Eur. Phys. J. D 9, 289-295 (1999)

THE EUROPEAN
PHYSICAL JOURNAL D

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 1999

lonization potentials of hypervalent Li,C (2 < n < 10)

P. Lievens?, P. Thoen', S. Bouckaert!, W. Bouwen®, F. Vanhoutte!, H. Weidele!, R.E. Silverans!,

A. Navarro-Vazquez®P, and P.v.R. Schleyer?:3

! Laboratorium voor Vaste-Stoffysica en Magnetisme, K.U. Leuven, B-3001 Leuven, Belgium
2 Computer Chemistry Center, Institut fiir Organische Chemie, Universitit Erlangen-Niirnberg, D-91054 Erlangen, Germany
3 Computer Chemistry Annex, University of Georgia, Athens, GA 30602-2525, USA

Received: 1 September 1998 / Received in final form: 9 December 1998

Abstract.

We report on a combined experimental and theoretical investigation of the ionization poten-

tials of small lithium monocarbide clusters. The clusters were produced by a laser vaporization source, and
their ionization potentials were measured by threshold photoionization spectroscopy. The structures of the
smaller clusters (n < 8), which are governed by hypervalent (hyperlithiated) bonding mechanisms, were cal-
culated by means of density functional theory. Vertical and adiabatic ionization potentials were computed

and compared with the experimental data.

PACS. 36.40.Vz Optical properties of clusters — 33.80.Eh Autoionization, photoionization, and photode-

tachment

1 Introduction

Since the experimental discovery and the theoretical ver-
ification, twenty years ago, of ‘hyperlithiated’” bonding,
which involves formal violations of the octet rule in doped
Li clusters [1, 2], there have been extensive theoretical and
experimental investigations with the purpose of obtaining
more evidence and insight in the specific structural and
electronic properties of these systems [3—11]. One particu-
larly interesting cluster is octahedral LigC, which possesses
two valence electrons in excess of a filled octet around the
C atom. Despite this, LigC was first predicted [3] and later
verified experimentally [12] to be stable with respect to dis-
sociation into the stoichiometric Li4C and Lis molecules.
Although many hypervalent clusters have now been de-
scribed computationally, very little experimental informa-
tion on their properties exists.

We report here on a combined experimental and theor-
etical investigation of the structures and ionization poten-
tials (IPs) of small Li,,C clusters. The structures of Li,,C
and Li,C" clusters (n < 8) were computed by employing
density functional theory [13]. Adiabatic and vertical IPs
are deduced and compared with experiment. Threshold
photoionization spectroscopy was performed on Li clusters
doped with C or O. The experimental determination of the
IP of Li,,O (2 < n < 70) compared with density functional
theory (DFT) calculations on the small clusters (n < 8) is
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reported elsewhere [14], as is a discussion on the metallic
properties of larger Li,, O and Li,, C clusters [15].

2 Experiments

The experimental setup and procedure is very similar to
the one described in references [14-16] and will be dis-
cussed only briefly. The clusters, produced by a laser va-
porization source with enriched 7Li as target material,
were laser-ionized, mass-selected, and detected in a reflec-
tron time-of-flight mass spectrometer. The most abundant
clusters were Li, O, but Li,,C and a small quantity of Li,
were also present. The production of Li,,C was ascribed to
the presence of C in the target material. To process the
material into thin metal disks, the Li was rolled in oil and
afterwards cleaned with ethanol; thus the Li metal was
doped with C compounds. The relative amount of Li,,C
with respect to Li,,O was found to vary from run to run;
sometimes Li,,C was even more abundant than Li,,O es-
pecially for LigC and LizC (see Fig.1). We restrict the
discussion to measurements on Li,,C clusters with n < 10
in this paper.

The IP were measured by threshold photoionization
spectroscopy using laser light in the 225nm (5.56V) to
400nm (3eV) wavelength range, provided by an opti-
cal parametric oscillator and a dye laser system; in add-
ition, we used ArF excimer laser radiation at 193 nm
(6.4€eV) [16]. Mass abundance spectra were registered as
a function of photon energy in steps of 0.04 eV. The signal
intensity was obtained by integrating the counts in an in-
terval of about 0.8 amu around the peak maxima. Intensity
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Fig. 1. Time-of-flight mass spectrum of Li,, C clusters.

fluctuations were reduced by accumulating 2000 produc-
tion cycles. Long-term production fluctuations were taken
into account by the normalization of the abundance spec-
tra, with reference spectra of clusters ionized with photons
of 6.4 €eV; tunable and reference laser light were sequen-
tially allowed to access the ionization region for typically
20 pulses. Photoionization efficiency (PIE) curves were ob-
tained by plotting the normalized intensity as a function of
laser photon energy for each cluster size.

