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Mn@GemZ
(z=-1to -5)

The experimental realization of pentagonal prismatic structures for M@Ge?g (M=Co, Fe)
containing interstitial transition metal atoms makes of interest the chemistry of corresponding
manganese derivatives Mn@Gej,. The neutral Mn@Ge;, may be regarded as a complex of a
polyhedral Gefa ligand with an interstitial Mn in the +2 oxidation state. However, the lowest energy
Mn@Ge;, structure with the expected sextet spin state for high-spin d® Mn(II) lies ~23 kcal mol ™’
in energy above the lowest energy isomer thereby suggesting that such germanium polyhedra func-
tion as strong field ligands for encapsulated transition metals. The lowest energy structures for the
Mn@Gej, anions (z = —1 to —5) are all centered pentagonal prisms. Higher energy Mn@Gej,, struc-
tures have outer Geo polyhedra based on the tetracapped trigonal prism similar to the lowest energy
Co@Ge, structure and on the bicapped square antiprism similar to the Bmeg deltahedron. Other
Mn@Gej, structures have outer Ge;o polyhedra with four or five quadrilateral faces as well as six
or eight triangular faces, respectively. Bioctahedral (Ges),Mn’~ structures were also found for the
pentaanion with a manganese vertex common to two MnGes octahedra. The cationic species
Mn@Ge;, was found to have a more complicated potential surface than the anions. Tetracapped
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trigonal prismatic and bicapped square antiprismatic structures as well as a variety of more open
structures were found for Mn@Ge.

Keywords: Manganese; Germanium; Clusters; Density functional theory; Interstitial atoms

1. Introduction

Bare post-transition metal clusters were first observed by Zintl and co-workers [1-4] in the
1930s during studies of potentiometric titrations of the elements with alkali metals in liquid
ammonia. However, such clusters were not characterized structurally until the 1960s when
Corbett and co-workers [5] found that complexation of alkali metal countercations with
amines or cryptates led to crystalline derivatives of many of the anionic bare post-transition
metal clusters suitable for structural characterization by X-ray crystallography.

The original post-transition element clusters were empty clusters containing no interstitial
atoms in the centers of the cluster polyhedral. However, subsequent studies led to the dis-
covery of clusters containing interstitial transition metals. Ten-vertex bare post-transition
element clusters containing an interstitial atom were found to be of particular interest since
such species based on four different 10-vertex polyhedra have been synthesized and charac-
terized structurally by X-ray crystallography (figures 1 and 2). Two of these four polyhedra
are deltahedra with all triangular faces (figure 1). These include the Dy, bicapped square
antiprism encapsulating a metal in the anionic indium cluster Zn@In?a found in the
intermetallic [6] KgIn;oZn as well as in the lead clusters M@beo_ found in [K(2,2,2-
crypt)|.[M@Pb,o] (M = Ni, Pd, Pt) [7, 8]. The other 10-vertex deltahedron is the Cs, tetra-
capped trigonal prism in the M@Injj~ clusters found in the K;oln;o M intermetallics
(M =Ni, Pd, Pt), isoelectronic with Zn@In?g [9]. The two 10-vertex non-deltahedra
encapsulating metal ions (figure 2) include the pentagonal antiprism of bismuth in the catio-
nic bismuth cluster Pd@Bi‘l‘ar in Bij4PdBr¢ (= [Pd@Bi;¢][BiBr4]4) [10] and the pentagonal
prism found in the anion Co@Ge?a of [K(2,2,2-crypt)]4[Co@Ge;o][Co(1,5-CgH5),]
toluene [11] and in the anion Fe@Ge3;, of [K(2,2,2-crypt)]s[Fe@Ge;o] [12].

