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The structure of a hyperlithiated molecule has been deduced from an experiment for the first time. An analysis
of the photoionization efficiency curve measured by laser-ablation time-of-flight mass spectrometry has revealed
that the hyperlithiated O molecule is a floppy molecule with a “flat-bottomed” potential energy surface.
The measured efficiency curve has a gradual linear rise from the threshold of=30692 eV up to the
second onset of 44 0.1 eV. An ab initio calculation reveals that such a “flat-bottomed” potential is realized
with four closely located wells corresponding to d and threeC,, minima. The vibrational wave function
spreads all over these minima even at the ground-state level. Also, this is the first evidence for “electronomers”.

Introduction Neutral Cation
A new concept of chemical bonding has been unveiled since ""1 700 IT1' 678 ""1 14
the discovery of the D2 and CLE® molecules, named o, 01718 /O\'
“hyperlithiated molecules®. These molecules with excess T Li”""%‘d@ Li ToET
valence electrons violate the octet rule, at least formally, and Dap Coy D
3h

can be regarded as hypervalent molecules. Although these o
hyperlithiated molecules were confirmed to be thermodynami- _'I:_'r?;r': ;}ects\:gullgg? mﬁ:ﬁﬁ:&r s;r#é:grg ‘f);:‘f#gi'eﬁ?afaf}?";%@“

H inti H h 20, . 3h
cally stable _toward d|S_SOC|at|(_)n_to the Correspond|_ng octet structure is slightly favored in energy (0.8 kJ/mol) after the vibrational
molecules (LiO and CLi) and lithium atoms by experiments  ,erq point energy correction. The calculations were carried out at the
with Knudsen effusion mass spectrometry, their molecular mp2/6-311+G(d) level of ab initio MO theory.

structures have been discussed based only on theoretical

calculation$™" without experimental evidence. Highly sym-  present. Figure 1 shows molecular structures of neutral and
metric structures, such &, for CLig® andDan for LizO,” were cationic LkO calculated by a second-order Mghd?lesset
predicted from the results of ab initio molecular orbital theory perturbation theory (MP2/6-3#G(d)) using Gaussian 94 For
calculations by Schleyer's group. According to their calculation, the neutral, bottDz, and C,, symmetric structures are local
the excess electrons beyond the octet rule are accommodate¢hinima on the potential energy surface at this level of theory.
in an orbital which is antibonding between the central atoms Sjngle-point energy calculations at a more sophisticated level
(C and O) and the surrounding lithium atoms but is bonding (CCSD(T)/6-31#G(d)) for both structures indicate that the,
among all the lithium atoms to form a lithium cage or network. - structure is slightly favorable in energy, but the energy difference
Hyperlithiated molecules are also interesting species as a modebetween those structures is much smaller than the accuracy of
system for investigating metalnsulator transitions because of  the calculation. The true minimal energy structure is, therefore,

their variable molecular and electronic structutés. still unpredictable. Nevertheless, tBe, structure is preferable
Trilithium oxide LizO was the first hyperlithiated molecule  even at 100 K, if the entropy is taken into account. We will
found in the equilibrium vapor over O crystals in 1978.The demonstrate in this article that the profile of the ionization
dissociation energy for the loss of lithium atom 4Qi— Li>O efficiency curve (IEC) would provide clues to the molecular
+ Li) was measured as 212 42 kJ/mol, and its existence was  structure and that the 4® molecule would take both th&,,
supported by an ab initio calculation (192 kJ/m¥l)The and D, structures even in the vibrational ground state.

ionization energy (IE) of LdO was measured by Wu et@hnd

Lievens et aP The latter value (3.54= 0.3 eV) is quite close Experimental Section

to the theoretical vertical and adiabatic IEs (385603 eV) .

reported by Schleyer's grodfpi! and Simons’ group? The We measured the IEC of 4O in a cluster beam generated
minimal energy structure was predicted to h&s symmetry by laser ibla.tion. Dgta@ls of the experiment are reported
in the first theoretical study using HartreBock self-consistent- ~ €sewheré: Briefly, a lithium metal target was laser abl.ated
field calculatior® but later, more sophisticated levels of theory BY 532 nm pulses (8 mJ) from a frequency-doubled Nd:YAG

suggested @g, structure’,%-12 which is widely accepted at  laser (Continuum: Surelitell). The lithium vapor was reacted
with water vapor which was synchronously injected into the