In Fig. 2, the threshold curves are given for Li,C
(n=2—10). To extract values for the IPs, we determined
the ionization thresholds by linear extrapolation of the first
increase in the PIE curves. This results in the values given
in Table 1. In most cases a clear threshold is visible, al-
though the limited production yield leads to a substantial
statistical error (about 0.2 eV, see Table 1) in the thresh-
old determination. LigC is very particular; apart from
an abrupt onset at 4.25¢eV, another steep increase of the
cluster yield begins at 5.05€V. Also, a very small ioniza-
tion probability is noticed below the threshold at 4.25¢€V.
Similar behavior is observed for Li4C. It is not obvious
how such small ionization signals should be interpreted.
These might correspond to Franck—Condon limited ioniza-
tion into an ionic structure very different from the ground
state, but this is not predicted by theory. Several other
possible causes can be supposed: multi-photon ionization,
fragmentation processes, or the presence of metastable
neutral clusters in the beam. Theoretically, we found no
indication for low-lying neutral cluster isomers, nor for al-
ternative ionic ground-state structures (see discussion).
Experimentally, the laser fluence used for ionization was
kept below 100 xJ/cm?, making multiphoton ionization
and fragmentation processes of larger clusters unlikely (but
not impossible). IP values extracted from the different
slopes in the PIE curves are given in Table 1 for both LisC
and ngc
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Fig. 2. Photoionization efficiency curves for Li, C (n =2 —10).

3 Calculations

Structures of the smaller clusters (Li,,C and Li,,C* (n < 8))
were optimized employing DFT with the B3LYP [17, 18]
hybrid functional and the 6-3114+G* basis set [19]. Cal-
culations of the harmonic frequencies of the stationary
points determined the nature of the stationary points as
either minima or saddle points, and gave zero-point vi-
brational energies (ZPE) (no scaling factor was applied).
The vertical ionization potentials (vIP) were obtained by
single-point calculations of the ions on the optimized ge-
ometries of the neutral species. The adiabatic ionization
potential (aIP) is the difference in energy between the opti-
mized structures of neutral and cationic clusters, including
the ZPE corrections. In order to obtain more accurate
values for the calculated IPs, coupled cluster CCSD(T) [20]
and MP4SDTQ [21, 22] single points were computed using
a larger 6-3114+G(2df) [19] basis set, which incorporates
higher angular momentum functions. Since the HF wave
function suffered from strong spin contamination in some
cases, values of the ionization potentials after spin pro-
jection (PMP4SDTQ) [23], until [S+3] multiplicity, also
are reported when necessary. All calculations employed the
Gaussian 94 program package [24]. The results are sum-
marized in Table 2, and the structures are shown in Fig. 3.
Calculated IPs are included in Table 1.

4 Discussion of experimental and calculated
ionization potentials

Larger Li clusters containing an electronegative atom (as
C or O) are best interpreted as almost fully ionic species
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Table 1. Calculated and experimental ionization potentials of Li, C (n =2 —10).

Species vIP (eV) alP (eV)  exp.IP (eV)

LipC 5.39%,5.06°,4.92¢,4.979 (%A, — 4A,) 5.05% 4.55(20)
5.09%,4.54" 3.97¢,4.079(35; — 4%y)

Li3C 4.55%,4.33P,3.82°,4.144(?A} — °E) 4.36% 4.22(30)
LiyC 4.52% 5.05°,4.979('A; — 2E) 4.30% 3.57(20)
4.24(20)
5.09(20)
LisC 3.91%(%A; — Ay) 3.90% 3.24(20)
LigC 4.25* (A1 — 2A1g) 4.25% 3.51(20)
4.25(20)
5.05(20)
Li;C 3.78% (%A1 — A;) 3.782 3.69(10)
LigC 4.12*(*A1g — A1y) 4.07* 3.53(20)
LigC 3.47(20)
LiyoC 3.62(10)

@ B3LYP/6-311+G*; ® CCSD(T)/6-311+G(2df);
¢ MP4SDTQ/6-311+G(2df); ¢ PMP4SDTQ/6-3114G(2df).

Table 2. Absolute energies of neutral and cationic Li, C clusters.

