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Quantum chemical calculations were applied to investigate the electronic structure of mono-, di-, and tri-
lithiated triatomic germanium (Gki,) and their cationsn(= 0—3). Computations using a multiconfigurational
quasidegenerate perturbation approach (MCQDPT2) based on complete active space CASSCF wavefunctions,
MRMP2 and density functional theory reveal thatsGéhas a?A’ ground state with a doubletjuartet gap

of 24 kcal/mol. Geli, has a singlet ground state with a singlaiplet CA”—!A;) gap of 30 kcal/mol, and
Geiliz a doublet ground state with a doubtefuartet tA''—2A’") separation of 16 kcal/mol. The cation e

Li* has a*A' ground state, being 18 kcal/mol below t#€ state. The computed electron affinities for triatomic
germanium are EQ = 2.2 eV (experimental value is 2.23 eV), A= —2.5 eV, and Efy) = —5.9 eV, for

Ge™, Ge?, and Geg*, respectively, indicating that only the monoanion is stable with respect to electron
detachment, in such a way that 4&eis composed of GgLi* ions. An atoms in molecules (AIM) analysis
shows the absence of a 6&e—Li ring critical point in GelLi. An electron localization function (ELF) map

of GesLi supports the view that the Ge.i bond is predominantly ionic; however, a small covalent character
could be anticipated from the Laplacian at the—-&ebond critical point. The ionic picture of the Ge.i

bond is further supported by the natural bond orbital (NBO) results. The calculated Li affinity valuesfor Ge
is 2.17 eV, and the [i cation affinity value for Gg- amounts to 5.43 eV. The larger'Ltation affinity of

Ge;~ favors an electron transfer, resulting in a;@e ™" interaction.

1. Introduction separate class. There has been considerable interest on the
r properties of these compounds, by both theoretical and experi-
mental chemists alik¥.20The lithium atom in these compounds

clusterd? extends to the clusters of silicon and germanium and plays an important role and the characterization of the nature
is anticipated due to their possible role in surface growth process . N . .
b P 9 P of the C-Li bond is still a matter of intense deb&€ln this

and potential new applications in nanoelectronics. The presence”,

of the coordinative unsaturation and dangling bonds is expectedv!ew’ the interaction of germanium clusters with lithium, the

to be the main reason for the unusual physio-chemical propertiess"“pleSt metal atom, is an emerging subject for both experi-
ental and theoretical investigations. Recently, we reported a

shown by the gas-phase metal clusters. Experimental studiesgl”t iled i tigat the int ” £ lithi ith diatomi
on small germanium clusters started in 1954 whep cBssters etailed investigation on the intéraction of ithium wi latomic

containing two to eight atoms were first studied by K& germanium (Gg.* In the present work, we set out to pursue

large number of both experimenftal® and theoretical 18 the study investigating the electronic structure of lithium doped

studies were reported thereafter. Mass spectra, atomizationGe3 clusters based on oab initio MO and density functional

energies, photofragmentation, photoionization, photoelectron theqry computations. Some key ther.moche.m|cfal parameters are

spectroscopy, electronic gaps, ion mobility measurements, etc.,der'ved’ and the_ nature of the Eki bonding in Gelis is

... were the subject of the available experimental investigations. further characterized.

Knowledge about the structural identity of a cluster is important 5 \ethods of Calculation

as the cluster properties, specifically, cluster relative stability . ) . .

and associated electronic structure, inherently depend on them, ©OUr computations involve density functional theory (DFT)

Due to this, most theoretical investigations focused mainly on USing the popular B3LYP functional in conjunction with the

the geometries, dissociation energies, electronic structures, anc@'g,llfrfe(d’p) basis set. As a preliminary step, the geometry

electron affinities. Relatively little attention has been paid to optimizations were performe_d followed by the eyaluatlon of the

the properties of metal-doped Gelusters. vibrational freq_uency analysis at the afor_emennoned level. The
On the other hand, the unusual structure, bonding mechanism 2T computations were reconfirmed with the help of the ab

and reactions makes the organolithium compounds form a

The continuing interest in small elemental and molecula

initio molecular orbital (MO) theory, where a complete active

space SCF (CASSCF) method has been applied. Given the fact
* Corresponding author. E-mail: minh.nguyen@chem.kuleuven.be. that this method usually corrects for nondynamical or quaside-

Fax: 32-16-32 7992. generate correlation effects with in the active space, the
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TABLE 1: Calculated Total and Relative Energies of Neutral Geg and Its Mono-, Di-, and Trianions at the B3LYP/
6-3114++G(d,p), MRMP2/ECP,2 and MCQDPT2/ECP? Levels

total energy (rel energy) (kcal/mol)

molecule state leading electronic configuration. B3LYP CASSCF MRMP2 MCQDPT2
Ges 1A, .22 1b? 342 —6231.0117 (0) —10.9818 (0) —11.1454 (0) —11.1584 (0)
SAY 2kt 12, 3a?, 4at —6231.0109 (0.5) —10.9626 (12.1) —11.1544(5.6) —11.1304 (17.6)
Gey™ 27, ...2b?, 1h? 3a? 4a' —6231.0919 (0) —11.0220 (0) —11.2210 (0) —11.2251 (0)
B, .22 3a? 4al, 1t 1at —6231.0346 (35.9) —10.9676 (34.1) —11.1658(34.6) —11.1810 (27.7)
Ge? 1Ay ...3a2, 2b?, 4a2, 1b? —6231.0018 (0) —10.8995 (0) —11.1146 (0) —11.1167 (0)
DY 202, o, log? —6230.9844 (10.9) —10.8976 (1.2) —11.1072 (4.6) —11.0791 (23.6)
Ges~ S 208, I, 1, 3ot —6230.7822 (0) —10.6541 (0) —10.8793 (0) —10.8781 (0)
2B, ...3a%4a2, 2%, 12,20t —6230.7887{4.1) —10.6220(20.1) —10.8542(15.8) —10.8781(12.2)

aThe effective core potentials adopted here are LANL2DZdp ECP fo*Gke B3LYP total energy values are scaled by zero point energies
at the same level.