*To whom correspondence should be addressed. E-mail: kei@ Clustering channel and entrained with pulsed helium carrier gas
beam.tokai.jaeri.go.jp. with a stagnation pressure of 0.9 MPa and then cooled through
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simulation is to calculate FranelCondon factors (FCF) within

o r () LigO (m/z = 37) a harmonic approximation. The calculation includes the dis-
= 08l AR placement of molecular geometry, the frequency change, and
8 s the normal mode rotation between the neutral and cationic states.
5 06 ’ All of these parameters can be computed by density functional
2 o4t theory (DFT) or ab initio MO theory calculations. As described
3 IE in the previous papéf the simulated IEC well reproduces the
@ o02- ¢ experimental curve for ionization processes of(OH),-1
00 ol clusters. Parameters calculated for the present simulation by the
36 38 40 42 44 48 48 50 DFT (B3LYP/6-311-G(d)) method are listed in Table 1. In
Photon energy (eV) Figure 2b, the simulated IECs for 40 are superimposed on
3.6 3.8 4.0 42 4.4 the experimentally observed IEC. The ionization of g,
ook o structure of neutral I30 gives a step-function-like curve, which
> does not reproduce well the observed gradual linear rise even
[ if any scale factors are applied to the amplitude. Even with
2 parameters for th€;, structure, the simulation is far from the
2 o4l — Flat, 400 K observed linear rise of IEC. The well-fitted curve in Figure 2b
> - - Flat, 200K . gy . ) :
b e Gy, 400 K was obtained when we artificially adjusted two in-plane bending
g o Dap, 400 K frequencies to 10 crt and restricted the neutral molecule to
; ~ Dgp, 200 K populate only on the zero-point level in these modes, that is,
0.0 ; I I - I no vibrational excitation in these two bending modes.
0 2000 4000 6000 A
. 4 We assumed a flat potential energy surface for the neutral
Shift (cm™) Li3O to reproduce the observed curve. Figure 3 shows the basic
Figure 2. Photoionization efficiency curve measured fosQi(m/z = idea to explain why we examined with the flat potential. Figure

37) generated by reactions of laser-ablated lithium metal with water 335 is the case for a small frequency change with a small
vapor. The vibrational temperature of the supersonic beam was gishiacement of minimal energy structures. Only the vibrational

estimated as<200 K. (a) The curve shows a two-stage rise with the . g
ionization threshold of 3.5% 0.02 eV and the second onset of 44 0—0 band has a large FCF, and the integrated curve exhibits a

0.1 eV. (b) Neither thda, nor C,, structure gives a satisfying fitin  Step-function-like profile. This corresponds to the case of the
the simulation. The good fit shown was obtained using an artificially Dzn structure of neutral LD. Figure 3b is the case for a small
flattened potential energy surface in the simulation. frequency change with a large displacement of the minimal
energy structure. Transition probabilities distribute over a broad
supersonic expansion. After skimming at 14 cm downstream, range of energy shift. The integrated curve has a concave-up
jet-cooled lithium-containing species were photoionized in a rise after some offset in energy, giving a relatively sharp “linear”
time-of-flight mass spectrometer by frequency-doubled dye laser rise and level-off leading to a plateau. Figure 3c is the case for
output ¢~1 mJ) (LambdaPhysik: SCANMATE?2). Cations were ionization accompanied by a small displacement and a large
accelerated to-4 keV and detected by a microchannel plate frequency change due to a flat potential for the neutral. In this
after a 1 mfield-free flight. Wavelengths of the ionizing laser case, the transition probability does not decrease significantly
beam were varied from 3.3 to 5.2 eV stepwise by 0.2 nm in over a wide range of energy shift, reflecting a large amplitude
width to measure the photon energy dependence of the signalof vibrational motion on the neutral surface. The integrated curve

intensity form/z = 37 of LizO. shows a wide rise as observed in the present experiment.
Throughout all these cases, the accessible energy range desig-
Experimental Results and Analysis nated byAE in Figure 3 provides a crude measure for the width

