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Abstract: The electron localization func- 
tion (ELF) is a new descriptor of chemical 
bonding in real space which has turned 
out to be enormously powerful. We show 
here that the ELF also has predictive pow- 
er. By analysis of the interstitial space, un- 
detected atoms can be recognized by lo- 
calization patterns in such regions. The 
importance of this approach is that the 
correct number of valence electrons is 
unknown before the calculations. The 

method was tested for the compounds 
Ca,Sb,O, Ba,Ge,X, Ba,,Ge,O,, and for 
the so-called second SrSi modification, 
which, according to  our analysis, very 
probably has the composition Sr,,Si,,X. 
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Introduction 

The techniques of structure determination of chemical ensem- 
bles have developed enormously over the last SO years.[’] Today 
the geometrical structure of a compound is the most important 
basis on which to  understand and classify its reactivity. While 
nowadays diffraction methods constitute a most important part 
of the determination of structure-property relations, other 
methods like NMR spectroscopy still have great potential and, 
despite their present significance, may become still more impor- 
tant in future.[21 To date no combined fitting of model parame- 
ters to both diffraction and NMR data has been practically 
possible, although recent theoretical developments allow for 
substantial progress.r3, 41 

However, in some cases X-ray diffraction methods face non- 
trivial problems too, even for small unit cells if, for example, 
super- or noncommensurate structures have to be determined, if 
twinning or disorder phenomena demand very sophisticated ap- 
proaches, or if very light atoms have to  be determined against 
heavy scatterers. In the latter case void search or  
molecular modeling may supply some help.[”-”’ A void search 
may be performed on a purely geometrical analysis of the struc- 
ture, while force-field methods can only work successfully if 
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In these cases the positions of the het- 
eroatoms 0 and X were located and, in 
the case of X, proposals for a preferred 
atom type or  group are made. Even in 
cases where the missing atoms are the ma- 
jority component the approach was quite 
successful. As an example, the structure of 
CaH, was generated from the known Ca 
positions by a two-step iterative proce- 
dure. 

good potential parameters and reliable effective charges are 
known, conditions that quite frequently cannot be met. 

In some cases, important bonding considerations arise from 
the question of whether all atoms of a structure have been reli- 
ably located or not. If this is not the case, chemical arguments 
may help to settle this question. For example, normal Zintl 
phases like main group silicides can in general be rationalized by 
the application of simple bonding concepts based on electron- 
counting rules.r121 If, however, unusual or unexpected moieties 
occur it is not always certain whether they really d o  exist or are 
just the result of an erroneous structure determination.[I3 ‘‘I 

The existence of a geometrical void in such a structure reason- 
ably has to generate suspicion, but it cannot be used as a safe 
indicator for an overlooked atom or  group of atoms. The “free” 
space may be generated for electronic reasons, for example as a 
packing space for free electron pairs which are tightly bound to 
specific atoms, or of more or less free electrons as  in electrides, 
intermetallics, and metals. In  the latter case an additional elec- 
tron volume which is relatively independent of the actual atom 
distribution has to be considered. 

We would like to present here a novel property of the electron 
localization function (ELF)“’] that may help quite effectively in 
such difficult situations. The ELF turned out to  be an extraordi- 
narily useful electron localization sensor for interstitial space, a 
property which is especially useful for checking trial structures 
in problematic cases, as mentioned before. 

The ELF can be generated on the basis of quantum mechan- 
ical calculations of quite different levels of sophistication, for 
example extended Hiickel, Hartree-Fock, or density functional 
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methods. It has been shown that the ELF is able to display 
chemical bonding in its different occurrences very clearly, dis- 
tinctly, and fairly comprehensively. There have been quantita- 
tive and qualitative investigations of electronic structures of 
molecules,[' *I c l ~ i s t e r s , ~ ' ~ ~  ring systems,[201 semiconductors,["j 
intermetallic compounds, and pure metals[221 as well as of sur- 
faces and surface reconstructions,[231 which show impressively 
that a novel descriptor and measure of chemical bonding is 
gained with the ELF.[24, 251 

Here we should point out that the ELF enables the visualiza- 
tion of patterns in interstitial spaces in such regions which can 
hardly be associated with single atoms. Such patterns, which 
indicate weakly bound but still spatially localized electrons, are 
in many cases indicative of overlooked atoms and thus may be 
of considerable importance for checking the correctness of a 
structure. We would like to present this sensor function of 
the ELF by means of four examples, namely Ca4Sb20,[261 
Ba,Ge4X,[271 Ba,,,Ge,0,,[2s1 and CaH2.[2y3 301 Furthermore we 
will try to predict missing atoms in hitherto accepted structures, 
for example, in the so-called second modification of SrSi.["] 
The starting point of our investigations was in fact the theoret- 
ical treatment of this unusual modification, which led us to the 
detection of the phenomenon we would like to  present here. To 
back up our findings concerning the ELF on the basis of theo- 
retical LMTO band structure calculations'321 we analyzed in the 
same way Zintl phases that have proved to contain light het- 
eroatoms in addition to Zintl anions and heavier cations. 