analysis at multiconfigurational level, using the multicon- Ge, Ge, Ge/ Ge,’
figurational quasidegenerate perturbation theory (MCQDFT2) Ca w'la g e w0V w

and the pOpUIar MRMFQZ method. The former method us- g a 2339 2,549 2462 2562 2578 2421 2.636 2.4782.407

ually provides corrected energies at second order for all states

N X ) o a 806 60.0 67.0 806 600 1800 385 1R800
included in the model space simultaneou@lfhroughout our
MCQDPT?2 analysis, an intruder state free technique has been GelLi GelLi
adopted using a small energy denominator shift value to correct ~ —

A’ ‘A ‘AT Af

the “intruder states” probler?.In view of the finding that the
LANL2DZdp basis set with an effective core potential (ECP)
is good enough for the description of the quasidegenerate state:
in the GelLin,2! we have used the same basis set in the present

a 2.641 2.593 2387 2491
b 2.387 2,437 2.280 2478
C 2.599 2.759 2.688 2.680

study. The electronic structure of lithiated clusters are discussed d 2715 2664 5244 4824

in the following sections and, as a final step, an “atoms in o 601 67.1 77.2 59.7
molecules” (AIM) and “electron localization function” (ELF)  Figure 1. Selected CASSCF/ECP geometrical parameters of the Ge
analysis has been performed to characterize thelGbond. (6,9), its anions, Ggi (7,10) and GelLi*(6,10), considered in some

All computations, reported hereafter, were performed using the Iower-ly_ing electronic states. Bond lengths are in angstrom and bond
Gaussian 03 GAMESS27 AIM2000,28 and TopMod?® suites angles in degree.

of programs. plane has been chosen as the plane perpendicular to the

molecular plane. Comparing with the ground electronic con-
figuration, we can conclude that during the singietplet

(a) Ge; and Its Anions. There has been considerable interest transition the electronic excitation is from the,2b the vacant
on triatomic germanium and its anions, whose ground electronic 4g orbital. The 4a MO is bonding and acquires certain
states are discussed in the most recent work of Xu &tRéast stabilization when the molecule undergoes the structural change

3. Results and Discussion

experimental and theoretical studiepredicted a'A; ground from bent to cyclic. In other words, the occupancy of the
state for the triatomic germanium, with a lower-lying triptét’ electron in this bonding MO facilitates the geometrical change.
state. In agreement with the previous theoretical and experi- At the CASSCF(6,9) level the calculated adiabatic excitation
mental results, we derived &, ground state for Ge In our energy is on the order of 12 kcal/mol, but the MRMP2 predicted

ab initio computations, in conjunction with a LANL2DZdp basis  a reversed state ordering. It has been demonstfateat special

set, the 28 core-electrons on each germanium atom are modeledare should be taken when dealing with the quasidegenerate
by an ECP. For the CASSCF computations, the 4s orbitals on electronic states, where the MRMP2 method often fails. The
each germanium atom were kept frozen, thus leading to a 6 MCQDPT2 method predicted the same state ordering as the
electrons in 9 orbitals active space, referred to hereafter asCASSCF(6,9) calculations with a closed-shell singlet ground
CASSCF(6,9). The total energies are tabulated in Table 1, andstate, and an energy difference of the order of 17 kcal/mol.
the geometrical parameters are illustrated in Figure 1. The Our previous computations on the interaction of diatomic
shape of the six active orbitals are illustrated in Figure 2 labeled germanium with lithium atoms indicated an electron transfer
underC,, symmetry. Total energy values computed using the to the Gg molecule?! Because of this obvious trend, it is,
two different perturbation approaches, MRMP2 and MCQDPTZ2, indeed, necessary to investigate the relative stability of the

are also listed in Table 1. The molecule exhibit€a closed- anions. Although many lower-lying doublet states have been
shell singlet as the ground state. The leading electronic predicted by DFT computations, our main interest was on the
configuration has been derived &s;:...(2k»)? (1by)? (3a)? on lowest-lying states of different spin manifolds. In the case of

the basis of CASSCF(6,9) computations. We were able to locatethe Ge~ monoanion, in agreement with the past theoretical
a quasidegenerate triplet statd,’ (Dan), located at 0.5 kcal/  results, our computations predictec?A; (Cz,) ground state,

mol above the closed-shell ground stadfe at the B3LYP/ followed by a lower-lying quartetB, state. For the lowest-
6-311++G(d,p) level. The singlettriplet transition induces a  lying states the leading electronic configurations based on our
considerable change in geometry, the-@:e bond lengths are CASSCF(7,9) computation afé....(2)? (1by)? (3a)? (4a)!
increased by an amount of 0.2 A, and the-@&=e—Ge bond and*By:...(2ky)2 (3a)? (4a)! (1by)! (1&)L. During the doublet
angle is reduced by 20The leading electronic configuration, quartet transition, the electron is moved from the doubly
derived on the basis of our CASSCF(6,9) computatiofAis: occupied 1p MO to the vacant 1aMO. Both these MOs are
...(1)? (3a)? (2bp)! (4a). For comparison we have labeled sz-molecular orbitals, the former is a bonding MO, and the latter
the symmetry of the orbitals und€s,; here the first symmetry  has a certain antibonding character. The geometrical changes
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electrons in the degeneratg orbitals, which are having some
antibonding character and localized at the terminal germanium
atoms. During the singlettriplet excitation the 4pand la
orbitals become singly occupied which are the degenerate
7-MOs at linear geometry.