) . ) of rising in the IEC. That is, the observed gradual linear rise
Figure 2a shows the IEC obtained for;Oi There are tWo  jypjies the flatness of the potential well of the neutral.

prominent features in the profile of the IEC, that is, two-stage
rise and gradual linear rise between the threshold and the s_econ%b Initio Calculations and Discussion
onset. The two-stage rise has already been reported by Lievens
et al.® and attributed to some ionization processes other than The ab initio MP2 calculation gives a very flat potential well
the first ionization of LiO to give the ground state 40 of in the two Li—O—Li bending modes: symmetric bending
current interest. Hence, we do not discuss the origin of the (scissoring) and asymmetric bending (rocking). Figure 4a shows
second rise further. We will focus on the first rise in this article. a two-dimensional potential energy surface in the two bending
The threshold (3.5% 0.02 eV) determined with this curve is  coordinates: the horizontal axis for the scissoring and the
in excellent agreement with the theoretical ionization energy. vertical for the rocking. The other internal degrees of freedom
Both the theoretical vertical and adiabatic ionization energies are relaxed to give minimal energies at a given pair of bending
are calculated as 3.59 eV at the CCSD(T)/6-BGLd) level of angles. We can see a 3-fold flat bottom consisting of Dae
theory assuming thBs;, structure for the neutral geometry. This  minimum and thre€,, minima in Figure 4a. A cross-sectional
excellent agreement seems to support the reliability of the view on the horizontal axisg{ = 0) shows a double well
theoretical calculation on the minimal-energy structure. How- potential consisting of one of the thr&@, minima and theDsy,
ever, we are not necessarily fully satisfied at present. minimum (Figure 4b). The barrier height between By and
The gradual linear rise between the threshold and the secondC,, minima is negligibly small (0.3 kJ/mol from thes, well).
onset seems remarkably long, and simulation and comparisonConsequently, the vibrational zero-point= 0) level, which
of the IEC may provide some structural information. We can is indicated by the horizontal solid line, lies above the barrier
make simulations of the IEC for small molecules by a “direct and thus spreads over these two minima. 7t 0 level was
counting of vibrational states” method, using the same procedurecalculated by solving the Schidimger equation directly with
as described in our previous pap&An essential idea of this  the one-dimensional potential energy surface. This wige0
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TABLE 1: Input Parameters for the Calculation of the Franck —Condon Factors
frequencies (cm?) displacements (ctff)
4 k
no. Vs Dan Ca Dan Ca mode
1 249 81 103 0 0 out-of-plane bending
2 267 128 116 0 1451 symmetric in-plane bending
3 267 128 155 0 0 asymmetric in-plane bending
4 654 665 663 111 185 symmetric stretching
5 804 812 732 0 —81 asymmetric stretching
6 804 812 854 0 0 asymmetric stretching
Rotation Matrices\\W
Dan Ca
1.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 .
0.00 1.00 —0.00 0.00 0.06 0.00 0.00 -—1.00 0.00 —0.09 0.02 —0.00
0.00 —0.00 —1.00 0.00 0.00 0.06 0.00 —0.00 —0.99 —0.00 0.00 0.13
0.00 —0.00 0.00 1.00 0.00 0.00 0.00 -0.10 0.00 0.99 —0.09 —0.00
0.00 —0.06 0.00 —0.00 1.00 0.01 0.00 0.01 0.00 0.09 1.00
0.00 0.00 0.06 —0.00 -0.01 1.00 0.00 0.00 0.14  —0.00 —0.01 0.99
aMatrix elements\V; present the mixing intensity between titk mode of the cation and thjégh mode of the neutral.
Displacement (bohr amu'?) 0
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Figure 3. Relation between ionization efficiency curve (IEC) and o 3 80000
potential energy curves in three cases of one-dimensional models. (a) ® 50 b 28000
A small displacement of energy minimum and small difference in = 2000
frequency between neutral and cation result in a narrow Franck S Neutral f‘
Condon factor distribution and sharp rise of IEC. (b) A large E 0 = O ™™ el
displacement gives a concave-up rise of IEC. (c) A large difference in 110 120 130 100 120 140
(7] 0