Species Cluster  Energy (—a.u)? (s%)P ZPE® State

LipC 1 52.98437 2.511 6.74 3A5(Cay)
2 52.99446 2.034 9.40 3%% (Do)

Li3C 6 60.55211 0.781 14.29 204 (Dsy)

LisC 9 68.12714 0 21.57 1A1(Tq)
LisC 11 75.68672 0.772 27.06 201 (Cay)
13 75.68643 0.773 25.54 27! (Dsy)

LigC 15 83.25099 0 32.94 1A14(On)
Li;C 17 90.76597 0.759 34.99 2A1(C3y)
19 90.75068 0.874 32.72 2By (Cay)
LigC 21 98.29369 0 38.75 1A14(D3q)
LipCT 3 52.80819 3.754 7.42 457 (Day)
4 52.78770 0.752 9.09 My (Dan)
5 52.78369 1.755 7.36 297 (Do)

LizC™T 7 60.39153 0 13.64 3B1(Cay)
8 60.39129 0 13.09 3A5(Cay)

Li,CT 10 67.96866 0.758 20.63 2By (Daq)
LisC* 12 75.54329 0 28.06 A1 (Cay)
14 75.54390 0 28.03 1AY (Dsp)

LigC™T 16 83.09481 0.758 32.47 A1¢(Op)
Li;CT 18 90.62771 0 36.53 A1(Cay)
20 90.60732 0 33.74 1A (Cay)
LigC* 22 98.14370 0.768 37.84 A1u(D3a)

& B3LYP/6-3114+G* energy;

Expectation value of the squared spin angular moment;
¢ Unscaled zero-point energy (ZPE) in kJ/mol.
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Fig. 3. Calculated structures of Li,C and Li, CT. Bond distances are given in A and bond angles in degrees.

in which the C or O attracts charge until its octet is filled.
This description is strongly supported by the discontinu-
ities in the IP observed at n = 10, 22, and 42, for Li,, O, and
at n =24 and 44 for Li, C [14—16]. These steps are consis-
tent with cluster shell model descriptions if one assumes
that O “localizes” two and four Li atoms in a “molecular
part”. The remaining Li valence electrons are delocalized
in the “metallic part” of the cluster.

Due to this highly ionic character, Li,,C clusters from
n =5 or more appear to violate the octet rule: five, six,
and even higher coordinations of C are found in Li,,C clus-
ters [3, 5]. However, after the C octet is filled, the remaining
valence electrons are involved in the Li-Li bonding. For the
size range considered in this paper, very small IPs were ob-
served for the C-doped clusters, in contrast to the slowly
decreasing trend for pure Li, from the atomic IP towards
the bulk work function [25].

In the following, the experimental results are compared
to the calculated structures and IPs for Li,C (n =2-38).
Although multicoordinated structures are also expected
for LigC and Li;oC [6], these species were not investigated
theoretically in the present study.

4.1 Li,C

It has been reported elsewhere that the carbene Li;C has
several states close in energy [26]. The lowest forms are the
angular A, (1) and the linear Y, (2) states (bold ara-
bic numbers refer to the structures shown in Fig. 3). At the
B3LYP/6-3114+G* level, the latter is favored by 0.25€V.
However, single-point CCSD(T)/6-311+G(2df) calcula-
tions reduced this difference (when the B3LYP ZPE cor-
rection is taken into account) to 0.05€eV. Charge analysis
following Bader s Atoms in Molecules (AIM) method [27]
gave a higher negative charge for C in the 32; state than
in the A, state (—1.68 vs. —1.48). Since the Li-Li dis-
tance is 2.731 A in the angular form, this difference in ionic
character is due to the presence of some degree of bonding
between Li atoms (AIM bond order is only 0.086). Other
states studied at the B3LYP level are higher in energy and
not relevant for our experiments.

The vIP at the B3LYP level were computed to be
5.39eV and 5.096V for the 3A; — %A, and 3Eg’ — 4y7
transitions, respectively. CCSD(T) single-point calcula-
tions gave lower values (5.06 and 4.54eV). The latter is
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in excellent agreement with experiment and supports 3Eg_
as the preferred state of the Li;C carbene. (MP4/ and
PMP4/6-311+G(2df) calculations yielded lower values, al-
though they were slightly higher after spin projection; see
Table 1.)

We found three linear states for the ionized carbene
Li;C™: the 43 quartet (3) and the two doublets, 21, (4)
and 237, (5) which are 0.58 and 0.67 eV above the quar-
tet form respectively. Charge analysis of the quartet state
revealed its highly ionic character (the C charge is —0.87).
Consequently, the electrostatic repulsion between the pos-
itively charged Li atoms is larger than in the neutral case.
This favors the linear geometry of the cation. The calcu-
lated B3LYP alP is 5.05 €V, close to the vIP.