Results and Discussion 

Location of missing atoms in Ca,Sb,O: Compound Ca4Sb20[261 
was first described as binary calcium antimonide Ca,Sb,[351 an 
assertion corrected shortly after by the authors themselves. The 
structure contains isolated Sb3- anions and thus can only meet 
the electronic structure of a semiconducting valence compound 
as experimentally confirmed if another X2-  entity is present to 
accumulate the excess electrons from the calcium. The addition- 
al anion was identified as O2 - coordinated octahedrally by six 
Ca atoms (Figure 1 a) .  

Surprisingly, the calculation of the ELF for Ca,Sb, (based on 
a LMTO calculation without the 0 atom![37, 361) generates one 
and only one additional localization region, which lies a t  the 
center of the Co octahedron (Figure 1 b, white area). After in- 
troduction of the 0 atom (and six more valence electrons) into 
the calculation, an ELF is yielded which clearly displays the 0 
atom with its core regions (white shell, Figure 1 c). It is remark- 
able that despite the use of the different electron counts, namely 
those for Ca4Sb, (8+10e-)  and for Ca4Sb20 (8+10+6e-) ,  
similar localization patterns are found in the two cases. 

As expected from the conception of Zintl, Klemm, and Bus- 
mann (ZKB)['" the density of states (DOS) of Ca,Sb,O shows 
a clear band gap of about 2 eV in the region of the Fermi energy 
while the hypothetical Ca,Sb turns out to  be metallic (Figure 2). 
The DOS of Ca,Sb,O below the Fermi energy may be divided 
into three separate energy ranges, namely the Sb s, the 0 p, and 
the Sb p regions (the 0 s states are much lower in energy and 
were treated in the LMTO calculation as a core function). Thus, 
within the ZKB picture we can formally speak of Ca4Sb,0 as 

Figure 1. a) Perspective view or the structure of Ca,Sb,O; b) ELF distribution in 
a two-dimensional section through the base of the Ca, octahedron (ref. [36]), calcu- 
lated without 0 atom; c) calculated with 0 atom. 
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Figure 2.  Density of states (DOS) based on LMTO calculations. a) Ca,Sb,O and 
b) Cd,Sb. 

(Ca'+)4(Sb3-)2(02-). On the other hand, the DOS of Ca2Sb 
shows, as well as the comparable Sbs  and S b p  regions, an 
additional peak between the virtual metallic and the occupied 
Sb region (Figure 2, grey area). The corresponding states con- 
tain the two excess electrons remaining after the occupation of 
Sb states. Analysed by means of partial density (within the ener- 
gy range marked in grey) these states turn out to  be mainly 
localized in the centers of the Ca, octahedra (Figure 3 ) ,  exactly 

- 
Ca 

Figure 3. Partial density of Ca,Sb in the energy range - 1 eV < E <  E,. Two-dimen- 
sional section in the (001) plane through the base of the Ca, octahedron. The 
contour values are given in (e-lau-'). 
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those regions where the ELF distribution shows an extraordi- 
nary maximum. Thus the ELF just marks localized metallic 
states, the so-called cuge o ~ b i l u k , [ ’ ~ ~  which act as HOMOS in the 
sense of a frontier orbital picture of the reaction with oxy- 
gen.[38.3y1 This may explain why oxygen is built in exactly at 
these positions in the centers of the Ca, octahedra. 