frequency with flat neutral potential gives a gradual riseand v,

indicate the vibrational frequencies of the cationic and neutral states, Figure 4. Ab initio potential energy surfaces of4d. (a) The potential

respectively. well consists of thre€C,, minima and oneDg, minimum in the two
bending motions. (b) The vibrational ground-state wave function spreads

level indicates that the wave function of the vibrational ground over the saddle points between g andC;, minima. (c) The vertical
state is delocalized over the thr&, minima and theDa, ionization from the “flat-bottomed” potential accesses a wide energy
minimum. With this large amplitude of vibrational motion, a "@nge of the cation.

wide range of cationic potential energy surface is accessible by . . . . -
the vertical ionization from the = 0 level as shown in Figure dimensional ab initio potential to check the validity of the

4c. The accessible energy rang& (defined in Figure 3) is simulation. According to the normal coordinate for the sym-

around 2000 cmt, and its order of magnitude is comparable Metric bending, the artificial amplitude (3.47 au) corresponds
with the observed width of linear rise-6000 cnt?). to 0 = 19.5. In Figure 4b, the far-side turning point of the

We further discuss the validity of the simulation performed = O 1evel is located at T2away from theDg minimum. This
with the flat-bottomed potential. We cannot deal with the flat- M&ans that the artificial amplitude is 1.6 times larger than the
bottomed potential directly in the Franekondon factor ~ @mplitude of the bending motiort & K predicted from the ab
calculations due to the anharmonicity. Instead, we used only initio potennal. This discrepancy is reasonable because of the
the » = 0 state of an extremely flat harmonic potential with a following reasons.
frequency of 10 cm! to obtain the fruitful fitting shown in (1) The real molecules populate on higher vibrational levels
Figure 2b. The amplitude of the = 0 wave function on this thanv = 0. Assume that the vibrational temperature is 400 K,
potential is 3.47 in atomic units from the center of the well, and the average vibrational energy becomes 280'cifhis
i.e., the Dz minimum. We should compare this artificial value indicates the turning point locatedéat= 16°, closer to
vibrational amplitude with that predicted from the two- the artificial value (19.9.
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o Li the D3, minimum as seen in the broken curve in Figure 4b.
« ©®0O With this potential curve, we can never reproduce the wide linear
rise observed in the IEC. Therefore, the B3LYP surface is
thought to be less realistic. The DFT calculation probably
overestimates the stability of electron-delocalized structures, i.e.,
the D3, structure in this case.

Conclusions

Figure 5. Typical isosurfaces of the singly occupied molecular orbitals [N summary, the IEC of the hyperlithiatedsT molecule was
of LizO. The excess electron is fully delocalized and forms a lithium measured by photoionization-TOF mass spectrometry. From the
cage in theDs, structure, while it is localized and forms a salt consisting  simulations based on the FCFs, the observed gradual linear rise
of Liz" and LiO™ in the Cz, structure. is ascribed to an extremely large amplitude of vibrational motion
) o ) ) of the neutral LiO molecule. Ab inito MO calculations

(2) The normal coordinate used in this comparison is not e|ycidated a flat-bottomed potential o0 supporting the large
correct after a large geometric change. To evaluate the largeamplitude of bending motion. The 40 molecule is a floppy
amplitude correctly, distortion of the normal coordinate must mojecule sharing both the hyperlithiatBe, and segregate@,,
be included. In the present case0 stretchings are coupled  stryctures, which have nearly the same stability but are different
with the bending. Therefore, the value @fin Figure 4b does i the localization of the SOMO. The present study provided
not represent the amplitude of a real vibrational wave function. the first evidence for this kind of molecular state called
The amplitude expressed Bys just the projection to the normal  «gjectronomers”, the presence of which had been theoretically
coordinate and is always smaller than the real amplitude. predicted by Dorigo and Schley&.

(3) With a given amplitude, real wave functions must show
slower decay in the vibrational progression of FCFs than that References and Notes
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