4.2 LisC

The substoichiometric LisC and LisCt molecules have
been computed previously, first by Chandrasekhar et
al. [8,28]. Our B3LYP calculations also gave a trigonal
structure with Dgj;, symmetry (6) for the lowest state
(?AY) of the LizC radical. The computed vIP, 4.55¢V at
the B3LYP level, is in rather good agreement with our
4.22(30) eV experimental IP and the value previously re-
ported by Wu and Thle (4.6(3) €V) [29]. These all are lower
than Kudo s (5.3(3) €V) [30]. Unrestricted CCSD(T) and
MP4SDTQ calculations gave 4.33 and 3.82 €V respectively.
While the coupled cluster calculations on LisC suffered
from strong spin contamination of the reference wave
function, the values obtained after spin projection, e.g.,
4.14eV (PMP4SDTQ), again are in good agreement with
experiment.

The Li3C* cation has a triplet (3B;) state with Ca,
symmetry (7) due to Jahn—Teller distortion. Frequency an-
alysis shows the other triplet Ca, (*Az) form (8) reported
in [28] to be a first-order transition structure between the
3B; forms, only sligthly higher in energy (0.007 eV without
ZPE correction). The wave function of the cation is a mix-
ing of these two states at the neutral geometry employed
for the vIP computation. The B3LYP-calculated alP is
lower than the vIP (4.36 vs. 4.55¢€V) due to the significant
Li—C bond lengthening that occurs in the transition to the
equilibrium structure of the cation.

4.3 Li,C

The LiyC molecule is known to have a tetrahedral struc-
ture (9) [3,4, 8] which can be considered as a C(4—) tetra-
anion surrounded by four positively charged Li atoms,
which form a metal cage. Several slopes are observed in
the PIE curve of LisC. A slow increase is observed from
about 3.5 eV, and two pronounced slopes start at 4.24 and
5.09 V. These values are very different from an IP reported
earlier by Kudo (8.2(3) eV) [30].

The lowest calculated vIP, 4.52e¢V at B3LYP/
6-311+G*, is very close to the second experimental value
(4.24(20) eV). MP4SDTQ/6-3114+G(2df) single points
gave somewhat higher values of 5.05eV or 4.97¢eV with
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spin projection!. Since the stability of wave functions was
checked, these data should correspond to the first ioniza-
tion potential. A possible explanation for the 3.57(20) eV
may be the photofragmentation of larger clusters, rather
than direct photoionization. However, this process seems
not to be easy, since Li;C and Li;C* bind Li with an en-
ergy of 1.80 and 2.21 €V, respectively. Binding energies of
small lithium clusters (Liy to Lis) are even greater. We
frankly do not yet have a clear explanation for the origin
of the first slope. The slope at 5.09 eV could be due to the
existence of low-lying electronic states in Li;C™.

The preferred geometry of LiyC* is a Dog Jahn—Teller
distorted tetrahedron (10); this gives an aIP of 4.30 €V.

4.4 LisC

As mentioned above, Li5C is the smallest hyperlithiated
cluster [3,8]. The most stable geometry is a Cy, square
pyramid (11) in which the C atom is bound directly to five
Li atoms. Experimentally, Lis C shows only one slope in the
PIE curve, yielding an IP of 3.24(20) eV; this is lower than
the computed value (3.91€V).

The LisCT cation prefers a Ds), trigonal bipyramid
structure (14). The aIP (3.90 eV) is close to the vIP, since
there is no large change in geometry. These molecules
undergo fast pseudo-rotation processes, since the saddle
points (12) and (13) are only 0.008 and 0.017 €V (without
ZPE correction) above the corresponding minima.

The large decrease of the IP from LisC to Li5C is easy
to understand. A bonding electron in Li4C must be re-
moved from the central charged C(4—) atom, but for Li5C,
the electron is taken from a weakly bound orbital involv-
ing the external Li atoms. In contrast to traditional two-
center two-electron bonds, the “extra” electron in LisC can
be removed more easily, since it plays a minor role in the
bonding. The stability of Lis C is mainly due to the electro-
static attraction between positively charged Li and C(4—).
In fact, Li5C has the smallest IP of all the Li,, C clusters in-
vestigated. Metal-metal bonding is more important for the
stability of the larger clusters.

4.5 LigC

The LigC molecule [3,7,8,11,12,31, 32] has a remarkable
octahedral Oy, structure (15); the carbon is surrounded
by six Li atoms. This molecule is by far the most abun-
dant species observed in the experiment, so six appears to
be the preferred coordination number of polylithiated C.
The prominence of Li;C, which also is hexacoordinated,
provides additional evidence for the preference for this
coordination number in C-doped Li clusters. (See, how-
ever, [6]).