Location of X/O in Ba,Ge,X and Ba,,Ge,,O,: Quite recently 
von Schnering et al. synthesized derivatives of barium ger- 
manides which contain Ba,X octahedra and typical Zintl anions 
of germanium. In Ba3Ge4X[271 there are Geq- tetrahedrons, 
and in BaloGe,,0,[281 planar Geio- rings besides isolated Si4- 
units occur (Figures 4a  and 5 a). Both structures can be viewed 
as a framework of corner-shared Ba, octahedra with the corre- 
sponding Zintl anions embedded in the remaining voids. The 
ELF distributions (based on LMTO calculations[401) without 
the heteroatoms X show localization patterns which are exactly 
and exclusively at those positions that are occupied by X. Fig- 
ures 4b-c and 5b-c display corresponding ELF sections 
through the Ba, octahedra without and with heteroatoms 
(X = 0) for Ba3Ge4X and Ba,,Ge,O,, respectively. The ELF 
denotes the sites of the heteroatoms quite convincingly. Accord- 
ing to electron counting rules, X2 - units of small groups such as 
02-, C:-, NH2-, are expected.[411 

Figure4. a) Perspective view of the structure of Ba,Ge,X; b) ELF sec- 
tions through the base of the Ba, octahedra without and c) with heteroatom 
(X = 0 ) .  

Location of hydride positions: We believe that a related test for 
a hydride structure is of special interest and importance, because 
in general, hydrides present a problem for X-ray crystallogra- 
phy. Quite frequently, hydride samples are microcrystalline and 
thus single-crystal investigations cannot be performed. Further- 
more, hydride positions may not be found by X-ray analysis 

(b) (cf 

Figure 5. a) Perspective view of the structure of Ba,,,Ge,O,; b) ELF sections 
through the base of the Ba, octahedra without and c) with heteroatom (X = 0). 

because of the small scattering factor of H. In some cases elec- 
tronic cluster concepts may favor interstitial H atoms as in 
Nb,I, 1H1421 or in Th,Bri,H,[431 at certain well-defined posi- 
tions. Still there may be considerable ambiguity about the H 
positions: in Nb,Il,H there is a hydrogen atom in the center of 
the Nb, cluster; however, in Th,Br, ,Hs only five of the six faces 
of the Th, octahedron can be occupied, giving rise to statistical 
distribution for the overall crystal structure. 

We chose the structure of CaH, as an example and performed 
the analysis as follows: band structure and subsequent ELF 
calculations were performed starting with the pure Ca substruc- 
ture to follow a typical development of a hydride structure de- 
termination.[441 Figures 6b-d display a section of the structure 
that contains all crystallographically independent positions Ca, 
H 1, and H2. In Figure 6 b  the ELF is shown for the pure Ca 
substructure, which means without electron acceptors H. The 
valence electron count per formula unit is two. There is a weak 
but significant localization (typical for intermetallic compounds 
and metals) that includes the H 2  position. If now one H atom 
per formula unit (three valence electrons) is added and located 
at that site, a new localization spot that coincides with the posi- 
tion of H 1 becomes clearly visible (Figure 6c). Actually this 
region is already distinct in the ELF for the pure Ca substruc- 
ture, but the localization is not much higher than for a neighbor- 
ing position unoccupied by H in the real structure. It may, 
however, be a potential interstitial position that might, for ex- 
ample, be used as a jump position if H-  ion mobility occurred. 
These two weaker localization regions can be clearly distin- 
guished after introduction of the first H site (H2). However, a 
choice between the first not quite correct structure determina- 
tion of CaH,[”] and the second cannot easily be made 
by an ELF analysis because the differences, which concern only 
the position H 2, are quite small (A zz 30 pm). Finally, the ELF 
of the complete structure (Figure 6d) reveals the ionic character 
of this hydride beautifully: there are only low ELF minima 
(green to blue) between the atoms. Despite that, a significant 
polarization is visible, especially of the hydride ions but also of 
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(c )  ( 4  
Figure6. a )  Perspective view of the structure of CaH,; ELF sections in a (010) 
plane b) LMTO calculation without and c) with one H position (H 1) and d) with 
all H atoms (ref. [44]). 

the Ca2 ’ cations, which induces deviations from the spherical 
symmetry. The considerable deviation of the polarized ions 
from spherical symmetry may give rise to  the low triclinic sym- 
metry of the whole structure, but allowing for relatively short 
distances and high density. 

