree reasonably well
with the theoretical values.

Structures and Bonding of Li3S and LisS

In comparison with Liz;O and Li,O molecules, it is inter-
esting to elucidate the nature of bonding in Li3S and LisS.
Although the experimental procedure provides sufficiently
accurate thermochemical data, we need information about
molecular structures to understand the nature of bonding in
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Fig. 6. Equilibrium partial pressures of gaseous species over
Li;Cy(s) as a function of the reciprocal temperature.
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Fig. 7. Average Li—A bond energies (CBE) in Li, A species.

The closed marks represent hypervalent molecules.

Table 2. First Ionization Energies of Hypervalent Molecules

Process IP/eV
Theoretical® Experimental

Schleyer et al.>** Kudo et al. Kudo et al.
CLis—CLi§ — 4.08 <9
Li;0—LizO* 3.48 — 4.5+0.2
LisO—LisO* 471 — <73
Li3S—LisS* 3.61 4.11 4.440.2
LisS—LiS* — 4.09 —
LisP—LisP* 3.40 — —
Li;CN—Li,CN* — 5.13 5.440.2
Na,CN—Na,CN* — 4.66 4.940.2
K,CN-—K,CN* — 3.70 4.04+0.2

a) The vertical ionization energy.

hyperlithiated molecules. No experimental spectroscopic
data are available at present, but theoretical calculations re-
veal features of structures and bonding in great detail for all
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stationary points on the potential energy surface. By using
the MRCI method, ab initio MO calculations were carried
out to obtain theoretical values of vertical ionization ener-
gies (IP) as well as dissociation energies of the Li, S (n=1—4)
molecules (Table 4).'»

The molecular structures with a potential energy minimum
were optimized at the MP2(FU)/6-31+G™ level. The atomic
natural orbital basis set®® with contractions of [5s3p2d] for
S and [4s3p2d] for Li was used in the configuration interac-
tion (CI) calculations. The reference wave functions were
generated by a complete active space self-consistent field
(CASSCF) procedure. The configurations with [c;|>0.05
were selected as the reference configurations in the CI cal-
culations, and then 400000—1300000 configuration state
functions (CSFs) were considered through single and double
substitutions from the reference configurations. The calcu-
lated CI energies were converted to estimate full CI energies
with the Davidson correction.’” The GAUSSIAN92%? and
MOLCAS2>® programs were used in these calculations.

The molecular parameters of Li,S (n=1—4) molecules
are listed in Table 3. With respect to Li,S, LisS, and LisS
Schleyer’s group?® has also searched for the global minima
at the MP2(FU)/6-31+G™ level, and reported that the most
stable structures of Li, S, Li3S, and Li4S have C5,, Cs,, and
C,, symmetry, respectively. Marsden®” has reported that the
C,, structure of LisS is the most stable with- MP4SDQ/6-
31G™//UHF/3-21G(*) and that the second most stable ge-
ometry Cs, is 1.7 kI mol~! higher than the C,, structure. We
found that the C,, structure (shown in Fig. 9) is 7.9 kJ mol !
more stable than the Cs, structure.

Table 4 lists theoretical dissociation energies (D) and ion-
ization energies (IP) of Li,S (n=1—4) molecules calculated
by the MRCI method. The ab initio MO calculations indi-
cates that occupancy of the nine valence electrons in Li3S is
(52;)%*(3e)*(6a;)*(7a;)! and that 10 valence electrons in LisS
are in the configuration of (6a;)*(3b;)?(7a;)%(3by)%(8a;)>.
Figure 8 shows an energy diagram of these molecular or-
bitals. The highest orbital, 7a;, of LizS is singly occupied
(SOMO). The 8a; orbital of LisS is HOMO. The SOMO of
Li3S and HOMO of Li4S are antibonding between the lithium
and sulfur atoms, but are bonding between all pairs of lithi-
ums in these molecules. In spite of the antibonding character
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Fig. 8. Valence molecular orbital energy diagrams of LizS
and Li4S calculated at the HF/STO-3G level. Core orbitals
are not shown here.