Subsequent addition of electrons leads to the formation of
the Geg®~ trianion which is having a lower-lyingZ, sate.
UB3LYP calculations predicted #B; (Cy,) ground state, but
our CASSCF(9,9) and multireference perturbation approaches
predicted a reverse in state ordering. MRMP2 and MCQDPT2
levels predicted a gap of 16 and 12 kcal/mol, respectively, and
a larger gap of 20 kcal/mol was predicted by CASSCF(9,9). In
the case of th€.,, symmetric*, state, the unpaired electrons
occupy the degeneraterd and the 3, MOs. The quartet state
is expected to be derived from the triplet state of the?Ge
dianion, by the electron addition to the vacant, 810. In the
case of théB; state C»,), the leading electronic configuration
is similar to that of the dianion and the added electron occupies
the 2k 7-MO. The electron affinities of triatomic germanium
were calculated from the B3LYP energies using the following
expressions:

EA4 = E(Ge) — E(Ge;) (1)
EA; = E(Ge,) — E(Ge/) 2)
EAs = E(Ge/) — E(Ge,™) (3)

; The obtained values are pf= 2.2 eV, EAz) = —2.5 eV, and
Figure 2. Shape of the nine natural orbitals of thesGed its anions =A@ = 5.9 €V. The computed electron affinity value forGGe
selected for the CASSCF computations. is in agreement with the experimental value of 2.23%&Vhus,
the EAyy value is positive and both EAand EAg) are negative,

are significant during the doubletjuartet excitation, as the Ge suggesting that only the Ge monanion is apparently stable
Ge bond lengths are increased by an amount of 0.1 A and thewith respect to electron detachment.
bond angle opened by an amount of°13his could be (b) GesLi. We have applied the same methodologies to in-
anticipated because of the occupancy of the unpaired electronvestigate the interaction of lithium atoms with triatomic germ-
in 1a MO, which has certain antibonding character. The B3LYP anium. Preliminary geometric optimizations were performed
functional predicted a doubtetjuartet gap of 36 kcal/mol,  with Gaussian 03 suites of programs at the B3LYP level using
which is comparable with the CASSCF(7,9) value of 34 kcal/ the unrestricted formalism in conjunction with 6-311G(d,p)
mol. The multireference perturbation approaches gave relatively basis set. CASSCF and multireference perturbation computations
comparable values, MRMP2 predicting 34.6 kcal/mol and a were subsequently performed on these optimized geometries,
smaller gap of 28 kcal/mol by MCQDPT2. but here we used the LANL2DZdp basis set. For the CASSCF

For the Gg?~ dianion we were able to locate a closed shell optimizations the 4s orbitals of germanium atoms and 1s orbital
lowest-lying state witDs, symmetry {A;'). The lowest-lying of the lithium atoms were kept frozen. The active 10 orbitals
triplet state, however, prefers a linear geomef3y(). The include 4p orbitals of the three germanium atoms and the 2s
UB3LYP method gave an energy difference of 11 kcal/mol but orbital of lithium atoms, incorporating 7 electrons, referred to
much smaller energy differences of the order of 1.2 kcal/mol hereafter as CASSCF(7,10). Selected geometrical parameters
and 4.6 kcal/mol were derived from CASSCF(8,9) and MRMP2 for the doublet and quartet states of the neutral molecule are
methods, respectively. The MCQDPT2 method predicted a large depicted in Figure 1, and the shapes of the 10 natural orbitals
singlet-triplet gap of 23.6 kcal/mol. It could be noted that the are illustrated in Figure 3, labeled und€g symmetry, and
MCQDPT2 method often gives a large gap when the geometriesinclude the 7 aand 3 & orbitals.
of the electronic states differ considerably from each other. In The lowest-lying electronic state of the lithium doped
other words, in this case, the state averaging made by thetriatomic germanium was found to FA’. A nonsymmetric
CASSCF wavefunction is poorly balanced such that the second-quartet state’A, was located and is being energetically 24 kcal/
order perturbation theory cannot fully recover the corresponding mol above?A’. At the CASSCF(7,10) level an energy gap of
correlation. The only choice left is to increase the active space 28 kcal/mol was estimated with the doublet ground state. The
and to obtain a better state-averaged CASSCF wavefunction.difference in both doublet and quartet state geometries is large,
Therefore, in the present case, we consider the value of 4.6 kcalfirrespective of the fact that the elongation and shortening of
mol suggested by the MRMP2 method as a better result for the Ge—Ge bond distances are by small amounts. In the quartet
energy separation. state, the lithium atom occupies the apex of thg @Get. Other

The leading electronic configurations of the singlet and triplet differences include the Geil.i distance, which turns out to be
states are included in Table 1; for the sake of comparison, theincreased by an amount of 0.16 A and the 6&k2-Ge3 angle
MOs of the singlet state are labeled under @gpoint group. changes by 7 The leading electronic configuration of the lower-
The 324~ state results from the occupancy of the unpaired lying electronic states along with the total energies at different
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gap of 18 kcal/mol predicted by the MCQDPT2 method is a
more reliable result.