1 CISD calculations (which involve single and double exci-
tations from the reference determinant) on LisC and LisCt
do not show a significant multireference character for these
molecules, which should therefore be described reasonably well
by calculations based on one determinant.
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The experimental spectrum has two pronounced slopes
corresponding with IPs of 4.25(20) and 5.05(20) eV. The
value of 4.25€eV is the highest of all the hyperlithiated
monocarbide clusters, in agreement with the high ther-
modynamic stability of LigC. The computed vIP is low-
est for the 'A;; — ?Aj, transition (4.25€eV at B3LYP/
6-311+G*) and is in perfect agreement with the IP
deduced from the most pronounced slope in the PIE
curve (4.25 eV). We performed CIS/6-311+G* single-point
calculations [33] on the B3LYP geometry of the neutral
form in LigC™, showing the existence of an excited state
(whose density breaks molecular symmetry) at 1.40€V.
This may account for the second pronounced slope in the
spectrum.

As for LisC, some ionization probability is seen, start-
ing from about 3.5 eV. This low IP value is not reproduced
by theory (wave-function stability was checked). A possible
reason could be the fragmentation of larger clusters, which
is strongly supported by the thermodynamic stability of
LigC. In fact, LizC and LigC and their corresponding ions
have quite low fragmentation energies, as is shown by the
following dissociations:

Li;C — LigC+Li
Li;C+ — LigC++1Li

AHK = (.62 eV (60.0 kJ /mol)
AHK = 1.09 ¢V/(105.1 kJ /mol)
LisC — LigC+Li,  AHK = 0.69eV(66.8 kJ/mol)
LisCt — LigCT +Lis  AHK = 0.86 ¢V(83.5 kJ /mol)

The alP of LigC (4.25 V) is very close to the vIP, since only
a tiny increase in bond lengths is observed in LigC* (16)
with respect to the neutral form (15).

4.6 Li;C

The most stable form of the Li;C molecule is computed
to be a Csy structure (17) which results when one face
of the octahedral LigC is capped with another Li atom.
This structure is a minimum both for the neutral dou-
blet and the cationic singlet (18) states. Among higher
coordinated structures, we found a Cs, pentagonal bipyra-
mid (19) (a Jahn—Teller distortion of a Ds, pentagonal
bipyramid). For Li;CT, this form (20) has the full D5y
symmetry. These heptacoordinated forms are higher in en-
ergy by 0.39 and 0.52 eV for the neutral and the cationic
species, respectively.

The PIE curve has a well-defined slope, with a base-
line intercept at 3.69(10) eV. Our calculated vIP for the
Csy structure (17) is 3.78 eV, which is in good agreement
with experiment. The calculated vIP for the heptacoordi-
nated form (19) is somewhat higher: 3.97 €V. This can be
attributed to a larger increase in electrostatic repulsion be-
tween the positively charged Li atoms in the more compact
heptacoordinated form.

The calculated alIP is 3.78 €V, identical to the vIP. The
principal difference between the neutral and charged Cs,
forms is the decrease of bond lengths in the Li-capped face
and an increase in distances in the opposite face. Hence,
the electronic density is removed mainly from the non-
capped face.
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4.7 LigC

Marsden et al. [5, 6] have proposed the most stable struc-
ture of LigC to be D3q (21), with a hexacoordinated car-
bon, and two faces of the octahedron capped by Li atoms.
Our calculations on this structure gave a vIP of 4.12¢€V.
As for Li;C, there are only small changes in geometry be-
tween the neutral and cationic forms (22); the computed
alP is 4.07eV. The vIP value is quite different from ex-
periment (3.53(20) eV). The existence of other LigC iso-
mers or LigCT states cannot be excluded, although Mars-
den’s alternative Dog LigC form was appreciably higher in
energy [6].

5 Conclusions

We investigated the ionization potentials of C-doped Li
clusters experimentally, by threshold photoionization spec-
troscopy, and theoretically, by density functional theory.
In general, the quantitative agreement between the meas-
ured and calculated IPs is satisfactory, especially in view
of the expected systematic inaccuracy usually encountered
in the determination of the IPs from PIE curves. Further-
more, the appearance of several distinct slopes in the PIE
curves could be at least partially accounted for theoretic-
ally as transitions between excited neutral and ionic cluster
states. Finally, the high production yield for the hexaco-
ordinated and hypervalent clusters, LigC and Li;yC, which
is due to their high thermodynamic stability, should allow
future investigations of the optical absorption properties.
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