LiaS(Cav)

LisS(C3v)

Fig. 9. Features of SOMO in Li3S (Csv) and HOMO in LisS

(Cyy) deduced from theoretical calculations at UHF/STO-

3G level. The SOMO and HOMO are antibonding between

Li and S, but bonding between all pairs of lithiums in these
molecules.

of SOMO and HOMO, the central atom is bound to lithiums
through an electrostatic interaction. The charges calculated
by the natural bond orbital (NBO) analysis are +0.62 (x3)
on lithium and —1.88 on sulfur in LizS, and +0.71 (x2) and
+0.25 (x2) on lithium and —1.94 on sulfur in LisS. The
extra electrons contribute to the formation of a metallic cage
with Li-Li bonding, similar to CLi¢, Li;O, and Li,O. Fig-
ure 9 illustrates features of the SOMO and HOMO of LisS
(Cs3,) and LisS (Cy,) molecules calculated at the HF/STO-

Table 3. Vibrational Frequencies and Geometries of Li,S Molecules Calculated at

the MP2(FU)/6-31+G™ Level

Molecule  Point group ZPE? Frequency Geometry
kJ mol ™! cm™!

LiS Ceo 33 o: 569 2.186 A(Li-S)
LixS Cyy 79 a;: 583,128 2.116 A(LiS)

by 637 104.4° (/LiSLi)
LisS Csy 11.7 ar: 546,144 See Fig. 9

e: 507,119
LisS Cyy 15.5 a;: 491, 438,158,119  See Fig. 9

bi: 449, 143

by: 506, 131

a) Zero-point vibrational energy.
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Theoretical Ionization Energies (IP) and Dissociation Energies (Do°) of Li,S (n=1—4)

Total energy®” n® CSFY S c? pY D§
Eq eV kY mol !

LiS(ZH) —405.167729 9 69748 0.937

LiS+(3Z') —404.887594 5 25937 0.944 7.62

LiS*('A) —404.838953 8 31643 0.949 8.95

Li+S —405.058227 6 52774 0.947 284.1
LizSCA) —412.709198 6 101671 0.915

Lizs+(2B1) —412.477444 7 138124 0.938 6.30

Li25+(2A1) —412.462995 7 116637 0.937 6.70

LiS+Li —412.275199 6 209230 0.932 281.2
LisS(A) —420.198147 5 368079 0.908

LisS*(X'A)) —420.047223 9 465807 0.928 4.11

LizS*T(1%A) —419.916502 2 179435 0.920 7.66

LisS*T(1'Az) —419.905086 4 428579 0.921 7.97

LizS*(2'A)) —419.901900 13 613658 0.915 8.06

Li,S+Li —420.141567 5 481721 0.921 148.5
LisSC'A)) —427.672234 4 137011 0.902

LisST(A) —427.672230 4 186240 0911 4.09

LizS+Li —427.631082 4 1077606 0.908 102.5

a) Estimated full CI energy with Davidson’s correction.
d) The vertical ionization energy.

of configuration state functions.

3G level. The SOMO of LisS seems to build the cage. The
widely spreading HOMO of LisS suggests more clearly the
lithium cage formation in the molecule.'?

We can summarize the bonding situation in Li, A (A=C,
O, P, S) molecules as follows: the octet of valence elec-
trons in Li,A molecules is involved in A-Li bonding. The
extra valence electrons in the hyperlithiated molecules are
not associated with the central atom, but contribute to the
formation of metallic lithium cage. The overall features can
be described in terms of a negatively charged center (A™ )
embedded in a positively charged lithium cage or cluster
(Li”"). Analogous explanations are possible for bonding in
the hyperaluminum molecules, Al;O and Al;0,* and the
hypermagnesium molecules, Mg,0, Mg;0, and Mg,0,’”
which have the electronegative oxygen atom in the interior
of the electropositive cluster. In the hypersilicon molecules
like Si,0 and SizO, however, the bonding situation is differ-
ent from hypervalent molecules described above, although
the silicon—oxygen attraction is largely ionic. Theoretical
calculations by Boldyrev and Simons™ have indicated that
an oxygen atom favors coordination to the periphery of sili-
con clusters rather than insertion into Si—Si bonds. Structures
with the oxygen inside the cluster are much higher in energy.
This is in contrast with the structures of other oxygen—metal
clusters, such as Liz;O, LisO, Mg,0, Mg;0, Mg,0, ALO,
Al30, and Al4O, where the oxygen atom inserts into the site
of highest coordination and highest symmetry. Anyway, the
substantial stability of these hypervalent molecules is due to
the high degree of ionic character as well as bonding inter-
actions between the metal atoms.

b) Number of reference configurations. ¢) Number

Another Type of Hypervalent Molecules M, CN (M=Li,
Na, K)

