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Ground-state structures of semiconductor-alkali binary anioBgA~ (E=Ge, Si;A

=K, Na, Li; n=1-10) have been optimized using the second-order Mgller—Plesset perturbation
(MP2) method and their vertical detachment energies predicted employing the outer valence Green'’s
function (OVGF) procedure. The calculated lowest detachment energiEgAf anions composed

of Eﬁ’ semiconductor Zintl anions and face-capping or edge-bridgifigalkali cations exhibit
maximums arouna=2, 5, 9, and 10 and minimums at=3 and 7, in overall agreement with the
magic numbers observed for & in time-of-flight mass spectroscopy. The lowest detachment
energies ofE A~ series increase frotA=K, Na, to Li with increasing electronegativities of the
alkali atoms and decreas&d-A ionic bond lengths. Small ternary G8i,K~ (m+n=<6) exhibit
similar behavior to binarfgK™ at the same sizessE€Em+n). © 2003 American Institute of
Physics. [DOI: 10.1063/1.1617972

Zintl anions E~ composed of group-14 element& ( function proceduréOVGF) (Refs. 7, 8 was confirmed to be
=Ge, Sn, and Pm=5, 9, and 10x=2, 3, 4, with most of  fairly accurate in interpreting the PES spectra of anions such
which stabilized in [A-(2,22)-ceyply (A=K,Na) as ALK",° Al,C™,*® andXAl; (X=Si, Ge, Sn, and PG’
complexes; have been characterized in the past two de-To the best of our knowledge, there have been neither PES
cades, while the existence of their analogies in gaseousxperimental nor theoretical studies reported to date on ap-
phases remain to be confirmed in experiments. Predicting thelying this approach to semiconductor-alkali binary anions
structural and stability relationship between Zintl anions inE,A~ (E=Ge, Si; A=K, Na, Li) which contain an impor-
solids and corresponding gas-phase clusters has receivéht class oEﬁ’ Zintl anions. It is our view that a system-
considerable attention in recent years. Fasslel® recently  atical theoretical investigation on the electron detachment
measured the time-of-flighfTOF) mass spectroscopies of energies oE,A™ and their ternary and quaternary analogies
binary GgK™ anions and observed their magic number dis-based on reliablab initio structures is desirable at this stage.
tributions atn=>5, 9, and 10 and weaker peaksrat 8, 11, In this work, we present aab initio investigation on the
and 13 in the laser desorption of a®e, binary phase. In a ground-state structures and vertical detachment energies
recent papet, our group investigated the geometries and(VDEs) of E A~ binary cluster anions containing semicon-
electron properties of GE and GgK~ (n=2-10;m  ductor cores E=Si, Ge;A=K, Na, Li; n=1-10). Com-
=2-4) in gaseous phases with the Becke’s three parametparative studies on small ternary (&,K~ (m+n=<6) and
hybrid density functional with the Perdew/Wang expressionguaternary Ge$iC,K~ (m,n=1,2) anions are also per-
(B3PW91 and confirmed that the Zintl-Klemm-Busmann formed. Initial geometries are taken from our earlier
(ZKB) principle is applicable to G&~ anions, implying optimized  structures  obtained for @&  at
that, by transferring the valenseelectrons of K atoms to the B3PW91/6-311Gqd) (Ref. 6 or arbitrarily constructed to
Ge, cores in GgK™, the Gtﬁ‘ Zintl dianions result. There explore the configuration space more extensively. Various
have been no data available on silicon Zintl dianiorfs Si initial structures are optimized at B3PW91/6-31&(d) in-