Examination of the CI coefficients suggests a predominant
electronic configuration, *A':...(5d)2 (6d)? (1d')? and
SA"...(58)% (6d)! (1d")? (7d)™. It is clear that the singlettriplet
transition accompanies an electronic jump from the filletl 6a
MO to the vacant 7aMO of A’. Both MOs are ofr type and
the geometrical change during the transition is apparent and is
due to the bonding interaction of the' MO, which facilitates
a cyclic geometry. An energy difference of 151.2 kcal/mol has
been calculated between the ground states of the neutral and
the cation, indicating an ionization energy of IE¢G® = 6.6
eV, which is small compared to that of 7.8 eV of {3leut closer
to that of 5.39 eV for the lithium atom. A similar trend was
observed for the interaction of lithium atoms with diatomic
germaniun?! Due to its presence, attachment of lithium tends
to lower the IE of the doped cluster and thereby facilitates the
electron removal.

(c) Gesliz and Gesli 3. Progressive addition of lithium atoms
to GelLi yields GeiLi, and GeLis. For the MO computations
of GesLi, an 8-electrons-in-11-orbitals active space has been
chosen, referred to hereafter as CASSCF(8,11). The aforemen-
tioned active space includes the 4p orbitals of germanium atoms
and the 2s orbitals of lithium atoms. The 4s orbitals of
germanium atoms and the 1s orbital of lithium is kept frozen,
and the 28 core electrons of germanium atoms has been modeled

10a’

_ _ 6_3' _ _ using an effective core potential. Optimized geometries and
Figure 3. Shape of the ten natural qrbltals of thesGeand its cation selected geometrical parameters of the two lower-lying elec-
selected for the CASSCF computations. tronic states of the neutral @a, are illustrated in Figure 4,

whereas the total and releative energies at different levels and
éhe leading electronic configurations based on the CASSCF-
(8,11) computations are listed in Table 2. Preliminary geometry

levels is depicted in Table 2. In th#\ state, the unpaired
electrons occupy the MOs 7a, 8a, and 9a, which have the sam
shape as 3a7d, and 24 MOs labeled unde€Cs symmetry. A
Thepdoublefquartet excitation results from the p);omotio{l of optlmlzat_|ons were performed at the_ DFT level, andCa
the electron from the filled 3ato the vacant 2a MO. The symmetric ground state_has been derived for_tthQe ]
multireference method MRMP2 gave a smaller gap of 24 kcal/ ~ The Cz, closed-shell singlet ground staté,, lies energeti-
mol, and the MCQDPT?2 predicted a much larger gap of 46.7 cally 30 kcal/mol below the tripletA” state Cs) at the B3LYP/
kcal/mol. Again, this large energy difference could be due to 6-311++G(d,p) level. CASSCF(8,11) calculations predicted an
the large difference in the doubtetjuartet geometries, and the ~ €nergy gap of 33 kcal/mol, the MRMP2 method suggested a
inadequacies of the state-averaged CASSCF wavefunction. Asgap of 30 kcal/mol, but the MCQDPT2 method results in a larger
demonstrated earlier in the case of;Gadianion, in such cases, ~9ap of 43 kcal/mol. A closer examination of the singlet and
caution must be taken while comparing the MCQDPT2 results. triplet geometries suggests a large geometrical difference, in
Removal of an electron from the g_éleads to the formation the latter the lithium atoms are situated above and below the
of GesLi* cation, which has a closed shell singlet ground state. plane of the molecule. As stated earlier, when there is a large
Here, the lithium atom connects to one of the terminal difference in geometries the relative energy values suggested
germanium atoms of Gmnlt and Structura”y falls und&:S by MCQDPTZ should be handled with caution. Therefore, in
Symmetry’ and the electronic state is assignewO On the this case, we consider the MRMP2 energy difference value as
basis of our CASSCF(6,10) computations, we were able to more reliable, and the singtetriplet energy gap could be
derive a |0\Nest_|ying tr|p|et StatéA', Wlth the same Symmetry_ predicted to be Of the Ol’der Of 30 kcallmol. Cl Coefﬂcients
The singlet-triplet gap is estimated to 1 kcal/mol at the Suggest that these two states have the following leading
UBS3LYP/6-311+G(d,p) level, but CASSCF(6,10) computa-  €lectronic configurationsiAs:...(4a)* (3b,)? (5a,)? (1by)* and
tions predicted a larger gap of 11 kcal/mol. Computations *A":...(5&)? (2&')? (6a)? (3a') (7&)".
of electronic states having multiconfigurational character de- Removal of an electron from the & leads to the formation
mands an appropriate evaluation of the dynamic correlation of the cation, GeLi,™ which possesses a doublet ground state
energy. In this case, the MRMP2 method predicted a reversed?A;, whose geometry is relatively similar to that of the neutral
state ordering with a singletriplet gap of—3.5 kcal/mol and ground state. The leading electronic configuration based on the
the MCQDPT2 computations were in agreement with the CASSCF(7,11) computation #\;:...(4a)? (3b)? (1by)? (5a)™.
CASSCF(6,10) computation and suggested a gap of 18 kcal/Comparison with the ground state electronic configuration of
mol. The separate application of the perturbative treatementsthe neutral molecule enables us to conclude that the removal
to quasidegenerate electronic states can sometimes lead to af the electron occurs from the filled 5®IO, which is ao-type
reverse in state ordering, where often a root flipping occurs, or orbital. A lowest-lying quartet stattA” has been derived on
the perturbation series diverges due to the existence of intruderthe basis of DFT computations and is confirmed by MO
states® It has been proven that in these cases, MCQDPT2 methods. A doubletquartet gap of 27 kcal/mol is predicted
computations are more effective when an intruder-state-free by DFT, CASSCF(7,11), and MRMP2 methods. Again, the
technique is used. Therefore, in this case, the singtgtlet MCQDPT2 energy difference of 53.5 kcal/mol is large and not
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TABLE 2: Calculated Total and Relative Energies of Mono-, Di- and Tri- Lithiated Triatomic Germanium and Its Cations at
B3LYP/6-311++G(d,p) and MCQDPT2/ECP? Level