Structure of the second modification of “SrSi”: The so-called 
second modification of SrSi (Figure 7a), which was never con- 
firmed experimentally, contains a very interesting Zintl anion, a 
planar [Si l , ]2”~ [ 3 1 1  with quite peculiar bond distance differ- 
ences. With respect to the ZKB concept, one would expect a 
formal charge distribution for Si,, like that depicted in Fig- 
ure 7 b. However, the bond distances Si 1 -Si 1 (256 pm) are so 
much longer than the other two (Si 1 -Si 2 241 pm, Si 1 -Si3 
241 pm) that a simple singly bonded system with an overall 
charge of (I = - 20 seems quite suspect. A closer look at  the 
cation structure shows that the Sr atoms form an empty distort- 
ed octahedron. The ELF treatment14’] reveals a localization 
pattern consistent with the assumption of single bonds between 
Si 1 and Si 2 and a weak bond between Si 1 and Si 1. The other 
short bond, Si 1 -Si 3, however, unexpectedly has only the 
localization pattern of a weak bond and not the white spot 
which was expected from valence rules, the ZKB concept, and 
bond length/bond strength considerations. Even more surpris- 
ing is a large localization region in the center of the Sr, octahe- 
dron (upper middle in Figure 7 b). The four surrounding atoms 
and two above and below that plane generate the octahedron, 
which, incidentally, shows a remarkable contraction compared 
with the neighboring rectangles. Too high an accumulation of 
charge on the Zintl anion could lead to a charge back-transfer 
to strontium and formation of an Sr-centered cage orbital.[131 
In this case, SrSi would belong to the class of electrides on 

(4 (4 
Figure 7. a )  Perspective view of the structure or “SrSi”; E l k  distribution in per- 
pendicular sections [OlO]. b) SrSi; c)  Sr,,jSi,,O. 

the one hand and to that of the metal cluster compounds 
on the other. 

Another explanation, however, seems more reasonable to us, 
namely that the center of the Sr octahedron is occupied by a 
light heteroatom, for example by oxygen. The corresponding 
distances (4 x 245, 2 x 285 pm, 2 = 258 pm) fit well with this 
hypothesis. Distances in SrO (rocksalt type, 6 x 257 pm[461) or 
SrTiO, (perowskite, 12 x 276 pm[471) compare well if in the lat- 
ter case the higher coordination number of Sr is taken into 
account. The presence of a heteroatom would also explain the 
failed attempts to synthesize this “SrSi” modification from espe- 
cially purified elements.[481 

Both extended Hi i~kel [~’ ,  ’“I and LMTO band structure cal- 
culations for SrL,Sil0 (“SrSi”) and Sr,,Si,,O reveal a band 
crossing at  the Fermi level, indicating metallic conductivity; l5I1 

we therefore believe that the corresponding real compounds 
would not have a band gap (Figure 8). This means that there is 
no preferred valence electron number to be extracted from the 
density of states (DOS) distribution. This, however, allows for 
small heteroatoms other than oxygen, such as F, N, or even C. 

For  the binary “SrSi”, unusual Sr contributions to a few 
bands below the Fermi level occur, which diminish after intro- 
duction of the heteroatom (0). A complete filling of these 
bands, which arise from the antibonding n* states of the Si,, 
unit corresponding to the Lewis formulation in Figure 7 b, is not 
obtained, independent of the type of the above-mentioned het- 
eroatoms. In all cases a weak n-bonding character remains in the 
Si, , anion; this reduces the effective lone pair contribution to 
the electronic structure. The .n states perpendicular to the ring 
plane overlap between the ecliptically stacked adjacent Si , 
units. This gives rise to a o-like weak bonding interaction along 
the stacks, which serves as an adaptable electron sink. In the 
band structure one finds considerable dispersion of the related 
n bands (see Figure 8). This situation was observed quite recent- 
ly for a number of binary and ternary siiicides that contain 
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Figure 8. EHMO hand structure and DOS curves of a) SrSi, h) Sr,,Si,,O. 

planar Sin units stacked ecliptically as in the compound dis- 
cussed here.[’51 These interactions are found both in extended 
Hiickel and in LMTO calculations. In addition, the more precise 
first principle LMTO investigations reveal that close to  the 
Fermi level c* and n* contributions are present; this means that 
small changes of the valence electron number will change both 
0 and n bonding (Figure 7c,d). Thus competition of c*, n*, and 
free electron pair states generates a quite complex electronic 
structure close to EF that does not allow for a clear definition of 
a preferred valence electron number. Without this collective 
bonding effect, Sr,,Si,,O would clearly be a semiconductor 
(Figure 8). 

Based on a corresponding LMTO band structure for ST,,- 
Si, ,O, the ELF shows a surprisingly reasonable localization 
pattern under this model situation (Figure 7c). We would like to 
emphasize that it was not obvious from the beginning that a 
removal of two electrons from the Sr,,,Si,, structure would gen- 
erate a near-normal bonding pattern with lone pairs and weaker 
and stronger bonds with expected qualitative ratios of relatively 
high localization regions. 