Anion photoelectron spectroscopied®®ES resulting  cluding both the polarization and diffuse functions and the
from the vertical detachments of electrons from the grounchormal vibration frequencies at the optimized geometries
states of anions to the ground and excited states of correshecked for imaginary frequencies at the same theoretical
sponding neutrals at the same geometries has proven to kevel. The lowest-energy structures are further refined at
very useful in probing the geometrical and electronic strucMP2(FULL)/6-311+ G(d) level with all electrons included
tures of both anions and neutrals and combining PES exper{fULL) in electron correlation calculation for the whole
ments withab initio calculations offered a particular power- Si,K~ series withn=1-10, GgK~ with n=1-4, ternary
ful approach in interpreting the spectra and characterizingse,Si,K~ with m+n<#6, and small quaternary systems
structures of gas-phase clusters. The outer valence Greer@eSj,C,K~ (m, n=1,2). The MP2(FC)/6-31G(d)
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TABLE |. The calculated restricted OVGF vertical electron detachment ener@g®$ of E.K~ (E=Ge and S, Ge,Si,K (m+n<6), and
GeSj,,C,K™(m,n=1,2) at MP2 structures. Orbital assignments are provided and pole strengths over 0.85 indicated in parentheses. Basis sets used are
6-311+ G(d) and all electrons are included in OVGF correlation calculations except specifically noticed.

Cp, GeK™ Cy, SibK™ C, GeSiK™
b, 1.540.91) 1.480.97) a" 1.51(0.9)
a, 1.730.88 1.650.89 a' 1.700.89
a, 1.540.89 1.340.89 a' 1.450.89
Cypy GesK™ Cypy SisK™ C,, GeSpK~ Cs, GesK™ Ca, SisK™
a, 1.350.88 1.01(0.89 1.160.89 e 1.230.88 1.080.88
b, 1.840.89 1.480.89 1.420.89 a, 2.610.89 2.6700.89
b, 2.420.96 2.450.90 2.370.90 a, 2.290.87 2.360.87
a, 2.5000.89 2.890.89 2.31(0.89
C. GeK~ C. SiK™ C, GeSiGK™ C. G&,SiLK ™
(FC/6-311+ G(d)) (FC/6-311 G(d))
a’ 1.61(0.89 1.50(0.89 a’ 1.080.89 1.630.89
a’ 1.820.88 1.700.89 a” 1.91(0.89 1.660.88
a’ 2.550.89 2.490.89 a’ 2.21(0.89 2.500.89
a’ 2.560.89 2.680.89 a’ 3.030.89 2.6000.89
a’ 2.950.87) 3.030.87) a” 3.480.89 2.990.87
C. GaK"™ C SisK™ C, GeSpC,K™
(FC/6-31 G(d)) (FC/6-311+ G(d)) (FC/6-31+ G(d))
a’ 2.300.89 2.190.89 a’ 2.21(0.89
a" 2.390.89 2.31(0.89 a” 1.840.89
a’ 2.270.89 2.240.89 a’ 2.890.89
a’ 2.790.89 3.050.89 a’ 2.670.88
a” 2.940.89 3.090.89 a’ 3.440.88
a’ 3.45(0.88) 3.40.87) a” 3.920.89
Cs, GeK ™ (FC/6-31+ G(d)) Ca, SigK ™ (FC/6-311 G(d)) Cs, G&;SiK ™ (FC/6-31+ G(d))
a, 2.030.89 2.040.89 2.030.89
e 2.170.89 2.180.89 2.170.89
e 3.800.89 4.190.88 3.970.89
a, 3.830.89 4.180.88 3.960.89
a, 4.41(0.87) 4.730.86 4.590.87)
C. GeK™ Co ShK™
(FC/6-31+ G(d)) (FC/6-311G¢l))
a’ 1.720.89 a' 1.450.90
a" 2.830.89 a' 2.760.89
a’ 2.920.89 a” 2.81(0.89
a’ 2.820.89 a' 2.90(0.89
a" 2.890.89 a" 2.91(0.89
a” 4.100.89 a" 4.470.89
a’ 4.180.90 a' 4.430.89
a’ 4.500.89 a' 4.540.87)
C, GaK~ C, Sigk~
(FC/6-31G()) (FC/6-31G))
a 2.270.91) 2.230.90
a 2.590.89 2.670.89
a 2.720.90 2.680.89
a 2.9000.90 2.860.90
a 3.340.90 3.300.90
a 3.41(.90) 3.610.90
a 3.920.89 3.950.89
a 4.160.89 4.430.89
a 4.530.87 4.870.87)
Cs, Gk~ Cs, SigK™
(FC/6-31G()) (FC/6-31G))
a, 2.420.91) a, 2.60(0.9)
e 2.750.91) e 2.830.90
e 3.350.90 e 3.390.89
a, 3.41(0.92) a 3.590.90
a, 3.720.9)) e 3.6000.91)
e 3.600.92 a, 3.750.90