total energy (rel energy) (kcal/mol)

molecule state leading electronic configuration B3LYP CASSCF MRMP2 MCQDPT2
Geli A ...5d?, 64?2, 1d'?, 7d* —6238.5800 (0) —18.4660 (0) —18.6602 (0) —18.6684 (0)
A ...5&, 62, 74, 84, 94 —6238.5408 (24.6) —18.4212(28.1) —18.6223(23.8) —18.5939 (46.7)
GeiLi* A ...5d, 642, 1d'? —6238.3391 (0) —18.2644 (0) —18.4236 (0) —18.4301 (0)
3A .52 6dl, 14’2, 74! —6238.3375 (1.0) —18.2472(10.8) —18.4292 (-3.5) —18.4012 (18.1)
Gesli, 1A, ...4a2, 3b2 5a2 1b? —6246.1628 (0) —25.9782 (0) —26.1752 (0) —26.1834 (0)
SA" (D) ...5d2 2d'% 6d?, 34", 7d* —6246.1162 (29.2) —25.9257 (32.9) —26.1276(29.9) —26.1149 (42.9)
GelLiz" °Aq ...4a2,3b? 12 5at —6245.9335 (0) —25.7678 (0) —25.9568 (0) —25.9678 (0)
A" (Cy) ...bd?, 2d'2, 6d?, 3d'L, 74! —6245.8894 (27.7) —25.7252 (26.7) —250.9146 (26.5) —25.8826 (53.5)
Gelis 2N ...3d'?, 5d?, 6d?, 742, 84d* —6253.6912 (0) —33.4289 (0) —33.6346 (0) —33.6407 (0)
A" ..2d'2, 642, 7d?, 3d'%, 4d't, 8d* —6253.6559 (22.2) —33.3808 (30.2) —33.6088 (16.2) —33.5618 (49.5)
Geilisz" Ay ...5a? 3b? 6a? 1b? —6253.5402 (0) —33.3078 (0) —33.4949 (0) —33.5065 (0)
A" ~3d'2, 542, 6d2, 4d'L, 74* —6253.4820 (36.5) —33.2371(44.4) —33.4451(31.2) —33.4252(51.0)

2The effective core potentials adopted here are LANL2DZdp ECP for Ge. The LANL2DZ basis set is implemented for lithiun? &twms.
B3LYP total energy values are scaled by zero point energies at the same level.

located 36 kcal/mol above the singlet (B3LYP). A relatively
larger energy gap of 44 kcal/mol has been predicted by the
CASSCF(8,12) computation, whereas MRMP2 predicted a lower
gap of 31 kcal/mol. The singlet and triplet state differ much
from each other in their geometries. Pd,, all three lithium
atoms are in the plane surrounding the cyclig Geit, whereas
in the A" state one lithium atom occupies the apex position.
Due to this fact, the large MCQDPT2 value is not a reasonable
one compared to the MRMP2 gap. The leading electronic
configurations for the two states a;: ...(5a)? (3b)? (6a)?
(1by)2 andB3A’": ...(3d)? (5d)? (6d)? (4d")t (7d).

On the basis of the total energies, we were able to calculate
the Li* cation affinity (denoted as [FA) of Ges™ and the lithium
affinity (LiA) of Ges using the following equations:

Li"A(Ge, ) = —[E(GelLi) — {E(Ge, ) + ELI ")} (4)

LIA(Ge,) = —[E(Ge,Li) — {E(Ge) + E(Li)}]  (5)