The Dy, bicapped square antiprism (figure 1) is the so-called “most spherical” 10-vertex
deltahedron [13, 14] found in the deltahedral borane dianion B IOH%E having 22 =2n+2
for n = 10 skeletal electrons as suggested by the Wade—Mingos rules [15—-18] and supported
by graph-theory derived models of the skeletal bonding topology [19]. The bicapped square
antiprismatic clusters M@be& (M =Ni, Pd, Pt) and Kgln;oZn are examples of such 22
skeletal electron structures having interstitial atoms in the center of a bicapped square anti-
prism of post-transition elements. The skeletal electron counting in such systems assumes
that the bare post-transition element vertices contribute their valence electrons in excess of
a 12-electron filled s*d'® shell. This corresponds to one skeletal electron for an indium ver-
tex and two skeletal electrons for germanium, tin, or lead vertices. The interstitial atom
either contributes as skeletal electrons those electrons in excess of the 10-electrons for a
filled d'® shell or removes the skeletal electrons required to fill a 10-electron d'® shell. In
the former situation, neutral nickel, palladium, and platinum atoms with exactly filled 10-
electron d' shells are donors of zero skeletal electrons whereas interstitial copper and zinc
atoms are donors of one and two skeletal electrons, respectively. Using the filled 10-electron
d'® shell as a criterion for skeletal electron donation makes interstitial cobalt, iron, and man-
ganese atoms acceptors of one, two, and three skeletal electrons, i.e. donors of —1, =2, and
—3 skeletal electrons, respectively.
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Until recently the assumption has been made that the preferred polyhedra for metal cluster
structures have mainly triangular faces and bear close relationships to the most spherical
deltahedra with exclusively triangular faces. Thus the Ds,; pentagonal antiprism, found
experimentally [10] in Pd@Bi?ar, can be derived from the most spherical 12-vertex deltahe-
dron, namely the regular icosahedron, by removal of an antipodal pair of vertices. This leads
to the two parallel pentagonal faces of the pentagonal antiprism in addition to the 10 triangu-
lar faces linking the two pentagons. However, the discovery of the clusters M@Ge?a
(M = Co [11], Fe [12]) with a transition metal ion inside a Ge;y pentagonal prism showed
that polyhedra with no triangular faces at all can also be the host for encapsulated transition
metal ion. Considering an interstitial cobalt to be a one electron acceptor to fill its d'® shell
makes Co@Ge?a a 22 skeletal electron system expected by the Wade—Mingos rules [15-18]
to be a Dy, bicapped square antiprism, namely the most spherical 10-vertex deltahedron.

Some clues that Ds;, pentagonal prismatic structures might be preferred over Dy,
bicapped square antiprismatic structures for 22 skeletal electron clusters arose from
theoretical work occurring contemporaneously with the experimental studies on M@Gefa
(M = Co [11], Fe[12]). Thus, density functional theory (DFT) studies on the 22 skeletal
electron systems M@Gefa (M =Ni, Pd, Pt) predict the pentagonal prismatic structures to
be the lowest energy structures for the palladium and platinum derivatives [20]. For the
smaller nickel in Ni@Ge%g , the Dy structure predicted by the Wade—Mingos rules [15-18]
is the lowest energy structure. However, the D5, pentagonal prismatic Ni@Ge%g structure is
found to lie only ~5 kcal mol™! above the D,y global minimum. The preference for Ds,
pentagonal prismatic rather than Dg4,; bicapped square prismatic structures for M@Gefg can
be rationalized by the larger internal volume of the pentagonal prism relative to the
bicapped square antiprism.