Recently, Kudo’s group has detected another type of hy-
perlithiated molecule Li,CN in the equilibrium vapor over a
mixture of lithium metal and NaCN by means of Knudsen-
effusion mass spectrometry.'” The experimental dissocia-
tion energy to give LiNC and Li, Dj(LINC-Li)=137£14
kJmol !, agreed reasonably with the theoretical value (104
kImol~!) calculated by the MRCI method. The first ion-
ization energies, 9.24+0.2 and 5.39+0.2 eV, determined for
both the LiNC and Li,CN molecules agreed well with the
theoretical values for vertical ionization as listed in Table 2.
The agreement between experiment and theory confirms the
existence of the Li,CN species, which is possibly the first hy-
perlithiated species with more than one electronegative atom.
Actually, theoretical calculations have indicated that the fa-
vored structure has C; symmetry and the species would con-
sist of the Li,* radical cation and the CN~ anion, the bonding
feature being apparently different from those of Li, A (A=C,
O, P, S) species described in the previous section. The pres-
ence of a Lip* unit justifies the term hyperlithiated for this
system.

Computational geometry optimization at MP2(FU)/6-
31G* and MP2(FC)/6-31+G™ gives four possible isometric
structures to the Li,CN molecule; i.e. the planar structures 7
and 8 with C; symmetry and the linear structures 9 and 10
with Cu, symmetry (Fig. 10). The latter two isomers are
“electronomers”.>*> All of the isomers have a short C-N
bond length (ca. 1.19 A), indicative of a triple bond between
C and N. The calculated Wiberg bond index also indicates
triple-bond or near-triple-bond character for 7—10. The
global minimum is 7, although 8 is only 0.8 kJmol~! less
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Fig. 10. Optimized structures of LiCN; the bond distance
in A. In these isomers, 7 is the most stable and 8 is only
0.8 kI mol ™! less stable than 7. Structures 9 and 10 are 40
and 37 kI mol ™! higher in energy than 7, respectively, at
QCISD(T)(FC)/6-31+G* //MP2(FU)/6-31G*.

stable at QCISD(T)(FC)/6-31+G*//MP2(FU)/6-31G*. At
this level, structures 9 and 10 are 40 and 37 kJ mol~' higher
in energy than 7, respectively. MRCI calculations give a
similar picture; 7 and 8 have almost the same energy, with
8 being favored by 0.04 kJ mol~! and with 9 and 10 being
36 and 50 kI mol~! less stable than 7, respectively. Density
functional calculations (BLYP/6-31G(2df)) also favor 7 (0.8
kJ¥mol~") over 8, with both 9 and 10 being about 40 kJ mol !
higher in energy than 7. Thus, only the planar isomers 7 and
8 with C; symmetry are stable structures.

The valence molecular orbitals of Li,CN (7,8) with C;
symmetry are described as (5a’)2(6a’)*(7a’)*(1a’)*(8a’)%-
(9a’)!. The 9a’ singly occupied orbital (SOMO) corresponds
to the Li,* radical cation MO and contributes to Li-Li bond-
ing, as shown in Fig. 11. The other electrons are distributed
around the CN moiety. The in-plane valence electron density
of 7 and 8 reveals the interaction between the Li,* and CN~
units, and the planar Li,CN molecules can both be described
as complexes of a cyanide anion with a Li,* radical cation.
This description is confirmed both by the short Li~Li distance
of about 2.6 A, which is very similar to that calculated for
Lip* (2.63 A at MP2/6-31G™), and by the natural charges of
about +0.5 on each lithium center in 7 and 8. Thus, Li,CN
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Features of SOMO in Li;CN species deduced from
MP2(FC)/6-31G™ calculations; 7 the planar [Li,"(CN)™]
and 9 the linear [Li*(CN)Li-].

Fig. 11.

is another example of a species in which a charged Li,™*
fragment (here Li,*) is present. The existence of such trans-
ferable charged fragments in perlithiated and hyperlithiated
species has recently been pointed out by Schleyer’s analysis
of C,Lig and C,Li4°® and extensions of Marsden’s work on
CLig and CLilz.Z])

The valence molecular orbitals of Li,CN (9,10) with C,
symmetry are described as (30)%(40)*(2m)*(50)*(60)! and
the extra electron is localized on either of the Li atoms. The
linear LiCNLi structure 9 is a minimum, but 9 is 40 kJ mol~!
higher in energy than 7. The extra valence electron in SOMO
of 9 is localized on the Li atom near the N atom, as shown
in Fig. 11. On the other hand, the extra valence electron of
10 is localized on the Li atom near C atom. Hence, these
“electronomers”>**> can be described as Li*(CN)~Li-(9) and
Li-(CN)~"Li* (10). The similar energies of 9 and 10 reflect
the comparable stabilities of LICN and LiNC.