(C) A" (C)'A" The lithium affinity could be considered as a measure of the
degree of stabilization attained by the molecule upon lithiation.
Figure 4. Selected CASSCF/ECP geometrical parameters eLige According to the pr(f.';enF definition, a pOSItIVQ lithium ‘?ﬁ'“_'ty
(8.11) and Gelis (9,12) considered in some lower-lying electronic correspo.n.ds to stabilization, whereas a negative value |.nd|cates
states. Bond lengths are in angstroms and bond angles in degrees. @ destabilization. In the present case, the calculatéctation
affinities are positive, suggesting that the doped molecule attains
reasonable, owing to the large difference in the geometries of certain stability upon lithiation. For Gethe calculated lithium
the considered electronic states. affinity value is 2.17 eV and, indeed, smaller than the ¢ation
Further lithiation on GgLi, yields GeLis, which is having a affinity of the Gg™ anion, which amounts to 5.43 eV. The large
doublet ground statéA’. Selected geometrical parameters of Li™ cation affinity of Gg~ thus favors an electron-transfer
the two lowest-lying states are shown in Figure 4 and the total resulting in a Gg Li ™ interaction. These values show the same
and relative energies at different levels are listed in Table 2. trend as in the case of @d.2! It is also important to consider
Addition of the third lithium prefers the apex of the triatomic the basis set superposition error (BSSE) for the computed lithium
germanium unit. A doubletquartet gap of 22 kcal/mol is  affinity values. In the present work, the aforementioned lithium
estimated on the basis of DFT computations, but a larger gapaffinity values are corrected for BSSE, measured using the
of 30 kcal/mol is predicted by the CASSCF(9,12) computations. counterpoise methodology.
The MRMP2 method predicted a small gap of 16 kcal/moland In summary, we have analyzed the electronic structure of
the MCQDPT2 predicted a larger gap of 50 kcal/mol. The mono-, di-, and trilithiated triatomic germanium on the basis
quartet state differs much from the lowest-lying doublet state of DFT and MO computations. The interest of the role of lithium
and is very similar to the quartéA” state of Geli,", where in stabilizing the molecule demands a further look at the
the two lithium atoms occupy the apex of aGmit and the problem. Here we adopted two different methodologies,
third lithium bridges two germanium atoms. The leading namely, the atoms in molecules (AIM) and electron localization
electronic configurations for the two states are derived to be function (ELF) analysis, on some systems to investigate the
2A":...(3d')? (5d)? (6d)? (7d)? (8d)t and“A'": ...(2&")2 (6d)? nature of Ge-Li bond. A parallel natural bond orbital (NBO)
(7d)? (3d")! (4d')* (84d)L computation was also performed and is discussed in the
Removal of an electron from the trilithiated species results following section.
in the GeLiz™ cation, and it exhibits a closed-shell singlet (d) Nature of the Ge—Li Bond. The AIM concept is a useful
ground statéA; (Cy,). A lowest-lying triplet?A"” state has been  tool providing valuable information about the structure and

Ge,Li, Ge,Li,
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Figure 5. Energy profile, for the bifurcation mechanism, as a function of the distance between lithium atom and-tBe Geometric center. The
top right corner represents the resolved structure of the conflict mechanism. The dotted lines indicate the ellipticity eLil#Ge critical point

at different distances.

bonding in molecule®33AIM has thus been used to investigate
the structure and bonding in traditional organolithium com-
pounds and even supports the ionic nature of thé.ibond 34
According to the AIM theory, a critical point (cp), where the
gradient of the electron density vanishes, holds chemical
information and allows us to define atoms and chemical bonds
within a molecule. The main questions that we considered here
were: (i) Is there a bond connecting the two germanium atoms
and lithium? Otherwise stated, is the lithium atom really bridging
the Gg molecule? (i) Ultimately, what is the nature of the-Ge
Li bond?

The wavefunction files used for the AIM analysis were
generated at the B3LYP level in conjunction with the 6-311G**
basis set using the GAMESS sulite of programs. Then, the critical

TABLE 3: Calculated Elipticity of Ge —Li Bond Critical
Points at Different Geometries, for the Potential Energy
Profile of the Bifurcation Mechanism

distance between the Li and

Ge—Ge geometric center (A) elipticity
1.5 1.146 0.356
1.6 2.561 0.373
1.62 3.604 0.378
1.63 4.693 0.380
1.64 7.417 0.383
1.645 12.509 0.384
minima 0.671

aValues corresponds to the bond critical points in the-Giebond
path.

points were located and the bond paths were plotted using thethe energy profile as a function of the distance between Li and

AIM2000 suite of programs. Interestingly, for ¢i& we were
not able to locate a GeGe—Li ring critical point, i.e., the part
of the molecular graph that bounds a ring surface. The molecular
graph of GeLi comprises four bond critical points (bcp), one
ring critical point (rcp) and four attractors, i.e., the nuclei (cf.
Figure 5 top right corner).

The ellipticity, a quantity defined as

=0y, —1) A=ip=<is

the Gel-Ge3 geometric center, generating the molecular graphs
at each point. At a distance of 1.5 A between the Li and the
Gel-Ge3 geometric center, there exists a rcp; at this geometry,
the lithium atom behaves as a bridging entity. Upon increasing
this distance, the rcp merges with one of the-Gebcps as
expected in a bifurcation mechanism (cf. Figure 5). This
bifurcation mechanism is different from the one observed in
GeLi where both of the GeLi bcps were found to merge with
the nearby rcp! At a distance of 1.65 A, the rcp annihilates
upon uniting with one of the GeLi beps. Interestingly, for Ge

wherey, 15, andis are the eigenvalues of the Hessian, measures Li this resulted in a conflict structure that was resolved by an
the behavior of the electron density at a given point, in the plane infinitesimal distortion of Li leading to the global minimum.
tangential to the interatomic surface. The ellipticity value ranges N the present system, the bifurcation mechanism appears
from zero to infinity and is widely regarded as a quantitative different in this respect. It is interesting to note the behavior of
index of thesr-character of the bond. The bcp connecting Gel the ellipticity of Ge-Li bcp (the one participating in the
and Ge3 atoms has an ellipticity value of 0.62, suggesting a annihilation) following the bifurcation mechanism. The relevant

certainsr-character to the GeidGe3 bond. This is in agreement

with MO calculations, where the leading electronic configuration

suggests a completely filled 180. The bcp between Ge and

Li lies close to the lithium atom and has an ellipticity of 0.67,

which is smaller compared to the value of 0.87 in G
Figure 5 (top right corner) represents a molecular graph of

GesLi. Any motion of Li close to the Ggunit will give rise to

a bifurcation mechanisi#:33To illustrate this point, we plotted

values are also plotted in Figure 5 using dotted lines and also
listed in Table 3 along with the ellipticities. At the geometric
energy minimum, the elipticity of the GeLi bcp becomes 0.67.