Motivated by the experimentally observed unexpected pentagonal prismatic structures for
the M@Geio’ (M = Co, Fe) trianions, we undertook a comprehensive density theoretical
study of M@Gej, systems with a wide range of charges (z). For the cobalt systems, two
particularly favorable structure types emerged from this study [21]. The first was the experi-
mentally observed [11] Ds;, pentagonal prismatic singlet Co@Ge?g structure, which was
found to lie ~17 kcal mol™" in energy below the next lowest energy Co@Ge?g structure.
Relatively low-energy pentagonal prismatic Co@Ge], structures with charges (z) ranging
from 0 to —5 were also found having doublet to quartet spin states corresponding to adding
or subtracting electrons from the singlet Co@Ge?a pentagonal prismatic structure. The sec-
ond favorable structure type was a Cj, singlet tetracapped trigonal prismatic Co@Ge),
structure lying ~16 kcal mol™" in energy below the next lowest energy Co@Gej, structure.
This Cj3, polyhedron is found experimentally in the M@In%g’ anions in the intermetallics
[9] KioMIn;; (M =Ni, Pd, Pt), isoelectronic with Co@Ge,,. For the iron systems
Fe@Gej,, the pentagonal prism was found to be the lowest energy structures in all nine
charge states ranging from —5 to +3 [22].

A question of interest in interpreting the theoretical results from our studies of M@Gej,
complexes is the nature of the Gej, ligand and thus the formal oxidation state of the inter-
stitial transition metal. The spin state of the structure can give a clue regarding the formal
transition metal oxidation state. In Co@Ge?a , the singlet spin state suggests Co(—I) with a
filled d'* shell and thus the outer Ge,o pentagonal prism to be a dianionic Ge?; ligand. A
similar interpretation was suggested by Fissler and co-workers in their original experimen-
tal paper [11]. Assuming a similar Gefa dianionic ligand for the experimentally known [12]
pentagonal prismatic Fe@Gefo_ suggests the unusual d° Fe(—1) oxidation state for the
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central iron. This is consistent with the doublet spin state of the pentagonal prismatic
Fe@Ge?, structure.

Another reason for our theoretical study on Fe@Gej, systems was a search for sextet
spin state structures having the central iron in the d° Fe(III) oxidation state with a favorable
half-filled d shell. This would correspond to the Fe@Ge], cation if the outer germanium
cluster is assumed to be the Gefa dianion similar to the assignment of the Co(—1) formal
oxidation state in Co@Ge?g as discussed above. However, the lowest energy sextet
Fe@Ge, structure was found to lie ~16 kcal mol™' above the global minimum, which is a
doublet structure. This suggests that the Ge, cluster surrounding an interstitial transition
metal atom functions as a reasonably strong field ligand favoring lower spin states.

The chemistry of manganese is characterized by the very stable high spin d> Mn(II)
oxidation state with a half-filled d shell and sextet spin multiplicity. Even with the strong
field cyanide ion, the tetrahedral Mn(CN)ﬁ’ anion is a high spin sextet [23] suggesting the
possibility of low-energy high spin neutral Mn@Ge;, structures having the central
manganese in the formal Mn(Il) oxidation state. Using this rationale, we investigated the
complete Mn@Gej,, series with z=+1 to —5 corresponding to manganese formal oxidation
states from the d* Mn(III) down to the d'® Mn(—III). The latter highly negative manganese
formal oxidation state is known experimentally in the Mn(CO)i_ anion [24]. The Mn(-1)
formal oxidation state has been encountered in [Ge,oMn(CO)4]*~ in which the bicapped
square antiprismatic Ge%a acts as a ligand, in what seems to be the first experimental evi-
dence of the closo Ge%a cluster [25]. An endohedral cluster of D,; symmetry containing a
manganese inside a distorted Pb;, icosahedron has also been synthesized and reported as
[K(2,2,2-crypt)[3[Mn@Pb;;] 1.5en [26]. Furthermore, recent DFT calculations on M@Ge,
systems using various transition metals as central atoms indicate a Ge;, icosahedron as the
most stable geometry for the Mn@Ge,, cluster [27].

The results reported in this paper indicate clearly that Gefo’ functions as a strong field
ligand towards an interstitial atom since the lowest energy sextet spin state Mn@Ge struc-
ture is found to lie ~23 kcal mol™" in energy above the corresponding global minimum. In
addition, the anionic Mn@Gej, (z = —1 to —5) systems were found to resemble the isoelec-
tronic Fe@Ge’}' systems since pentagonal prismatic structures were found to be the lowest
energy structures in all such systems.

2. Theoretical methods

Geometry optimizations were carried out at the hybrid DFT B3LYP level [28-31] using the
6-31G(d) (valence) double-zeta quality basis functions extended by adding one set of polar-
ization (d) functions for both the interstitial and germanium atoms. For the Mn@Gej,
(z=-2 to +1) systems, the four lowest energy identified minima were reoptimized in sol-
vent at the same level of theory. In this connection, CPCM SCRF calculations [32] in
tetrahydrofuran (THF) confirm that the gas-phase global minima remain global minima in
solution. Adding diffuse functions by the 6-31+G(d) basis set led to convergence problems.
Although the resulting minima are similar to some of the ones obtained using the basis set
without diffuse functions, a conclusion regarding the energetics in the series of clusters
could not be drawn owing to the limited number of structures properly optimized without
convergence problems.
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%Yy

D44 bicapped C3, tetracapped
square antiprism trigonal prism

Figure 1. Ten-vertex deltahedra found to encapsulate metal atoms. These deltahedra can be generated by capping
rectangular faces of smaller polyhedral. The caps are shown in green and the central polyhedra are shown in black.

The Gaussian 09 package of programs [33] was used in which the fine grid (75,302) is
the default for numerically evaluating the integrals and the tight (10”°) Hartree as the
default for the self-consistent field convergence. Computations were carried out using six
initial geometries, including 10-vertex polyhedra with three-fold, four-fold, and five-fold
symmetry encompassing the four polyhedra in figures 1 and 2 as well as a prolate Cj;,
structure and the Dy, bicapped cube. The symmetries were maintained during the initial
geometry optimization processes. Symmetry breaking using modes defined by imaginary
vibrational frequencies was then used to determine optimized structures with minimum
energies. Spin states from singlets to sextets were considered. Vibrational analyses show
that all of the final optimized structures discussed in this paper are genuine minima at the
B3LYP/6-31G(d) level without any significant imaginary frequencies (Njmaz = 0). In a few
cases, the calculations ended with acceptable small imaginary frequencies [34] and these
values are indicated in the corresponding figures.

The optimized structures found for the Mn@Gej,, derivatives are labeled by the numbers
of skeletal electrons and their relative energies. In determining the numbers of skeletal elec-
trons, the interstitial manganese is assumed to attain the d'® closed-shell configuration by
being a three-electron acceptor, i.e. a —3 skeletal electron donor. The bare germanium
vertices are assumed to be donors of two skeletal electrons each as suggested by the
Wade—Mingos rules [15—18]. Spin states are indicated by S, D, T, Q, P, and H for singlet,
doublet, triplet, quartet, quintet, and sextet, respectively. Thus, the lowest energy structure
of the singlet pentaanion Mn@Ge;;, is labeled 22-1S.

Additional details of all of the optimized structures listing all interatomic distances, the
initial geometries leading to a given optimized structure, and structures with energies too

——
Dsy4 pentagonal Dsy, pentagonal
antiprism prism

Figure 2. Ten-vertex non-deltahedra found to encapsulate metal atoms.
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high to be of possible chemical relevance are provided in the Supporting Information. In
assigning polyhedra to the optimized structures, the Ge—Ge distances less than ~3.3 A were
normally considered as polyhedral edges; significant exceptions are noted in the text.
Similarly Mn-Ge distances less than ~2.8 A were considered bonding distances; most such
Mn-Ge bonding distances were less than ~2.5 A except for some of the less regular
polyhedral structures.

3. Results and discussion

3.1. Neutral Mn@Ge;,

The manganese atom in neutral Mn@Ge;, is in the d° formal Mn(II) oxidation state if the
Ge?, cluster is assumed to be the dianion as discussed above. The lowest energy high spin
sextet Mn@Ge( cluster 17-4H has a D,, bicapped square antiprism structure for the outer
Gejo unit (figures 1 and 3). The Wade—Mingos rules [15-18] suggest 2n + 2 skeletal
electrons for such a structure consistent with a Ge%g dianion and thus a d°> Mn(II) formal
oxidation state. However, this high spin structure 17—4H lies 23.1 kcal mol™' above the
lowest energy Mn@Ge;q structure 17-1Q. The optimization in THF leads to a similar
result, with an energy difference of 22.9 kcal mol™" between the Dy, bicapped square anti-
prism structure and the Cj, global minimum. This suggests that the Ge%a ligand functions
as a strong field ligand to an interstitial manganese atom.

The lowest energy Mn@Ge,q structure 17-1Q is a quartet C;, structure based on a
tetracapped trigonal prism (figure 3). A slightly higher energy doublet Mn@Ge structure
17-2D, lying 1.9 kcal mol™! above 17-1Q, is also found based on similar tetracapped trigo-
nal prism topology. However, in 17-2D the ideal C3, symmetry of the tetracapped trigonal
prism is distorted to C; symmetry. Both of these structures were also found in the optimiza-
tions in THF, with a lower energy gap of 1.5 kcal mol™' between them. The remaining
low-energy Mn@Ge;, structure is the pentagonal prismatic structure 17-3D, lying
4.3 kcal mol™! above 17-1Q. In 17-3D, the ideal Ds;, symmetry of the Ge,o pentagonal
prism is distorted to C, symmetry. In this distorted structure, the edge lengths of the
pentagonal faces range from 2.44 to 2.63 A.

17-1Q (Cs)) 17-2D (Cs) 17-3D (Cs) 17-4H (D)
0.0 kcal/mol 1.9 kcal/mol 4.3 kcal/mol (38 ) 23.1 kcal/mol

Figure 3. The four optimized Mn@Ge;, structures within 25 kcal mol™" of the global minimum.
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3.2. Anionic Mn@G¢;, derivatives (z = —1 to —5)

The lowest energy structures for the Mn@Gej, anions (z=—1 to —5) are all pentago-
nal prisms with triplet (z=—1), quartet (z=—2), triplet (z=—3), doublet (z = —4), and
singlet (z=—5) spin states (figures 4-7). Ideal Ds; symmetry is retained for the Geg
polyhedra in all of these structures except for the dianion Mn@Ge%O’ (19-1Q in figure 5)
in which the edge lengths of the pentagonal faces range from 2.44 to 2.63 A. Structure
20-1T has an outer regular Ge;o pentagonal prism but with the manganese not located
at the center of the polyhedron as indicated by Mn—Ge distances ranging from 2.464
to 2.606 A. The singlet pentaanion Mn@Ge?a (22-18 in figure 7) is a closed shell
structure and is isoelectronic with the experimentally known [11] Co@Ge?a . The
doublet Mn@Ge, structure 21-1D (similar to 22-1S in figure 7 and therefore not
depicted in a separate figure) is isoelectronic with the known [12] Fe@Gefa . Structure
21-1D appears to be unusually favorable since it lies a very large ~42 kcal mol™' in
energy below the next lowest energy Mn@Ge?a structure. For Mn@Gefg , a singlet
pentagonal prismatic structure 20-2S with ideal Ds;, symmetry similar to the isomeric
triplet structure 20-1S lies 14.5 kcal mol™' above 20-1S. Similarly, for Mn@Ge), a
singlet pentagonal prismatic structure 18-2S lies 2.5 kcal mol™' in energy above 18-1T
(figure 4). However, 18-2S is distorted from ideal D5, symmetry to C,, symmetry with
pentagonal face edge lengths ranging from 2.44 to 2.65 A. Optimizations in THF lead
to the same three structures in order of energy for the Mn@Ge,, clusters, starting with
the Ds;, symmetry global minimum, in the same energy range. The difference in
relative energies between the two equivalent series is about 0.1 kcal mol™'.

18-1T (Dsp) 18-2S (Cy)) 18-3P (Cs) 18-4P (C;)
0.0 kcal/mol 2.5 kcal/mol 3.1 kcal/mol 4.8 kcal/mol

18-5S (Cs) 18-6S (Cs\) 18-7T (Daq)
6.1 kcal/mol 7.6 kcal/mol 12.1 kcal/mol
(35icm™")

Figure 4. The seven optimized Mn@Ge,, structures within 25 kcal mol ™" of the global minimum.
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03303

0D

1941Q (C,) 19-2Q (Cy) 8119';'265:3)'
0.0 kcal/mol (10 i) 8.0 kcal/mol ooyt 1
(33icm™))

Figure 5. The three optimized Mn@Ge?, structures within 25 kcal mol ™" of the global minimum.

20-1T (Cy) 20-2S (Dsp) 20-3T (Cy)
0.0 kcal/mol 14.5 kcal/mol 22.4 kcal/mol

20-4T (Cy) 20-5S (Cs)
22.8 kcal/mol (151) 23.4 kcal/mol

Figure 6. The five optimized Mn@Ge?, structures within 25 kcal mol™" of the global minimum.

The occurrence of pentagonal prisms rather than polyhedra with triangular faces in
M@Gej, structures relates to the large volume of the pentagonal prism relative to other
10-vertex polyhedra for encapsulating a central metal. Thus, removal of edges to convert
pairs of triangular faces to quadrilateral faces or trios of triangular faces to pentagonal faces
increases the volume of the Ge;y polyhedron to accommodate an interstitial atom. A less
extreme removal of edges to increase the volume of a Ge;y polyhedron is found in the
Mn@Ge), structures 18-3P and 18-5S (figure 4), the Mn@Ge%g structure 19-2Q (figure 5),
the Mn@Ge?g structure 20-3T (figure 6), and the Mn@Gefa structure 22-7T (figure 7)
lying 3.1, 4.8, 8.0, 22.4, and 22.6 kcal mol ™', respectively, above the corresponding isomeric
lowest energy structures. The Ge,o polyhedra in these structures have two rectangular faces,
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@)

22-1S (Dsp) 22-2T (Da4p) 22-3S (Dyq)
0.0kcal/mol 2.9kcal/mol 17.4kcal/mol

22-4P (C»,) 22-5T (C1) 22-6T (Csyy) 2222;(” I(,CS) |
18.0kcal/mol 21.7kcal/mol 22.1kcal/mol P 42f:‘m_";°

Figure 7. The seven optimized Mn@Gef(j structures within 25 kcal mol™" of the global minimum.

two concave quadrilateral faces, and eight triangular faces and thus are conveniently
designated as “4f; polyhedra”. This corresponds to two degree three vertices, six degree four
vertices, and two degree five vertices. The Ge;( polyhedron in the quintet Mn@Ge;, 18—4P
is also related to the 4f, polyhedron by lengthening one of the edges. Another slightly more
open polyhedron, found in the triplet Mn@Ge% structure 20—4T lying 22.8 kcal mol™
above 20-1T, has four approximately rectangular faces, one quadrilateral face, and six
triangular faces, and thus is conveniently designated as a “5f; polyhedron” (figure 6).
The energies of the 4f, polyhedral Mn@Gej,, structures relative to the isomeric pentagonal
prismatic structures increase as z becomes more negative. This may relate to the effectively
larger size of the interstitial manganese as the negative charge is increased thereby requiring
a larger cavity inside the outer Ge;o polyhedron.

A singlet Cs, structure based on the tetracapped trigonal prism was found to be the low-
est energy structure for the Co@Ge], monoanion as well as neutral Co@Ge,o [21]. In the
isoelectronic Mn@Ge, trianion an analogous Cs,, structure 2058 is found, but at the rela-
tively high energy of 23.4 kcal mol™' above the lowest energy isomer 20—1T. Other tetra-
capped trigonal prism structures of Mn@Ge],systems include the singlet Mn@Ge),
structure 18-6S, the quartet Mn@Gefg structure 19-3Q, and the triplet Mn@Gefg structure
22-6T, lying 7.6, 8.1, and 22.1 kcal mol~" in energy, respectively, above the corresponding
minimum energy isomers. Ideal C3, symmetry is maintained for the tetracapped trigonal
prisms in 18-6S, 20-5S, and 22—-6T. However, for the quartet Mn@Ge% dianion structure



Downloaded by [Mizoram University] at 14:40 28 December 2015

3494 M.M. Uta and R.B. King

19-3Q the ideal C;, structure is distorted to Cy symmetry with edge-length deviations from
ideal symmetry up to ~0.06 A. A similar deviation from ideal Cs, symmetry is not found in
the isoelectronic Co@Ge;q structure, which, however, is a low-spin doublet rather than the
tetracapped trigonal prism quartet spin state 19-3Q [21]. No tetracapped trigonal prism
structure was found for the tetraanion Mn@Ge?a at accessible energies.

The interpretation of the Mn@Gej,, structures as manganese complexes of a surrounding
Ge, ligand considers the ligand as the Ge?; dianion. The preferred structure for an empty
Ge%g dianion is the D, bicapped square antiprism similar to the well-known B,oH?, deltahe-
dron. In all of the lowest energy Mn@Ge],, structures, this deltahedron opens up to a polyhe-
dron with a larger internal volume and non-triangular faces to accommodate the interstitial
manganese. The extreme example of such deltahedral opening retaining a true polyhedral
structure is the pentagonal prism as discussed above. However, some higher energy
Mn@Gej, structures are found retaining the bicapped square antiprism geometry and D,
symmetry of the Ge;o polyhedron. These include the triplet Mn@Ge;, structure 18-7T
(figure 4) and the singlet Mn@Gefa structure 22-3S (figure 7) lying 12.1 and 17.4 kcal -
mol™", respectively, above the lowest energy isomers. In the monoanion 18-7T, the eight
edges of the square faces of the underlying square antiprism are relatively long at 3.107 A
with the edges connecting the two square faces at 2.700 A. In the pentaanion 22-3S, the eight
edges of the square faces of the underlying square antiprism are expanded to non-bonding
distances of 3.490 A to obtain a large volume of the interstitial atom. This expansion leads to
compression of the distances of the edges connecting the two square faces to 2.483 A.

Alternatives to Mn@Gej,, structures consisting of an outer Ge;, polyhedron surrounding
an interstitial manganese are isomeric structures having two polyhedra sharing a manganese
vertex. Examples of such structures are the triplet (Ges),Mn’>~ structure 22-2T and the
quintet structure 22—4P, lying 2.9 and 18.0 kcal mol™' above the lowest energy Mn@Ge;,
isomer 22—-18S (figure 7). In these structures two MnGes suboctahedra share the manganese
vertex. The triplet structure 22—-2T has ideal D, symmetry, retaining the C, axis common
to both MnGes suboctahedra in this structure. However, in the quintet structure 22—4P the
C,4 axes of each MnGes suboctahedron are preserved but one of the suboctahedra is larger
than the other suboctahedron. A very high energy singlet spin state (Ges),Mn>~ structure is
also found with the ideal Dy, symmetry lying at the very high energy of 37.8 kcal mol™
relative to 22—18.

3.3. The Mn@Ge, cation

The potential energy surfaces of the Mn@Ge7; cations are significantly more complicated
than those of the Mn@Gej, anion with a larger number of low-energy structures. The Ge,o
polyhedra in many of the low-energy structures of the Mn@Ge7{ cations are low-symmetry
not readily recognizable open polyhedra. As an example, the four lowest energy structures of
the Mn@Ge, monocation are shown in figure 8. The lowest energy Mn@Ge;, structure 16-1S
is a singlet spin state distorted tetracapped trigonal prism, which can be obtained by removal
of an electron from the doublet Mn@Ge;, structure 17-1D. The next Mn@Ge;, structure
16-2P, lying 2.4 kcal mol™' in energy above 16-1S, is a quintet spin state bicapped square
antiprism retaining the ideal D4, symmetry. Computations in THF reveal this structure at a
slightly higher relative energy of 3.7 kcal mol™' above the same singlet distorted tetracapped
trigonal prism global minimum. In 16-2P, the edge lengths of the two square faces of the
underlying square antiprism are 3.220 A whereas the lengths of the edges connecting these
two square faces are 2.734 A. The Mn@Ge, structure 16-4P, lying 4.4 kcal mol ™" in energy
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16-1S (Cy) 16-2P (D4q) 16-3T-(C1) 16-4P (Cy)
0.0 kcal/mol 2.4 kcal/mol 3.3 kcal/mol 4.4 kcal/mol (54 i)

Figure 8. The four optimized Mn@Gej, structures within 8 kcal mol ™" of the global minimum.

above 16-18, is a quintet spin state structure with an outer 4f; Ge;( polyhedron similar to the
4f, polyhedra in the anionic structures 18-3P, 18-5S, 19-2Q, 20-3T, and 22-7T discussed
above. The final low-energy Mn@Ge;, structure, namely the triplet spin state 16-3T lying
3.3 kcal mol™" in energy above 16-1S, has an open outer Geo polyhedron with an open
non-planar heptagonal face (Ge atoms 2-7-5-10-9-11-8 in figure 8).

4. Summary

The neutral species Mn@Ge;o can be interpreted as a Mn(II) complex of a Gefa ligand
completely surrounding the interstitial manganese. However, the lowest energy Mn@Geq
structure corresponding to the sextet spin state of high spin d> Mn(II) lies ~23 kcal mol™" in
energy above the lowest energy isomer, which is a quartet Cs, structure based on a tetra-
capped trigonal prism. The Ge;o “ligand” polyhedron in the sextet Mn@Ge,, structure is
an undistorted D4, bicapped square antiprism similar to the BIOH%a deltahedron. This is
consistent with its formulation as a dianionic ligand complexing with the interstitial Mn(II).
These observations indicate quite clearly that a Ge?, ligand surrounding completely an
interstitial transition metal atom functions as a strong field ligand.

Investigation of the anionic species Mn@Ge7, (z = —1 to —5) shows pentagonal prismatic
structures similar to the experimental M@Ge?g structures (M = Co [11], Fe [12]) to be the
lowest energy structures in all cases. Higher energy Mn@Gej,, structures include structures
with outer Gejo polyhedra based on the tetracapped trigonal prism similar to the lowest
energy Co@Ge;, structure and on the bicapped square antiprism similar to the BjoH?,
deltahedron. Other Mn@Gej, structures have outer Ge;o polyhedra with four or five
quadrilateral faces as well as six or eight triangular faces, respectively. Bioctahedral
(Ges),Mn”~ structures were also found for the pentaanion with the manganese vertex com-
mon to two MnGes octahedra. The cationic species Mn@Ge;,, was found to have a more
complicated potential surface than the anionic species. Tetracapped trigonal prismatic and
bicapped square antiprismatic structures as well as a variety of more open structures were
found for Mn@Ge,.

Supporting information available

Tables of distances for the Mn@Gej, derivatives (z = —5 to +1); tables of distances for the
Mn@Gej, derivatives in THF (z=—2 to +1); tables of distances for the few Mn@Gej,
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derivatives optimized using the B3LYP/6-31+G(d) basis set (z=—2 to +1); complete
Gaussian reference (reference [33]).
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