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Endohedral and exohedral polyhedral cage molecules of the form §h)ACA = C, Si, Ge) with double
four-membered ring D4R units complexed with the atomic or ionic species fa", K+, F-, CI~, Br~, He,

Ne, Ar) have been investigated at the B3LYP/6-31G(d) and B3LYP/6+31G&(d,p) levels. Geometric,
electronic, and energetic properties were obtained. For the endohedral complexes the noble gas atoms (X
He, Ne, and Ar) inside the cage cause the cages to expand, and the extent of the expansion depends on the
size of the included atom. Endohedral alkali ions, in contrast, exhibit both attractive and repulsive interactions
with the cage atoms. The cage expands when K* and contracts when X Li* or Na" for A = Si, Ge,

and for A= C, the cage expands for all three ions. Encapsulation of the halide ions results in cage expansion
throughout. Furthermore, the symmetry of the endohedral complexes when X is a cation depends critically
on the relative cation and cage sizes. The binding energies of the endohedral and exohedral complexes document
a clear preference for the latter, except for halides, where the endohedral complexes are more stable. The

stability of endohedral complexes containing the isoelectronic speciedNd", Ne, F is determined by the
charge transfer to the -AO cage bonding sites. The formation of the endohedral complexes is discussed in

terms of transition states that connect the exohedral and endohedral minima as well as the activation barriers

for insertion of the guest into the cage. Our studies predict that a fluoride anion can penetrate into the{HAO
cage without destroying it. For X CI~, in contrast, the cage ruptures upon insertion of the impurity.

I. Introduction synthesized an endohedral molecule, octaphenyl octasilsesqui-
oxane fluoride, as a quaternary ammonium salt, confirming its

1 29q; ve-i
meric silsesquioxane (POSSy Gage systems and their deriva- ts)truc;urg by tHFEBMR, Si NMtR’ nttegatlvz |)c()n faj.tff at;'m
tives have attracted considerable inteféBhe POSS monomer ombardment ( ) mass spectrometry, and X-ray diffraction.

Ts cage consists of silicon atoms occupying the vertices of a e properties of POSS and its derivatives and the reaction
cube and oxygen atoms bridging each pair of silicon atoms. In path _tha_t leads to the incorporation of f(_)re|gn atomic or ionic
the parent octahydridosilsesquioxane a single hydrogen atomSPecies into the POSS cage can be obtained from computational
is attached to each silicon atom. In general, POSS derivativesstudies. Such studies also may predict novel complexes for
exhibit the composition (RSi§2)2n, Wwhere R denotes an organic future experimental examination. Thus, Mattori et al. reported
ligand. POSS derivatives incorporated into organic polymers, computational results on the trapping and release transition states
dendrimers, and zeolites have found substantial attention due(TS) of atomic hydrogen in an octasilsesquioxane host €age.
to their applications in material science and catalysne Sodium cations form exohedral complexes with POSS according
interesting feature of these cages is that atoms or ions can beo ion mobility studies and molecular mechanics (MM) calcula-
encapsulated into them, and several studies, including our own,tions® Encapsulation of Ng F~, or OH inside [(OH)SiQy]s

have focused on this property. Most experimental and theoreticalhas been investigated by local density functional (LDF)
studied reported in the literature have focused on the pure or technique$. The geometric structures of these composites, as
metal-substituted parent POSS cage with or without encapsulatedvell as the charge redistribution among the host cage and the
species. We will comment on endohedral and exohedral endohedral ionic species, were predicted. Furthermore, a

Octahydridosilsesquioxane, (HSg)s, or polyhedral oligo-

complexes, and throughout this article we will use X@ (HAfQ spherogermante species with D4R units based on germanium

to denote the first and X(HAg)s for the second of these s as important as spherosilicate in many technological applica-

structural alternatives. tions. It is also an interesting object of study as a host éage.
The structure of the parengtage molecule (HSig)s has Morris et al! prepared for the first time a molecular fluoride-

been characterized by IR and NMR in solution as well as X-ray encapsulated octaspherogermante @f{OH)GeQy]s. The

and neutron diffraction in the solid state and mass spectrometrystructure was confirmed by NMR and X-ray diffraction experi-
in the gas phaseMatsuda et at.and Pah et al® studied the mentst! The (HAOs2)s cages (A= C, Si, Ge) are expected to
double four-membered-ring (D4R) silicate cage with an encap- have numerous properties in common since carbon, silicon, and
sulated hydrogen atom by ESR spectroscopy. Taylor et al. germanium share tetrahedrally coordinated bulk structures. In
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A=[C,Si, Ge]and