In addition to Li;CN, the existence of hypervalent
Na,CN and K,CN molecules has also been demonstrated
by mass spectrometric observations as well as ab initio MO
calculations.**?** The dissociation energies and ionization en-
ergies of M,CN (M=L1i, Na, K) molecules are summarized in
Table 1. The experimentally determined dissociation energy
of Na,CN to give NaCN and Na, D§(NaCN-Na)=104+13
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Fig. 12. The most stable structures of Li,CN, Na,CN, and K»CN obtained at MP2(FU )/6-31G™; the bond length in A.

Na:CN

kI mol~!, was smaller than that of Li,CN to give LINC and
Li, D§(LiNC-Li)=137+14 kJmol~!. The dissociation en-
ergy, DS(KCN-K)=85+15 kI mol~!, determined for K,CN
to give KCN and K was the smallest of these species. It
should be noticed here that the dissociation products of
Na,CN and K,CN are different from that of Li,CN. The
former two molecules give cyanides while the latter gives
isocyanide.>>—%%

Both Na;CN and K,;CN are theoretically revealed to
have isomeric structures similar to Li;CN (two planar
structures with C; symmetry and two linear electronomers
with Co,, symmetry), although there are differences in
the bond lengths and bond angles. The theoretically pre-
dicted structures of planar Na,CN and K,CN — the most
stable at the MP2(FC)/6-31G* level — are depicted in
Fig. 12, in comparison with that of Li;CN 7. The va-
lence molecular orbitals of planar Na,CN and K,;CN are
described as (11a’)’>(12a’)?(13a")%(2a”)?*(14a’')*(15a")! and
(172")*(18a’)2(19a')%(3a")?(20a')%(21a’)’, respectively. The
SOMOs of 152’ and 21a’ correspond to the radical-cation or-
bitals of Na,™ and K, *, respectively, and contribute to Na—-Na
and K-K bonding. The other electrons are distributed around
the CN moiety. Thus, the bonding situations among these
hypervalent species Mp,CN (M=Li, Na, K) are considered
essentially the same.

Conclusion

Following the experimental discovery of a hyperlithiated
molecule LizO, ab initio MO calculations predicted that re-
placement of hydrogen atoms by lithium atoms in hydrides
of second- and third-row elements in the periodic table would
give hyperlithiated molecules with stoichiometries exceed-

ing normal valence expectation. A number of experimental.

and theoretical investigations have provided evidence that
hyperlithiated molecules are thermodynamically stable, de-
spite of their unusual stoichiometries. Until now, the exis-
tence of such hyperlithiated molecules as CLig, LisO, LisO,
LisS, LisS, and Li4P has been confirmed. These molecules
have 9 or 10 valence electrons, violating, at least formally,
the octet rule. The results of ab initio MO calculations have
revealed that the extra electrons in Li,A (A=C, O, P, S)
molecules are not associated with the cental atom, which
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remains content with its normal octet. Instead the extra elec-
trons beyond the usual octet are in SOMO or HOMO, totally
symmetric orbitals, and the Li-Li bonds between all pairs of
lithium atoms contribute to the formation of a metallic cage.
The overall bonding in Li,A molecules can be described in
terms of the electrostatic attraction between the electronega-
tive central atom (A™™) and the electropositive surrounding
cage or cluster (Li,"*).

Furthermore, experimental evidence has been obtained
for another type of hyperlithiated or hypervalent species,
the bonding situation of which is apparently different from
those described above. These species are Li;CN, Na,CN,
and K,CN with more than one electronegative atom. Of
these species, Li;CN is the most stable toward dissociation;
i.e. the dissociation energies determined are D§(LiNC-Li)=
137414 kJmol ™!, D3(NaCN-Na)=104+13 kJmol~!, and
D3(KCN-K)=85+15 kImol~!. Theoretical calculations in-
dicate that these species would be composed of the Mp*
(M=Li, Na, K) radical cation and the CN~ anion. The
short C-N bond length (ca. 1.19 A) is indicative of a triple
bond between C and N. The presence of the M,* unit jus-
tifies the term hypervalent for these systems. The extra
valence electron in SOMO corresponds to the M,* radical
cation, and contributes to M—M bonding. In addition, these
molecules are revealed to have four stable isomers slightly
different in energy; the planar structures are more stable than
the linear structures. The linear structures of M,CN are elec-
tronomers and best described as complexes like M*(CN)~ M-
and M-(CN)~M*.
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