a, 5.080.94 a, 5.420.90
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TABLE I. (Continued)

C, GeK™ C SiyK™
(FC/6-31G6)) (FC/6-31G))

a' 2.720.9) a’ 2.750.91)
a’ 2.740.9)) a’ 2.850.91)
a" 2.870.91) a" 2.940.91)
a' 3.2000.91) a’ 3.120.91)
a’ 3.720.91) a” 3.640.90
a’ 3.890.91) a’ 3.690.90
a" 3.920.92 a’ 3.730.90
a" 3.970.91) a" 3.880.91)
a’ 4.250.92) a’ 4.480.97)
a’ 4.570.92 a" 4.580.91)
a’ 5.850.92

method with the frozen core approximatidfC) and a  +0.564. Ternary GgSi,K~ take capped or bridged struc-

smaller bases is employed for (B& with n=5-10. The  res similar to correspondingK ~ with the same sizess(
optimized structures at various theoretical levels follow the:m+n) with K atoms bonded with neighboring Si. Typical
ZKB principle and agree well with one another. Vertical elec- g ations are shown for GeSi~, GeSiLK~, and

tron detachment energies at the MP2 structures are calculatgg%SiBK— in Fig. 1(b). The Ge—C—Sbond angle in quater-
using the OVGF approach with basis sets indicated in Tabl?]ary GeSiCK is reduced to 89° from 113°
I. It is confirmed that, for small clusters containing only Si at MP2 and 126°
and K atoms, the OVGFULL) method and the OVGQIFC)

procedure produce essentially the same VDEs. It is als

checked that the derivations produced for smallkGe clus- the two transannular C atoms while GgSiK~ takes a

ters with the frozen core approximation relative to that with . . . ) )
all electrons included are also within an acceptable rang capped trigonal bipyramid structur€{) with the capping K
E'bonded to the two equatorial C atoms and the two axial Si.

The frozen core approximation, which is much less compu- . .
tationally demanding and commonly accepted in electron The calculated detachment energies with pole strengths
reater than 0.85 fdE,K~ (E=Ge and S, Ge,Si, K™, and

correlation calculation®; is utilized for big anions in this /& ~ . . .
work as indicated in Table I. Limited by available computa-Ges’“CnK are tabulated in Table | with corresponding or-

tion resources, diffuse functions are excluded in OVGF cal—br:tal ?SS'?gmemz |n_d|cate|:d. FE@I_(({;, the results fordbo_t T]
culations for clusters with more than 7 Ge and Si atoms. Allthe ?ana ﬁv gn ]:mgona pyrargld 3v arr]e presente ,W't hil
calculations in this work are performed utilizing the 1€ former having four separated detachment energies while

GAUSSIAN 03 package? the latter has three. The other difference is that the highest

The optimized MP2 ground-state structures are depictedf PES Of the planar structures are higher than that of corre-
in Fig. 1 with necessary bond parameters indicated fgf Si sponding trigonal pyramids. These differences provide strong