Analysis of the Ge-Li bcp is expected to provide more
information about the nature of the 6ki bond. With this goal
in mind, we evaluated the charge densijty)( Laplacian L),
and the ellipticity €) at the Ge-Li bcps in a series of relevant
compounds, and the results are summarized in Table 4. The
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TABLE 4: Charge Density (p,), Laplacian (L), and
Ellipticity ( €) Calculated at the Bond Critical Point between
Ge and Li Atoms in Different Molecules

ViGel, Ged)

charge density  Laplacian ofp ellipticity (€)
at bond critical  at bond critical  at bond critical

molecule point (on) point (Ly) point
Geli® 0.021 0.014 0.0
GelLi? 0.022 0.014 0.0 e
GelLig? 0.026 0.021 0.080
Geyli? 0.023 0.011 0.865
Geli? 0.022 0.015 0.663
Gelig? 0.022 0.019 0.744
Gesli 0.024 0.016 0.671 Sinh
Geili; 0.021 0.015 1.571

aValues taken from ref 21.

electron density Laplacian, measured at a bcp and defined as
Lo = V2puep Usually helps us to understand the nature of the
bond involved. Accordingly, a value df, < O indicates a
closed-shell interaction (i.e., the charge is predominantly
contracted toward each of the nuclei), whereas a positive value B
(Lp > 0) suggests a shared interaction (i.e., the electronic charge Ges
is concentrated in the internuclear region). According to the
above definition, ionic bonds, bonds in van der Waals molecules
and noble gas clusters are all closed interactions. In contrast,
covalent or polar bonds are shared interactions. In the former,
mostly, the electron density at the bond critical point will be
low, of the order of 102, whereas in the latter, it will be of the
order of 102,

Examination of the electron density values in compounds
ranging from Ge-Li to Gesliz suggests that they maintain
constant and lower values. In the case of-Geand Gelp, Ge;Li
the ellipticity values are found to be close to zero, indicating a Figure 6. Cut planes and ELF isosurfaces of£38e;”, and GeLi (7
certain o-type bond between the Ge and Li atoms. In the =0.6).
compounds ranging from Gla to Gesli», the ellipticity values
are larger, indicating certaim-character to the corresponding UB3LYP/6-31H-+G(d,p) level and the obtained results are
Ge—Li bond. Note that in the present system, the evaluated listed in Table 5 along with the data available in the literature.

ViGel, Ge2, Ged)

CiGel)

ViGel, Ge2, Ged)

electron density values are too low with small positiyevalues. A discussion on the ELF results for Ggl(n = 1—4), Ge,
This leads us to a conclusion that the-@e bond has a very the Ge™ anion, and Gg.i can be found elsewheré.In the
small covalent character. present work we focus mainly on the nature of the-Gebond

For additional insights, we performed ELF and NBO analyses in GesLi. The ELF isosurfaces and the cut planes forGes
on these molecules. The ELF is a simple measure of the electronanion, and Ggbi are illustrated in Figure 6.
localization in atomic and molecular systefA3he ELF values In the case of Gg our computations suggest the presence of
are always in a range of [0;1] and relatively large where the two V(Ge) basins, which could be regarded as the lone pair
electrons are unpaired or formed into pairs with antiparallel basins of germanium atoms, each having an electronic popula-
spins. The zero flux surfaces of the ELF separate the electrontion of 2.68 electrons. For the C(Ge) basins the electronic
density space into basin€2(), thus helping us define and population is computed to be 27.59 electrons. There also exist
calculate the properties of core, chemical bond, and lone Fairs. two V(Ge,Ge) basins each having an electronic population of
The corresponding basins are mainly classified into two types, 3.15 electrons, which is less than 4.27 electrons computed for
i.e., core and valence basins. Although the former are mainly the Ge system reported in the our previous wétWe were
located around the nuclei and always occur when the atomic also able to locate a trisynaptic basin V(Gel,Ge2,Ge3) with an
number is larger than 2, the latter are characterized by their electronic population of 1.58 electrons, indicating a certain
synaptic orders, i.e., the number of the core basins that share ahree-center bond between the germanium atoms. The ELF
common boundary surface with the valance basin. Monosynapticisosurface of Gg anion is quite different from the neutral
basins represent the lone pairs and the disynaptic basins belongounter part; here we were able to locate three V(Ge) basins,
to the covalent bonds. The integral of the electron density over i.e., the lone pair basins, with an electronic population of 2.91
Q; shows the population of the given basin. electrons each. This value is smaller than the one computed

The calculations were performed using the TopMod suites for the neutral conterpart but closer to the value of 3.05 electrons
of programs and the ELF isosurfaces were visualized using thecomputed for the Ge anion. The V(Ge,Ge) basin population
gOpenMOL softwaré® The ELF isosurfaces and their cut is reduced to 1.92 whereas the C(Ge) basin population
planes of Gg Ge;~ anion and Ggli are illustrated in Figure remains almost unchanged with respect to that of neutral Ge
6. The mean electronic populations computed for the basins Similar to the case of the neutral conterpart, we were also able
localized for each molecule are summarized in Table 6. The to locate two trisynaptic basins each having a population of 0.75
mean electronic populations of some model systems, from electrons.
previous computation®;3” are also included. Finally, for the The ELF picture of GgLi is almost similar in shape to that
sake of comparison we also performed an NBO analysis at theof the Gg~ anion. Accordingly, there are two trisynaptic basins,



4360 J. Phys. Chem. A, Vol. 111, No. 20, 2007 Gopakumar et al.

TABLE 5: Calculated Wiberg Indices (Wi) and NBO Charges of Various Germanium-Lithium Complexes at B3LYP/
6-311++G(d,p) Level

Wiberg indices Vi) NBO charges (au)
molecule GetGe2 Ge2-Ge3 Get-Ge3 Ge-Li Gel Ge2 Ge3 Li
GelLiP 0.24 —0.76 0.76
GeLi? 0.37 —1.54 0.77
GelLis?? 0.34 —-2.41 0.80
GelLiP 0.29 —3.37 0.84
GelLis° 0.25,0.5 —3.06 0.66, 0.41
GeLig 0.15 —3.65 0.61
Ge 1.73 0.77 1.73 —0.44 0.22 0.22
Gey™ 1.45 0.99 1.45 —0.46 -0.27 -0.27
Gesli 1.45 0.958 1.35 0.13 —-0.58 0.08 -0.33 0.84
Gesli, 1.33 1.45 1.33 0.12,0.11 —0.90 —0.39 —0.39 0.84
Geslis 0.844 0.843 1.865 0.11,0.14,0.12 —-0.57 —-1.26 —-0.57 0.82,0.76

a At B3LYP level this structure has two imaginary frequencies corresponding to the elongation of one oftheb@eds having magnitudes
28.3 and 19.8 cmt, respectively® Values taken from ref 21.

TABLE 6: Mean Electronic Populations Computed for Basins Localized in GeLj (n = 1—4) and GeLi

basins
molecule Cc(Ge) C(Li) V(Ge) V(Ge,Ge) V(Ge,Li) V(Ge,Ge,Li) V(Ge,Ge,Ge)
GelLiP 27.61 2.03 2.12 3.15
GeLi® 27.57 2.02 3.17
GelLig® 27.51 2.02 1.22
GelLiP 27.61 2.03 2.05
Ge 27.59 2.68 3.15 1.58
Ge;™ 27.58 2.91 1.92 0.75
GesLi 27.54 2.02 2.85 2.84 3.23 3.52 0.95

aSum of all core basins of G&Values taken from ref 21.

located above and below the plane of the molecule, each having (iv) The calculated electron affinities of diatomic germanium
an electronic population of 0.95 electrons. Note that this value amount to EAy = 2.2 eV, EAx= —2.5 eV, and Efg) = —5.9
is comparable to that of the same in thesGanion. A eV, and only Gg anion is likely to be stable with respect to
trisynaptic V(Ge,Ge,Li) basin was also located, having an electron detachment. The RAvalue compares well with the
electronic population of 3.52 electrons (the V(Ge,Li) basin has experimental result of 2.23 eV (ref 31).
also a similar population). Owing to the similarities of the shape  (v) The larger Li cation affinity value of Gg (compared
of the basins and the comparable electronic populationsga Ge to the lithium affinity value of Gg supports a GglLit
and Li" interaction could be anticipated. interaction.

In the case of Gg Wiberg indices indicate a bond order of (vi) The AIM approach reveals the absence of a-Ge—Li
1.45 between GeiGe2 and GetGe3, whereas it is 0.99 ring critical point.
between GetGe3. The bond index values are almost the same  (vii) The ELF and NBO analyses lead us to the conclusion
in GesLi; the Ge—Li bond index being 0.13, and smaller than that the Ge-Li bond is predominantly ionic.
that computed for Gi, suggesting a weak bond. In the case (viii) Our MO computations indicate that much caution must
of GesLi, and GeLis, we observed a similar order in bond index. be taken when using the MCQDPT2 method for the electronic
For GelLi, the computed NBO charges indicate a certain states that differ much from each other in their geometries.
negative charge on the germanium atoms and a positive charge We would anticipate that the design of alkali metal doped
on the lithium atom. Both the ELF and NBO results tend thus germanium clusters is an emerging subject for experimental

to support a certain ionic character of the-@ bond. Similar research and hope that the present computational results, along
trends are also observed in4E& and GeLis, where the NBO with our previous work on Gtin?' provide some useful
charge calculations point out an ionic picture of-Geé bond insights into the electronic structure of larger lithium doped
in both molecules. germanium clusters.
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In summary, we have analyzed the electronic structure of
mono-, di-, and trilithiated Ggand their cations. Our quantum
chemical computations allow the following conclusions to be
drawn.

(i) For GesLi, a doublet?A’ ground state is confirmed with

a doublet-quartet electronic gap of 24 kcal/mol (at the MRMP2/ (1) Jarrold, M. F.Sciencel991, 252 (5009), 1085. _
ECP level) (2) Raghavachari K.; Curtiss, L. A. IlQuantum mechanical electronic
. Do . . structure calculations with chemical accuracy995.
(i) The GelLi™ cation has a closed-shell singlet ground state, (3) Kohl, V. G.Z. Naturforsch. BL954 9A, 913.
and a singlettriplet gap of 18 kcal/mol is derived on the basis (4) Arnold, C. C.; Xu, C,; Burton, G. R.; Neumark, D. M. Chem.

of the MCQDPT2/ECP computations. Phys.1995 102, 6982.
. . . . (5) Burton, G. R.; Xu, C.; Arnold, C.; Neumark, D. M. Chem. Phys.
(iii) Density functional theory computations with (U)B3LYP 1996 104 2757. Burton, G. R.; Xu, C.: Neumark, D. Nurf. Re. Lett.

functional are in qualitative agreement with our MO results. 1996 3, 383.
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