The geometrical analysis of the structure shows that another 
void is present, enclosed by the semicircle Si 3-Si 1-54 1 -Si 3 close 
to the Si I-Si 1 bond. There are two of these positions per Silo 
unit, and consequently two hydrogen atoms could be present. 
However, each of them would be engaged in a five-center two- 
electron bond (Si3, S i l ,  Si 1, Si3, H), and this does not seem to 
be very probable, because not even p,-bridging H atoms have 
ever been observed in hitherto known silanes. There is only 

spectroscopic[”] and theoretical evidence for such bonding situ- 
ations for small molecules like Si,H, .[4, 531 Considering the pos- 
sible hydrogen content in the compound, the compositions Sr,- 
(Sr,O)Si,,H, or Sr,,Si,,H, could occur, both of which would 
be metals according to  the calculated band structures and thus 
not preferred against the pure suboxide. Furthermore, there is 
no particular additional localization in the regions in question 
separable from the localization centers which have to be as- 
signed to the Si,, cluster. Finally, the localization maximum 
between the S i l  atoms does not deviate from the interatomic 
vectors towards the possible H position. Thus, we believe that 
there is no hydrogen present in this compound, but only oxygen, 
according to  the formula Sr,,Si,,O. Hence, the Zintl anion 
Sii:- has to be interpreted as a weakly bonded dimer of two 
Si:- chain sections. 

Identification of oxygen in a silicide: A check of our own recently 
found new silicides with the ELF analysis revealed straightfor- 
wardly that we have overlooked an oxygen atom in the structure 
of Sr,,Mg,Si,, (refs. [54,55]; Figure 9 a). Out of a large number 
of silicides with planar Sin anions, this was one of the very few 
for which no n-bond contribution was expected according to the 
formulation [SrZ+], ,[Mgz ’ ],[Si~*-][Si‘~], . The special Zintl 
anion here is the all-trans zigzag chain section Si,. This formal 
Zintl Klemm-type description implied a normal Zintl com- 
pound with a purely c-bonded chain system. This match with 
the normal valence rules and the knowledge that there is no 
energy gain for silicon from the formation of n bonds instead of 
0 bonds[s61 dissuaded us from checking this compound immedi- 
ately, although a fairly low yield in the synthesis indicated that 
better synthesis conditions had to be evaluated. 

The ELF treatment for this compound shows a marked local- 
ization region inside an “empty” Sr, unit with the form or a 
distorted octahedron (Figure 9 b,c). Rcaction of stoichionietric 
amounts of SrO, Sr, Mg, and Si gave the pure phase 
Sr,(Sr,O)Mg,Si,, within a few percent. Supporting single-crys- 
tal investigations confirmed the full oxygen occupancy of the 
central site in the Sr, octahedron.[5s1 This not only demonstrates 

(b) ( c )  

Figure 9. a) Perspective vicw of the structure of Sr,,Mg,Si,,O: E L F  distribution 
in perpendicular sections [OIO]. h) Sr,,Mg,Si,,: c) Sr,  ,Mg2Si,,0. 
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that such ELF analyses d o  have a reasonable predictive and 
analytical character, but also that heteroatom inclusions like 0 
and N and possibly C, B, or F, too, are not impurities but 
structurally important entities that do form inverse cationic 
complexes M,X"+. Such complex cations, which may be found 
everywhere in oxides and thus may a t  first sight be considered 
as trivial descriptions, obtain a new meaning in Zintl phases 
with formally highly charged anions, because they occur here as 
separable or isolated units. Further, such entities are also highly 
charged large cations, a combination that is quite rare in chem- 
istry. Interestingly, just this kind of cation is needed to separate 
and stabilize very sensitive and highly reducing Zintl anions 
with large formal charges. It need not be stressed that such 
entities have been sought for a long time, ever since attempts 
were first made to dissolve Zintl anions in polar solvents. U p  to 
now success has only been achieved in cases where the Zintl 
anions had fairly low formal charges. The features we find in our 
ELF map directly support these findings. 

Conclusion 

We consider that the ELF is able to describe chemical bonding 
in molecules, clusters, and extended structures so well that even 
information about missing atoms can easily be extrapolated 
from the function. It should be emphasized that in cases like 
CaH, even positions for the majority component atoms may be 
found, as we have shown. In case of suspect structures, we 
propose to  calculate the ELF for the known (partial) structure 
(if necessary applying different valence electron numbers, for 
example for EH calculations) to yield an impression as to 
whether the structural capability of localizing valence electrons 
is reasonable. 
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