in Fig. 1(a) and small ternary GeSi,K~ and quaternary theoretical evidgnce in chargcterizing the tvyo isomers in fu-
GeSj,C,K~ anions in Fig. 1). The MP2 geometries and ure PES experiments. We discuss th_e bonding featL@pf
bond parameters of G~ (not shown in Fig. Lagree well  C&K™ below in -detalls. .The fron.tler- molgcular orbitals
with our earlier B3PW91 resuftsin most cases, except (MOS) of Ge;K™ involve, in a qualitative view, the outer
GeK ™, for which the distorted planaE,, rhombus struc- valences orbital of K atom, the convertedp? (in this case
ture is found to be 0.307 eV lower in energy than g, sp«py) hybrid orbitals of the two transannular Ge atoms, and
trigonal prism reported befofeSimilarly, C,, SikK~ lies  thesp(sp) hybrid and nearly pure, orbitals of the Ge
0.339 eV lower in energy thaB,, Si;K ™. As will be dis- atom in diagonal with K. The left threg, atomic orbitals of
cussed below, the peripheralbonds play a critical role in the three Ge atoms form a delocalized three-center&O
providing extra stability to plana€,, EsA~ over theC, perpendicular to the molecular plane. Orbital analyses show
prism. It can be seen from Fig. 1 that tB&~ Zintl dianion  that the four separated VDEs of gk& correspond to the
structural units are well maintained i,K ~ with alkali cat-  four doubly occupied frontier MOs of the system depicted in
ions A* located at the face-caping or edge-bridging posi-Fig. 2@): the lowest detachment energy at 1.35 eV arises
tions. Mulliken charge distributions indicate that the valencefrom the vertical detachment of an electron from théyped
electrons of alkali atoms have been partially transferred td1OMO (a;) composed of mainly thep? of transannular Ge
E, cores and thé&,—A interactions are basically ionic. For atoms andsp of diagonal Ge and partially thevalence or-
example, the %F and Gé* trigonal-bipyramid structures bital of K, the second lowest at 1.84 eV from the weak
are kept inC SisK~ and GeK ™ in which the face-capping o-typed HOMO-1 p,) composed of the p? of transannular

K atoms possess the positive charges ©0.73% and Ge andp, of diagonal Ge, the third at 2.42 eV from the
+0.762, respectively. Similarly, the capping K atoms®©f  delocalizedm-typed HOMO-2 p,) which is an effective de-
Ge,K™ and S{K™ carry the positive charges a@f0.951 and localized orbital purely composed of contributions from the

in neutral GeSiC
at a configuration interaction with all single
and double substitutions meth@@1SD(full)).>®> GeSiGK ~
%an edge-bridged butterfly with the bridging K connected to
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~/ | x2.626 FIG. 1. (a) Optimized structures dE,,K~ anions at the
< 2451 MP2 level E=Ge,Si) with necessary bond parameters
')\‘{ ,"2‘_466 indicated for SiK™ at MP2full)/6-311+ G(d) level.
‘z',gs (b) Optimized structures of ternary G8i,K~ (m+n
() Cs Siok™ <6) and quaternary GesC,K~ (m,n=1,2) at the

MP2(full)/6-311+ G(d) level with necessary bond pa-
rameters indicated.
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threep, orbitals of Ge atoms, and the fourth at 2.50 eV fromtachment energies listed in Table | lie within the range of
HOMO-3 (a;) purely composed of thep? of two transan- 1.0-5.0 eV, covered by the energies of conventional detach-
nular Ge atoms andp of diagonal Ge. The two equivalent ment laser wavelengths 266 nfd.661 e\ and 355 nm
Ge—K peripheral bond length8.225 A in C,, Ge;K™ are  (3.496 eVf. The lowest two calculated VDEs of Gek
shorter than the three equivalent Ge—K bor@l237 A in SiK™, and GeSiCK, which possess the values lower than
Cs3, GeK™ and the two Ge—-Ge peripheral interactions1.0 eV, are not included in Table I, considering that fact that
(2.424 A in the former are much stronger than tat513  the pole strengths of these detachment processes are too low
A) in the latter. It should be noticed that a weaker Ge—Gedbelow 0.81 in the OVGF calculation. No improvement was
transannular interaction(2.665 A also exists in planar achieved utilizing a bigger basis 6-3tG(3df). For clus-
GeK™, similar to the Si—Si transannular bond shown forters with bigger sizes and lower symmetries, more detach-
SisK™ in Fig. 1(a). All together with the effectiver bond  ment energy lines with considerable pole strengths are found
perpendicular to the molecular plane, this bonding patterro lie close to one another as can be seen from Table | and
provides an extra stability to the planar arrangement otheir PES spectra expected to overlap heavily in experiments.
Ge;K™ over theCs, prism. Similar bonding features exist in Figure 3 shows the lowest vertical detachment energies
other E;A™ anions. Generally speaking, the predicted de{LVDEs) of Geg,K™ and Sj}K™ in the size range ofn
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a; (HOMO) b, (HOMO-1)