He, Ne, Ar, 17— iSl--
X =| Li*, Na*, K%,
F,Cl,Br
(b) () (d)

Figure 1. Schematic representation of host cage species with D4R units and impurities: (a) host ca@eawillh symmetries, (b) specification
of vertex atoms (A) and impurities (X), (c) exohedral species, and (e) endohedral species are connected by a transition state (d).

fact, (HGeQ),)s has not been synthesized yet, though analogous tions were also performed at the B3LYP/6-311G(2d,p) level
systems with other groups replacing the hydrogen are knownto resolve small structural differences between experimentally
in inorganic chemistry. For example, fluorine-encapsulated detected isomers (see section IlIl). For the parent (Hgi@age
octahydroxylspherogermanate,®[(OH)GeQ;s, ! containing additional calculations using the cc-pVDZ and cc-pVTZ basis
D4R units, has a backbone analogous to that of (H2¥ setd8 were carried out for comparison. The agreement of the
Further, an arrangement of cyclic ether compodfigssimilar B3LYP/6-31H+G(d,p) results with those obtained at the
to (HCGO;s0)s, although it has not been synthesized as a cage B3LYP/cc-pVDZ level is typically on the order 0f-12%, which
molecule so far. improves to about 0.5% as the B3LYP/cc-pVTZ method is
Computational results have been reported for the structuresapplied.
and reaction mechanisms of the endohedral complexes Application of a method that explicitly includes electron
X@(HSiOz0)s (X = Ny and Q)2 as well as H@(HSIigy)s.” correlation would have been preferable for a study of this nature;
However, very little information exists about the structures however, even the least expensive correlation method (MP2)
arising from the combination of atomic noble gas atoms, halides, turned out to be too time-consuming for this study. However,
or alkali metal ions with (HAQy)s cages. Nothing is known  the geometry of the parent POSS cage was optimized at the
about the formation process of these endohedral and exohedraMP2/6-311G(d,p) level, and the geometry was found to be
complexes beyond the pioneering synthetic encapsulation of F similar to the geometry obtained at the B3LYP level. The LYP
by Taylor et af These issues, however, are of relevance both potential does incorporate some correlation effects, and the
for a systematic understanding of POSS and POSS analogue83LYP method was chosen as a cost-effective compromise for
and for the possible fabrication of both exohedral and endohedralour studies. The scheme followed in the present calculations is

D4R unit complexes. illustrated in Figure 1. The binding energies, &Hkcal/mol),

In this study, we address the question to what extent the of the exohedral clusters were evaluated by taking the energy
geometric, energetic, and electronic properties of (H4gcan difference of X(HAQ/2)s (Eexo) @nd the sum of the energies of
be influenced by addition of atomic and ionic impurities. More the isolated components, andEpue The binding energies for
specifically, we investigated the exohedral X(H&&s and the endohedral complexes, Bk (kcal/mol), were calculated
endohedral X@(HA@y)s [X = He, Ne, Ar, Lit, Na, K, F~, in an analogous manner. The path between both stable structures

Cl—, Br; A =C, Si, Ge] systems (Figure 1). The most likely and the energy barriers were determined by identifying the
direct insertion mechanism is assumed to be the passage ofransition state (TS; Bfs), separating the exohedral from the
impurities through a square face of the cubic POSS structure.endohedral complexes. For each identified transition state we
We evaluated the energy barriers involved in the formation of confirmed that it connects the endohedral and the exohedral
stable endohedral or exohedral structures and assessed thminimum by careful inspection of the unstable mode. The
prospects for fabricating endohedral complexes. This work counterpoise methétiwas used for estimating the size of BSSE
should contribute to understanding the design and control of of the binding energies, BRj,and BEx, (Supporting Informa-
these molecular systems and to support ongoing endeavors tdion). These calculations yield a slight modification of the
create new polyhedral sphero-atomic oxide materials with novel endohedral binding energies without affecting their trends. For

properties. the exohedral binding energies, the BSSE has been found to be
extremely small.
II. Computational Details Adiabatic ionization potentials (IP) were computed for the

pure host cages (HA$2)s with A = C, