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Structural optimizations and frequency analyses have been performed on ffeeaBe KGe
(n=3-10, m=2-4) Zintl anions and ionization potentials and electron affinities calculated for
KGe, using the density functional theofpFT) of Becke's three-parameter hybrid functional with

the Perdew/Wang 91 expression. The DFT results obtained for small cluste+5) are further
checked with both the second-order Mgller—Plesset perturbation ttd&?3) and the configuration
interaction calculations with all single and double substitutions from the Hartree—Fock reference
determinantCISD). Free Gé’ anions are found to share the same geometries as naked Zintl anions
observed in solids with a systematical expansion in bond lengths within about 5%. Intensive
searches indicate that two isomers, a tricapped trigonal priSgy)(and a slightly distorted
tricapped trigonal prism@,,), exist for G§~ and G¢ , while nido-Ge~ clearly favors the
monocapped antisquare prisi@,,) structure. HOMO-LUMO energy gaps2.23 eV are obtained

for G~ series at the DFT level, except g?ewhich has a much narrower energy gap of 1.16 eV.
The calculated Gibbs free energy change of GeGel" =2 Ge&  conversion reaction involving
nonagermanides has the value AfG°=—2.91x10° Jmol !, providing the first quantum
chemistry evidence that the geometrically deduced mixed valent coupleéﬁf F31:0) Gé’ in a
previous study is thermodynamically unstable compared to twé‘Gmions. The calculated
stabilization energies of Ge, Ge, , and Geg exhibit similar variation trends, clearly indicating a
maximum atn=7, a minimum ath=38, and an obvious recovery at=9 and 10. The calculated
normal vibrational frequencies reproduce the six observed Raman peaks of n%(edv'ﬂean
averaged discrepancy of 11 ch Face-capped or edge-capped deltahedral structures are predicted
for binary KGg, anions and KGgand K,Ge, neutrals. The magic numbers &5, 9, and 10
obtained in both stabilization energies and ionization potentials well reproduce the abundance
distributions of KGe observed in time-of-flight mass spectra. The validity of the Zintl-Klemm-—
Busmann principle in KGeand K,Ge, neutrals is supported by the finding that sizable electron
transfers from K atoms to Genuclei occur in these clusters and the ,Gauclei approach
corresponding structures of free cIosoﬁGeanions. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1482068

I. INTRODUCTION ions in condensed phases include the distorted trigonal bi-

The relationship between structures and stabilities ofYramid G_é (~Dan).? dlstor;ed. tricapped trigonal prism
homoatomic B~ and heteroatomic AE Zintl anions (E ~ (TTP) Ge§~ (~Dgp or ~Cp),” distorted G§ (~Cy, or
=Ge, Sn, Pb, AK, Na, Cs,n=3-10, andm=1-4) in ~C,) between the boundaries of TTP and the monocapped
condensed phases and that in gas phase has received condggtisquare prisntMASP),*~° slightly distorted MASP G§&
erable attention in the past two decadebGe,-containing (~Ca,),°> and the distorted bicapped antisquare prism
Zintl anions, which have the remarkable feature toward§BASP) G€; (~D,q).* Most of these naked G anions
formation in solids, in solutions, and in gas phase, are oexist as{A([2,2,2cryph]* (A=K,Na) salts and have the ac-
special interest for both fundamental and technological reatual site symmetry ofC,. In these complexes, 2,2,2-crypt
sons. To date, the structurally characterized nakefl Gan-  serves as complexing agent to encapsulate the alkali cations
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and to provide channels big enough to accommodaff Ge systematic density functional theory investigation or{'Ge
anions. G~ was first observed ifiNa([ 2,2,2]crypt)],Ge;, and AGeg anions and AGge and AGe, neutrals (n

but the attempt to determine its precise configuration failed=3-10; A=K, Na, Rb, C$. The DFT ground-state struc-
because Gg anions were found disordered in the crystal. tures and stabilization energies, electron affinities, ionization
The only octahedral Geunit with a D, symmetry obtained potentials, and vibrational frequencies of corresponding sys-
through another synthesizing route were identified intems are expected to serve as useful references for predicting
[GeG{Cr(CO)5}6]2‘.8 There have been no experimental ob-0r explaining future experimental observations of ,Ge
servations reported for éé and Gé’ to date, showing the containing systems. We compare our optimized structures of
high instabilities of these two anions. It is interesting to noteffee G with that of naked G&~ observed in solids, pre-
that Gg anions was proposed to exist as the mixed valenglict structural and electronic properties for AGanions and
system of G§ and G~ in [K-(2,2.2)-crypfls- Ge,Ge AGe, and A,Ge, neutrals, and describe the extent of electron
-(en), (x=2.5)23 This charge assignment based on theirtransfer from metal atoms A to the Geuclei. Naked G~
geometrical relationship to $n (C,,) and BHZ™ (D) @€ opti.mal systems.for a detailed DFT study for two rea-
has been challenged by recent discovery of similar com$Ons: First, these anions are stable only when IocaFed in big
plexes [K-(2,2,2)-cryplls- Ge,Gey- (en), (x=0.5,1.5), in channels created by special sequestering agentg 2ige2-
which the total negative charge ef6 was equally assigned C'YPtl which prevents electron transfer back to alkali cations
to two well separated paramagnetic gGeanions with  from the Gg anionic nuclei and they are therefore as close to

slightly different shape8.Except for singly charged Ge 'gas phase” as one can pOSSibIY come in condensed phases,
; ; gnd second, most clusters studied here, except Ghave

large HOMO-LUMO gaps and no unpaired electrons, mak-
ing the single configuration ground-state calculations good
approximations. This work is also a logical extension of our
previous DFT studies on Geand Ge,Si, microclusters>14

ported in gas phase so far for highly charged'Gevith m
=2. Singly charged binary anions AGeA=K, Na, and
Rb, n=5-13 were recently detected in TOF mass spec-
ggﬂitrghbzsf%ﬁsgi? i:) :\g\?vglrci:tue r:;(;ressv:tt:hﬁgz;z? from neutrqls and singly chargt_ad_ ions to highly charged an-
and trace KGg were observed in recent TOF mass spectrafonS and binary systems containing metal atoms.
but clusters withn=6 and 7 anch=2-4 were completely
absent. Applying the Zintl—Klemm—Busmann princi{fi¢o
these mixed anions, in other words, transferring shelec- 1. METHODOLOGY
tron from the more electropositive alkali metal atoms A to

the Gg cluster nuclei, the doubly charged Seanions re- . . . )
sult. Metal atom face-capped or edge-capﬁ:d structures apgrmed using thg densny funct|.onal theory of Becke's three-
possible low-energy geometries for these binary anions anarameter hybrid functional with the Perdew/Wang 91 ex-

the Gg nuclei in them are expected to approach the geomprGSSion(BSPW%' Frequency analyses at the optimized

: - " tructur r rri t at th me theoretical level t
etries of naked G . Unfortunately, the quantities of these structures are carried out at the same theoretical level to

. . larify if the optimized structures are true minima or transi-
cluster anions detected in gas phase are extremely smaﬁ

makina isolation and T ic studi Imost im on states on the potential energy surfaces of specific clus-
1aking 1sofation and Spectroscopic: studies aimos POSers. The choice of density functional method has been fully
sible at current stage.

Electroni lculati . lusters h b justified for Ge-containing systems for the reason that it is an
_ Electronic calculations on germanium CIUSters have beeqy, it tool and it includes the correlation effect which has
limited to Ge, neutrals and singly charged Geand Gé

115 _ been found necessary for germanium-related systems at rela-
ions: They are found to be typical covalent systems fol-

: \ tively low computational cost*314The initial structures of
lowing the prolate stack growth pattern of TTPdGibunits free G&' are taken either from the results for singly

in medium-size range. DFT calculations have indicated tha{:harged Gg published beford-1*!5or constructed accord-
small Gg anions with 21+1 skeletal electrongs.e) favor 15 the observed configurations in solfd€or arbitrarily
the49'8t0fted structures of cIosq-ﬁ;e(s.e._=2n+2_) ornido-  constructed to explore the configuration space more exten-
Ge, (s.e=2n+4), ie, a trigonal bipyramid for Ge  gjyely. For binary clusters AGe, AGe,, and AGe, (A=Li,
(D3p), a square bipyramid for Ge(D4p), a pentagonal bi-  Ng K, Rb, C3, the metal atoms are initially arranged at face-
pyramid for Gg (Dsp), a distorted face-capped pentagonal o edge-capping positions with certain symmetry constraints.
bipyramid for Gg (C; or ~Cs), a distorted MASP for G The initial structures are optimized with the basis of STO-3G
(Cy or ~Cy,), and a slightly distorted BASP for G&(C, or  first, and then fully optimized with the basis of 6-311(3(
~Cy,).*® For highly charged GE* with m=2, quantum which adds a single polarization function to 6-311G and re-
chemistry study has been limited to semiempirical extendedults in onef function for first transition row atom&l func-
Huckel molecular orbita[EHMO) calculations on GE~  tions are already present for the valence electrons in these
(m=2,3,4) and G§ .* atoms, via the Berny algorithm in theAussiAN '98 code®
Having briefly reviewed the research works already per-The basis set used for AGand A,Ge, neutrals with heavy
formed on Geg-related clusters above, we think a proper un-alkali metals(A=Na, K, Rb, Cs;n=5, 6) was the Los Ala-
derstanding based on strict electronic calculations ofmos National Laboratory setkanL) for effective core po-
Ge,-containing Zintl anions will be necessary to fill the gap tential (ECP of double€ type, namely, the LanL2DZ, which
between theory and experiments. We present in this work aonsists of a small core ECP witls and np orbitals in the

Structural optimizations in this work have been per-
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valance spac¥ Relativistic correlations for heavy atoms are o
considered in the ECP. Symmetry constraints are either re § & X @
duced or removed whenever imaginary frequencies are(a) @ 37

found. For example, planar rhombu34,), the ground-state
structure for both the Geneutral and Gg anioni**3 is

found unstable for Gﬁe’ with an imaginary frequency at . .
84i cm 1. The true ground-state structure ofGes found )
to be a butterfly D,4), which lies much lower in energy ~ 5

than both the rhombus and the tetrahedrdg) ( Concerning

spin multiplicities, we choose singlet states for systems
containing even number of electrons and doublet states fo 5%
systems with odd number of electrons, considering the fact i ¢
that only Gé’ has been found paramagnetic in EPR - j

experiment$®

G%}(Dah) Gﬁl_(pld) Ges"(Dy,) Geg " (Dyy)

e

Ge, (D) Geg” ()

= 4-
The procedure outlined above has been successfully ap Gey” D) Ges" (€ e N
plied to small Gg neutrals, Gg¢ and Gé singly charged
ions (N=10), and semiconductor binary clustergBA, (A, % 5 .
B=Si, Ge;n+m=10).1>1t is expected to produce reason- 3 ol /s
able results for GB~ anions m=2,3,4) and AGe, (I ®) 55 o

=1,2) binary neutrals and anions in the same size range, fo

which strict electronic calculations have been lacking. Im- Bl i Bl
portant low-energy structures at the DFT level are depicted : to X ’
in Fig. 1. These geometries have been confirmed to have n » o i
imaginary frequencies and therefore are true minima on po- ®
tential energy surfaces of specific clusters. To check the ef .

KGes (C) Ky Ges(Cr) KyGes(Cy)

fect of diffuse functions in basis sets, we compared the
6-311G(d) results shown in Fig. 1 with that of 6-311

.

& o/ \Ne
+G(d) basis which contains diffuse functions in the optimi-
zation processes for small naked anionss(7). Inclusion of 3
diffuse functions in the basis sets turned out to have little i .
KGeg (Cs,) K,Geg(D3g) KGeg (Cy)

influence on the optimized results at the DFT level. For ex-
ample, the 6-311 G(d) bond lengths obtained for @é
disagree with corresponding 6-311d}(values only after the
third decimals and both bases produce eventually the sam
vibrational frequencies as shown in Table II.

The DFT structures are further optimized employing the
second-order Mgller—Plesset perturbation thedMP2) FIG. 1. Some of the low-energy structures of homoatomif Ganions(a)
(Ref. 16 with the basis set of 6-311@I for Gq@l_ in small and singly-charged heteroatomic K{eanions and KGe, neutrals
size rangef=3-5). The reoptimized geometries are found ("=3-10) (®
to be quite close to the DFT ones. For example, the DFT

apical—equatorial §—€) bond lengthr,_ and equatorial— jigpjlity of DFT results obtained for bigger clusters are

equatorial €-e) bor.1d lengthre_ for Dy, G‘%_ are 2.54  checked by comparison with available experimental results.
and 2.75 A, respectively, close to corresponding MP2 values

of 2.57 and 2.76 A. Thq-ia—e/re—e ratio, which characterizes ||| ResuLTS AND DISCUSSIONS

the D 3,, geometry of Gé , equals 0.92 at the DFT level and

0.93 at MP2. To clarify the proper level of basis sets and®. Naked Zintl anions of the form Ge 7'~
electron correlation of DFT and MP2 methods, configuration(”=3_10* m=2-4)

interaction calculations with all single and double substitu-  closo- and nido-type structures are stable foﬁcwith
tions from the Hartree—Fock reference determinant have als§e=2n+2 and Gé’ with s.e=2n+ 4, respectively, while
been performed for small clusters with the inclusion of allGe, and Gé’ systems with 2+ 1 and 2+ 3 skeletal elec-
electrons(CISD(full }/6-31G.*® For G€~ at the CISD level, trons are expected to exist as variants between the two
lae=2.60 andr._.=2.86A, both slightly longer than boundaries. To clarify this intuitive expectation, we optimize
corresponding DFT values, however, the bond length ratiehe ground-state structuré8S9 of G&&~, Ge~, and G&~
la_e/Te_e~0.91 is kept almost the same as that of the DFTin this part first and compare them with available experimen-
value of 0.92. The calculated results indicate that the geotal results and DFT structures published before for
metrical shapes of the clusters checked are well maintaineGe, .***3*° Their calculated HOMO-LUMO energy gaps,

in these calculations though the structures may be expandedabilization energies, and the three strongest infrared vibra-
or compressed a little at different theoretical levels. The retional frequencies are listed in Table I.

KGey (C3,) KGeyq (C)
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TABLE |. The lowest-energy structures, HOMO-LUMO gafg,, (eV),
stabilization energieE g, (eV/atom), and the three strongest infrared active
vibration frequencies(cm ?) of free G¢'~ anions obtained at the

B3PW91-DFT/6-311Cq) level.

The three strongest IR

Properties of Ge™~ and KGe,, 609

torted from theT, tetrahedron. Fluxional behavior of $nh

in solution has been predictédnd a similar situation is ex-
pected for G§ . There have been no structural data from
experiments for Gﬁa‘ with n<4 to compare with theoretical
values.

Ce Symmety Sae o o frequencies Extensive calculations performed on closoiGat vari-
Gg Dg iAi 263 185 199%") ous levels of theories are summarized in Table II. Its GSS is
gé_ gz: 121 g;z g:gé 2?6?5)2,) 196(A) 107€") a trigonal bipyramid Djy), the same as that of Geand
cé- Dy Ay 322 2.96 21785,) Ge; . Remarkable is the increase of Fhe aplcal—aplgal dis-
Ge™ Dsp, ] 2.88 3.5 182(Ay) 222(E}) tancer,_, with the increase of negative chargesg., in-
Ge~ Can 'A; 234 3.02 2598,) 131(B,) 61(A,) creases from 3.11 for Ge3.63 for Gg to 3.96 A for G& .
Ge~ Ca, ‘A 223 321 1494) 184(A;) 103(By) The calculated ,_.=2.54 andr,_.=2.75 A are about 0.06

_ D3 1A,1, 2.23 321 148E") 184(A) 103(E,',) A longer than corresponding mean experimental values of
cg (D:S“ i’gz Hg ;Z: 2;;;9&2%&?2@% i) 2.48 and 2.69 A observed in (2,2,2-crypts. Gei~
Get Ci 1Ai 334 1.76 209) 217(A;) 135(52) (where G&~ exists as a distorted trigonal bipyramid with the
G€y Dag A, 298 3.27 1328,) 224(B,) 61(E,) actual site symmetry of,),? but the bond length ratios are

Ca ‘A, 298 327 1314,) 223(A,) 61(A) kept eventually the same in theory and experiment

(ra_e/Te_e~0.92), indicating that DFT Gg is actually an
expansion of its observed structure by about 2.4%. The
strong bonding in the—e direction and weaker bonding in

have isosceles triang|e§§v) as g|oba| minima, the GSS of the e—e direction are also confirmed by both the DFT Mul-
Geﬁf is an equilateral triangles;,) with a DFT bond liken overlap population oh—e/e—e=0.3217/0.0889 and
length of 2.48 A and a CISD bond length of 2.51 A. Con-the CISD value of 0.1508/0.0793. In view of molecular
flicting with both Gg and Gg which have planar rhombus orbital theory, the lowest unoccupied molecular orbital
(D,p,) GSS, the optimized GSS of Geis a butterfly 0,q)  (LUMO) a, of a Ge neutral at the DFT level is character-
with the Ge—Ge bond length of 2.47 A and Ge—Ge diagonalzed in the two apical atoms and filling extra electrons into
distance of 3.07 A at the DFT level, while correspondingthis orbital increases the static repulsion in the direction of
CISD values are 2.52 and 3.14 A, respectively. This structuréhe three-fold axis. The calculated net charges on the two
is 0.43 eV lower in energy than the planar rhombis,{)  apical atoms increase from0.09 for Gg, —0.22 for Gg ,
which is confirmed to be a first-order stationary point with anand finally, to —0.44 for Gef~, leading to an increased
imaginary frequency at 84m ! (Bs,). The trigonal pyra- ~ static repulsion between the two apical atoms and therefore
mid G&~ (Cj,) is a local minimum 2.05 eV higher in en- longera—a distances. Consequently, the ./r_ ratios for
ergy than the butterfly global minimum. When triply D3, GE&' series increase steadily from 0.75, 0.85 to 0.92
charged, the GSS obtained for doublet;Geemains as a With the increase of negative charges from+0, —1, to —2.
butterfly. Further increasing the negative charge-t4, a As expected from the electron counting role, clos¢Ge
perfect tetrahedronT(;) turned out to be the global mini- has the square bipyramid(,) as its GSS with the DFT
mum of G4~ with the bond length of 2.682 A. It is easy to bond length ofr, .~r. .=2.64 A, about 0.11 A longer
understand this structural evolution based upon the valend#an corresponding mean values of 2.54 and 2.52 A observed
electron counts of these @anionic units: G§ has 20sand  in Dy [Ge,{Cr(CO)s}s]%> .2 GE&~ shares the same geometry

p valence electrons to meet the requirement nfvalence as Gg (though a little expandedand has only one infrared
electrons for an electron-precisg &ystem and therefore fa- active vibration modeA,) located at 217 cmt. Similarly,
vors the perfect tetrahedron structuréy), while Gg, , Gé&~ possesses the pentagonal bipyraniid(, *A;) global
G€& , and G& belong to electron-deficiency systems andminimum with r,_,=2.77 A andr._,=2.54 A, again an
consequently possess structures with lower symmetries diglongated bipyramid structurédg,) compared to Geand

Different from the Geg neutral and Gg¢ anion which

TABLE II. The apical—equatorial r(,_.) and equatorial-equatoriat{ ) bond lengths(A), the Mulliken
overlap population (ap./op._.), and normal vibration frequencigsm 1) of Gé‘ at different theoretical
levels compared with corresponding experimental values for naked anions ifRefid.

Vibration frequency

Method lacelfe_e OPaelOpee A A; E A] E" E’
Experiment 2.48/2.69 269 201(190,185 (111,92
B3PW91/6-311Gdq) 2.54/2.75 0.2518/0.0112 260 259 195 191 174 106
B2PW91/6-31% G(d) 2.54/2.75 0.1515/0.0563 260 259 194 188 173 106
B3PW91/6-31% G(3df,2p) 2.53/2.75 0.3217/0.0889 260 259 195 188 174 105
CISD(FC)/6-31G 2.60/2.87 0.1508/0.079 244 246 190 193 157 106
CISD(FULL)/6-31G 2.60/2.86 0.1506/0.081

MP2/6-311G¢) 2.57/2.76  0.2918/0.002
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Ge, . The best structure we got for &eis a distorted biface ~corresponding DFT values as can be seen in the example of
capped octahedronCly,), similar to that of theC,, Ge; ~ G& listed in Table Il. With the CISEFC)/6-31+G(d)
neutral*3 method which contains diffuse functions in the basis, the

As mentioned in the Introduction, nonagermanidd'Ge optimized bond lengths obtained for £5eand G§~ are
anions (=2,3,4) have rich chemistries in solids and an2-478 and 2.465 A, respectively, very close to the DFT val-
unambiguous prove for the charge assignment @“Gmd ues shown in Fig. 1. We conclude that the theoretically op-
Ge™ is still in debate® This situation is simplified for free timized structures of free Ge are eventually expansions of
anions in gas phase. We have tried various kinds of initiaforresponding naked anions incorporated in solids and better
structures for G& . The optimized results indicate that the @greement can be achieved by systematically scaling the the-
regular TTP Dg,) with the prism height of 2.768 A has oretical structures. Concerning the long standing controversy
almost the same energy a<a, distorted MASP. The latter about the instability of anions within DFT, we think that, the
structure can also be viewed as a distorted TTP with on&greement of our DFT minima with that of more strict MP2
elongated prism height of 2.769 A and two slightly shorterand CISD methods for small Ganions =5), and, more
prism heights of 2.768 A. The two structures produce evenlmportantly, with available structures observed in solids in
tually the same vibration frequencies as can be seen froffi€ Size range ofi=5-10, has provided strong supportive
Table 1, further indicating that they are indistinguishable atévidence for the stabilities of our DFT minima. In addition, it
the current DFT level. Similarly, cgé' the only one para- is unlikely that artifacts of the finite size of the basis sets
magnetic anion with an unpaired electron, is found to havevithin DFT can produce a systematical agreement as that
two isomers with almost the same energy—a regular TTHchieved in this work.
(Dsp,) with the prism height of 2.958 A and a distorted TTP To clarify the controversy over the proposal that inde-
(C,,) which has one prism height of 2.956 A and two Pendent G§ and G§ coexist in one crystal unftwe con-
slightly elongated prism heights of 2.959 A. 336 a typical sider the energy balance in the following reaction:
2n+4 system, clgarly favors théflv MASP nido-type struc- G%_ +Ge~ =ZG£_ ,
ture over aC,, distorted MASP in total energy. The calcu-
lated bond lengths between capping atoms and the rectangwhere at the DFT level with the inclusion of zero-point
lar apical atoms are 2.61 A in TTP e, close to the correction, AE°=-293, AH°=-293, and AG°
averaged experimental value of 2.56 A, while the DFT bond= —291 kJmof . The huge negative values AfE°, AH®,
length of 2.80 A in the triangular planes perpendicular to theand AG® clearly indicate that, when two independent,Ge
threefold axis is 0.13 A longer than the corresponding averanions with a total charge 6f6 coexist in one system, there
aged experimental value of 2.67 *AFor G, our opti-  would be a strong tendency to form two $eanions instead
mizedC,, structure agrees well with its measured structureof the mixed valent couple of @é and Gé_ . As an oxi-
For example, at the DFT levelr, ,=2.64 andr..  dizing agent, G& would be very unstable to coexist with a
=2.65 A, close to the averaged experimental values of 2.56trong reducing agent Ge. Similar conversion is expected
and 2.60 A, respectively. There are several observed variante exist in condensed phases. IfiGeand G§~ coexisted in
for G& in different salt<'~® In our DFT C,, G&~, the  one structural unit, there would be an effective electron
three calculated prism heights are 2.956, 2.959, and 2.959 Aransfer between them, resulting in two&;eanions. So our
respectively, qualitatively agreeing with the $3eunit incor-  calculation provides the first quantum chemistry evidence
porated in K-crypt];Gey which has one shorter prism height that the mixed valent couple of @.‘e and Gé‘ proposed for
of 2.868 A and two elongated prism heights of 3.154 andcrystal [K-(2,22)-crypfls.Ge,Gey.(en) (x=2.5) may
3.324 A® The mean bond length in the triangles perpendicu-have been converted into two @eanions automatically un-
lar to the threefold prism axis is 2.756 A, about 0.10 A der equilibrium condition. In addition, it is hard to explain in
longer than the averaged observed value of 2.657 A. experiments why K-(2,2,2)-crypfls. GeyGey.(en), (x=0.5

The distorted bicapped antisquare prism structureand 1.5 complexes consist of two separated paramagnetic
(~Dy,q) of decagermanide C%@ was resolved from a G%’ anions confirmed by EPR measurements, while
1/3:2/3 disorder of the aniofsOur calculated 44 Gég has [K-(2,2,2)-crypfls.GeyGey.(en), 5, which differs from the
ana—e distance of 2.63 A, ae—e distance of 2.85 A, and a former two only in the numbers of solvent molecules, pos-
bond length betweea—e’ atoms in different planes of 2.59 sesses a charge disproportionation of Gand G§ . Ge3~
A, close to the corresponding averaged experimental valuesnions are strongly favored in energy over the mixed valent
of 2.56, 2.85, and 2.52 A, respectively. The relatively largesystem of Gé‘ and Gé‘ and the solvent effect is very
bond length discrepancy between theory and experiment fainlikely to reverse this conversion reaction. The two well-
Gég is acceptable considering the fact that some of theseparated naked Ganionic units in one crystal may well be
interatomic distances could not be accurately determined itwo Gé’ anions with different shapes rather than carrying
experiment due to the disorder of fgeanions in solid$. different charges. For the same reason, it is expected that all

It is obvious from the discussion above that the opti-the Gg anions in different complexes labeled as 1a, 1b, 2a,
mized DFT G&~ free anions possess geometries in agreezb, and 2c in Ref. 6 are (3@ anions with slightly different
ment with that of the naked Gé anions observed in experi- shapes. Various evidences discussed above indicate that the
ments and have longer bond lengths within about 5% thastructures of GE~ anions can not be expected to be rigid in
their counterparts incorporated in solids in most cases. MP2ondensed phases and very likely the relatively Iargé’Ge
and CISD bond lengths are found systematically longer thaanions behavior fluxionally in condensed phases, similar to
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FIG. 2. The frontier-orbital energy levels of g&e(Dj,), G&~ (D3, and
Cu,), GE&™ (Cy,), and G&; (D4g andCy,).

eigenvalues have rigorous physical meaning within the DFT
schemé/~1°

the fluxional behavior of S observed in NMR The stabilization energies of e (n=4-10) are de-
measurements.In such cases, the theoretically optimized picted and compared with that of Gand Ge in Fig. 3.
structures of free anions under idealized condition will servesimijjar variation trends exist for these clusters in gas phase.
as useful reference geometries in identifying and charactefrhe stabilities of the anions increase quickly froms 4 to
izing these anions in future experiments. - B n=5 and exhibit a clear maximum at=7 and a recovery at

AThe DFT frontier orbital energy levels of Ge, Gg ~n=9 and 10, while the Geunits exist as clear local minima
Ge , and G¢, are displayed in Fig. 2 and corresponding in all the three cases. The high stabilities of,@ed Ge, are
HOMO-LUMO energy gapsE,, listed in Table I. When in accordance with the experimental observation that
compared with available EHMO results and experimentainedium-sized Geclusters dissociate by losing Geinits in
values! the DFT energy gaps dEq,;=2.23 forDg, G&~  most cases and Gén some case2°
and 1.16 eV folC,, G@’ approximately double correspond- _ _ _
ing EHMO values of 0.9 and 0.4 eV, DF,,,=2.98 eV for  B- Free Zintl particles of the forms KGe ,, KGe,,,
D,y G€; is in the same order as that of the experimentaP"d K2G€n (1=3-10)
value 2.48 eV and the EHMO value 2.91 eV, while DFT K atoms in KGg , KGe,, and KGe, binary clusters act
Egap=3.34 forC,, Ge, is smaller than both the observed as electron donors and the nature of the partially ionic K-Ge
value 4.93 eV and the EHMO value 4.42 eV. The differencebonds depends primarily on the extent of electron transfer.
can be attributed to the fact that our DFT energy levels ar@ased on their optimized structures shown in Fig. 1, we dis-
calculated at the theoretically optimized structures while thesuss their structural relationships with free?Geanions and
EHMO calculations were based on experimental structuresompare their relative stabilities with experiments. The sta-
with averaged bond lengths. The, andC,, configurations bilization energies, HOMO-LUMO energy gaps, and the
of G&~ are confirmed to have very similar energy levels andpositive charges on K atoms in the KGanion and related
the same situation happens to thg; BASP Gé, and the electronic properties of KGeneutrals are summarized in
C,, distorted BASP Gg . It should be noted that the energy Table III.
gap 1.16 eV of Gg is about one-half of the gap values of When one K atom is added to a equilateral trianglg Ge
other anions which all havEy,=2.23 eV. When one elec- unit, a trigonal pyramid KGg (Cs,, *A;) with the K-Ge
tron is added to the LUMO&j) of a D3, TTP G§ char-  bond lengths of 3.24 A and Ge—Ge distances of 2.49 A is
acterized in the direction of the threefold axis, an open-shelformed. Sizable electron transfer from K to Ge occurs as
system Gé‘ is formed and the addition of the extra electron indicated by the calculated Mulliken chargesie®.362 on K
to the antibondin@j induces substantial changes to the mo-and —0.454 on Ge. With the introduction of two K atoms, a
lecular energy level distributiofsee Fig. 2and considerable trigonal bipyramid KGe; (D, *A;) neutral results with
prism height elongation from 2.77 A in @é to 2.96 A in  the charges on apical K atoms increased-®.643 and the
Gé’ . The extra electron splits the LUM@, of the D3, opposite charges on Ge atoms increased @429. The Gg
Gg into the HOMO a5 (@) and LUMO a; (B) of Dy, equilateral triangle maintained in,Ke; has thee—e bond
Ge;~ with the energy gap of 1.16 eV. The orbital energy length of 2.49 A, very close to corresponding value of 2.48
levels lower than the HOMO are raised substantially as ca in free G& .
be seen in Fig. 2, consequently decreasing the total stabili- Addition of one K atom to a butterfly Geproduces a
zation energy of the @é compared to G’p’ It should be distorted edge-capped butterfly K3¢Cg, *A’), in which
noted that the HOMO-LUMO energy gaps obtained above athe K atom moves slightly towards one three-membered face
the DFT level should be treated as relative quantities irwith two K—Ge bond lengths of 3.12 A and a longer one of
qualitative comparisons for the reason that only the HOMO3.79 A. Introducing one more K atom, a bi-edge capped
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TABLE IIl. The optimized ground-state symmetries, stabilization energiesprecise Sp tetrahedron geometry with 20 valence electrons.
Estan (€V/particld, HOMO-LUMO energy gap& ., (eV), and the Mulliken Structural optimization of KGg with n=8 proves to be
charges on K atoméPCs of KGe, , and the vertical ionization potentials  much more complicated and time consuming. A distorted
VIPs (eV), the energies of HOMO orbitas,ovo (€V), and adiabatic elec- face-capped antisquare prism € n ) is confirmed
tron affinities AEAs(eV) of KGe, (n=3-10). pp . _q P KGEC2 171

to have an imaginary frequency at 148n -. When the
KGe, Symmetry Eg,, Chargeson Eg, Epowo VIPS AEAs symmetry constraint is released, the lowest-energy structure
3 Ca, 298 40362 101 426 634 113 Obtainedfor KGg through a full structural optimization is a

4 C. 288 +0.467 147 451 622 151 distorted tricapped antitrigonal prism wity, symmetry, ly-
5 Cs 381 +0.497 189 487 658 1.90 ing 1.05 eV lower in energy than th@,, one and possesses
6 Ca 316  +0.587 165 457 639 200 the positive charge of0.585 on the K atom. KGe has a
7 C. 28 40642 148 407 558 157 tetracapped TTP global minimunC, , *A;) with the K—Ge
8 C, 370  +0583 234 468 606 217 . 317 A and th i h B.717 on K
9 C,, 425 +0717 195 488 633 328 dJiStanceors. and the positive charge+ed./1/7 on K,
10 C. 394 +0.692 233 501 635 264 butKGe neutral failed to converge with this geometry dur-

ing structural optimization. The best structure obtained for
KGey is a slightly distorted bi-face capped antisquare prism
(C,,,2B,). Adding one face-capping K atom to th2,q
butterfly K,Ge, with the symmetry ofC; results, which is BASP Gg, produces a face-capped distorted BASP Kfse
0.26 eV lower than th€,, bi-face capped butterfly structure (Cs,'A’) with the averaged K-Ge bond length of 3.24 A
in energy. TheD,q4 bi-edge capped butterfly Ge, isomer, and the positive charge 0f0.692 on the K atom. KGg
which appears very similar to th@, structure in shape with neutral has a similar optimum structur€, *A’). The Cs

four equal K—Ge bond lengths of 3.16 A, lies only 0.00036KGe, is confirmed to be about 0.84 eV lower in energy than
eV higher than th€; global minimum at the DFT level. The the pentacapped trigonal prism K€Cs, , *A;) formed by

C, K,Ge, possesses the positive charges+di.723 on K adding a face-capping K atom on the tetracapped trigonal
atoms and the K—Ge distances between 3.16 and 3.17 A. Thwism Gg, (C3,) along the threefold axis. It should be noted
butterfly Gg nucleus is maintained with the averagedthat KGg has higher stabilization energy than K{zea
Ge—Ge bond length of 2.45 A and the diagonal distance o$tability order different from that of homoatomic {5e (m
3.16 A, close to corresponding values in the free butterfly=0,1,2), where decagermanides are more stable than
Ge . nonagermanidetsee Fig. 3.

KGe; turned out to be a face-capped trigonal bipyramid ~ As discussed above, KGeanions and KGg neutrals
(Cs, *A") lying 0.018 eV lower in energy than the edge- exist as face-capped or edge-capped deltahedral structures
capped trigonal bipyramid structur€4,). When two K at-  which are derivatives of corresponding (Genits in most
oms are capped on nonadjacent faces of a trigonal bipyramiéases. Their stabilization energies relative to independent
Ge;, a distorted bicapped trigonal bipyramid,®e; (C;)  Ge, neutrals® and K atoms are plotted in Fig. 4. Prominent
results. This structure is 0.388 eV more stable than the adjanaxima atn=5 and 9 and the high stabilization energies at
cent bi-face capped,, screw KGe due to the weaker n=10and 8 clearly indicate that Kge KGey , KGeyg, and
static repulsion between the capping K atoms existing in itKGeg are the most stable species in this size range, while
The two K atoms inC,; K,Ge; possess the positive charges KGe, and KGe exist as two local minima. This finding is
of +0.716. This obvious electron transfer causes thg Gein good accordance with the TOF mass spectrum of Kie
nucleus to approach the ss=&2n+ 2 requirement. In the Ge  a laser desorption experiment of,B&, alloy, where magic
nucleus inC, K,Ge;, r,_,=4.01 A and the averaged,_,  nhumbers were observed for KGe KGey , and KGeg, with
=of 2.71 A, are both quite close to corresponding values ohigh abundances and a weak peak detected forgKGehile
3.96 and 2.75 A in fre®, Geﬁ‘ . KGe; , KGg, , KGg; , and KGe were absent completely.

Introducing a K atom to Gg produces a face-capped
octahedron KGg (Cs, , *A;) with the K-Ge bond length of
3.20 A and the positive charge af0.587 on the K atom. 44
With one more K atom added on the opposite face, the bi- 421

.

capped antitrigonal prism Ge; (ng,lAlg) results with 0] \

the K—Ge bond length of 3.28 A and the positive charge of . . .
' .

3.6

+0.731 on both K atoms. KGeis a face-capped pentagonal
bipyramid (C,) with the averaged K—Ge bond length of 3.20
A and a positive charge 0f0.641 on K.

It is easy to conclude from above discussion that, Ge
nuclei in K;Ge, neutrals approach then2-2 cIoso-Gé‘
deltahedral geometries as consequences of effective electrol
transfers from K atoms to Geuclei. This conclusion shows , . . . . . . ;
that the ZKB principle is applicable to small,&e,, paral- 8 4 5 &7 8 o 10
leling the situation found in S§SnA and ShInA, in an ab Cluster size n
initio study, where alkali atoms A function as electron do- gig. 4. stabilization energies of singly-charged binary KGanions f
nors and the SfSn and Skin units approach the electron- =3-10).
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A Ge C. Normal vibration frequencies of closo-Ge ¢

18.0 1 .i I
o« b Gé&~ is the only one species in the naked’Geseries
which has experimentally known Raman spectra first com-
170+ pared and assigned by analogy with that of ‘B! Our
calculated normal vibration frequencies foriGeat different

theoretical levels are compared with the measured Raman

17.5 1

16.5 1

Stabilization Energy (eV)

1604 - hee, I peak positionsin Table Il. Of the 6 vibration band#\;
— +A+E'+A]+E"+E’ of Dy, G&  (corresponding to 9

15581 vibrating mode} threeA;+E’ +E' are infrared active with

150 Na K . Rb_ . Cs . the relative intensities of 1.000, 0.131, and 0.026, respec-
10 20 30 40 50 60 tively, and five A;+A;+E"+E’'+E’ Raman active. The

Atomic Number of Alkali-Metal Atom A strongest bana; at 269 cm ! is assigned to the totally sym-

FIG. 5. Stabilization energies of binary AGECa,) and AGe; (Daq) neu- ~ Metric stretching modé,; , the second strongest bamd at

trals with different alkali metal$A=Na, K, Rb, and Cg 201 cm! to the totally symmetrical stretching modk]
which mainly involves the stretching of the two apical at-
oms, and the third band; split into two peaks at 190 and
185 cm ! assigned to the degenerd® mode, which has
been split into two absorption peaks due to the symmetry
reduction ;ZromDah adopted in calculation t€; at the I’Efj

_ . ) ._crystal site? The two weakest broad bandg at 111 cm
A2Ge; (A=Na,K,Rb,Cs) are shown in Fig. 5, using the baSISand vs at 91 cm * are attributed to the degenerate batid

set of LanL2DZ. Higher stabilities are found for=%K, and -0 . . .
oy ... which is both Raman and infrared active and has been split
Cs where electron transfers occur most efficiently. Similar.

results are obtained for AGand A,Ges for which the high- into two normal V|brat|on_al modes with all atoms _\/lbrat_lng
b . . in the directions perpendicular to the threefold axis. Failure
est stabilization energies also occur at K. This conclu- : \ f
. . - to observe the two Raman forbidden bamdsand E’ lo-
sion agrees with that drawn from aab initio study on _ .
10 cated at 260 and 195 c¢m at the DFT level, which are the

Sh;SnA by Hagelberget al. ) L o o

. X two most intensive infrared bands, indicates that vibration

Using Koopman’s theorem, energy of the HOMO

Enouo Can be used to estimate the ionization potential 0fcoupllng at theC, crystal site is not significant, as noticed in

AGe, at first approximation. Vertical ionization potentials Ref. 2. An averaged discrepancy of 11 chbetween the six

(VIPs) calculated as the energy difference between the optir_neasured Raman peaks and the calculated Raman allowed

mum KGe, neutrals and corresponding K{seations with bands at the DFT level is satisfactory, considering the fact

. that the calculated DFT frequencies are for the fi2g,
the neutral geometries are tabulated and compared wit %’ anion and large uncertainties existed in experiments in
Enowmo in Table Il and Fig. 6. The adiabatic electron affini- 9 P

ties (AEAs) of KGe, obtained as the energy difference be- determining the e>_(act Iocatlonzs of the Weak_ and broad Ra
: _ . man bands, especially, andvg.~ The largest discrepancy of
tween optimum KGg and KGg are also listed. VIP and ] )
. . 15 cm ~ does occur abt 5 which belongs to the degenerate
Enowmo Vary with approximately the same trend as that of theE, enerav band split due to the symmetryv reduction in the
stabilization energies of KGedisplayed in Fig. 4; VIP and 9y P y y

To investigate the relative stabilities of AGand AGe,
neutrals with different alkali atoms capped on the samg Ge
nuclei, the DFT stabilization energies 6§, AGeg andD5qy

Enowmo exhibit a maximum ah=5, an obvious recovery at real crystal.
n=9 and 10, and a clear minimum at 7, again in agree-

ment with the magic numbers observed for KGa TOF

mass spectroscopy. V. SUMMARY

We have performed a systematical DFT investigation
on highly charged GE (m=2, 3, 4,n=3-10), singly

o - /.\. ViPs . e charged KGg, and neutral KGe, in this work. Homo-
S 527 ¢ ./ atomic free GF~ anions are found to follow the closo-type
2 2;3: / structures for singly, doubly, and triply charged anions (
-,g 561 . =1,2,3), while the quadruply charged gefavors a nido-
g 549 type Cy, structure. Stabilization energies of (3eGe, , and
o] 5.2 4 — . . .
2— 50 —" Geﬁ exhibit a quick increase from=4 to n=5, a clear
S 48] /'\ Buowo maximum atn=7, and an obvious recovery at=9 and 10,
5 P while the Gg units exist constantly as local minima in all
S 42w three cases. As an example, a DFT assignment of the six
409 : : : : : : , observed Raman peaks of $ewith a discrepancy of 11
3 4 5 6 7 8 ® 10 cm 1is presented. The controversy over the charge disloca-
cluster size n tion of Gg~ and G~ is discussed in detail. Our DFT cal-

. 4_ . . .
FIG. 6. The vertical ionization potential&/IPs) and HOMO energies of ~culation suggests Fhat the §et Gea_ mixed Vale'nt ionic
corresponding KGeneutrals =3-10). couple be automatically converted into two@eanlons for
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