FIG. 2. The molecular orbital pictures BEK ~: (a) the
HOMO, HOMO-1, HOMO-2, and HOMO-3 of G& ™~
and (b) the HOMOs g,) of SizkK™, SikNa , and
SigLi .

(a) b; (HOMO-2) a; (HOMO-3)

ofs- o

(b) Si;K'(al) Si3Na'(a1) Si3Li-(al)

=1-10. LVDEs arise from the vertical detachment processeg,—A bond lengths, the outer valenseorbitals of alkali

with the lowest energies required. Figure 3 clearly shows thakioms participate in the formation of HOMOs at increasing
the LVDEs of both GgK™ and SjK™ vary in the same trend |ayels.

with maximums around=2, 5, 9, and 10 and minimums at It can be seen from Table | that small ternary,SgK ~

n=3, and 7. The predicted high VDE valuesmat5, 9, and  gnjons possess detachment energies close to corresponding
10 and the relatively higher VDE values iat 8 generally E.K~ (s=m+n) and the their VDE values vary in similar
agree well with the magic numbers observed fogkSein  patterns, a phenomenon resulting from the fact that
TOF mass sge(?troscopy at=5, 9, and 10 and the weaker Gg sj K~ are structurally very close tB,K~ because Ge
peak atn=8." Figure 4 compares the variation trend of the anq Sj have only 4% difference in atomic radii. But the high-
calculated LVDEs of K™, Si;Na™, and SjLi~ with the a5t VDEs of smalll GeSIC,K~ (m=1,2; n=1,2) quaternary

same S cores and clearly shows that the LVDEs of theSe%/stems are significantly higher than that of corresponding
anions vary in parallel curves and possess maximums an

minimums at the same positions. The LVDEs of/Si in-

crease systematically frod=K, Na, to Li, in line with the 309
chemical expectation that, the more electronegative the alkali ]
atoms, the more difficult to detach electrons from the sys-
tems. The fact that the calculated positive Mulliken charges
decrease from K, Na, to Li in $A~ series also supports this
conclusion. SJA~ anions contain similar & cores, but
their Sj,—A bonding distances decrease dramatically from
A=K, Na, to Li, with the typical Sj—K bond lengths being
around 3.2, $-Na around 2.8, and SiLi around 2.4 A.
The bonding difference in the HOMOs d&,A™ series
mainly comes from the difference in the bonding abilities of 00 , .
the alkali atomsA. Figure Zb) compares the HOMO orbital 0 2 4 e 8 19
pictures of SJA™ series A=K, Na, Li). The Sj—A interac-
tions in E,A™ are all basically ionic bonds, but with alkali riG. 3. variation of the lowest detachment energies oftGe(circles and
atoms changing from K, Na, to Li and the decreasing ofSi,K~ (squareswith cluster sizen.

2.5+

Detachment energy/eV
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35 ger binaryE,A~ (n=11) anions is on the way. Most of the
calculatedab initio VDESs are within the energy range of the
07 _® conventional detachment laser wavelengths and therefore
| .// possible to be observed in conventional PES. We believe that
Zintl anlonsEﬁ_ existing inE,A~ could be synthesized in
e\ a// materials such ag,A, or E,AA’ and a combination of re-
Yo/ liable theoretical predictions and future PES experiments
3 ' P u may produce complete spectral assignments and structural
1o \‘x./ —SiK characterizations of these anions in gas phase alihmitio
level.
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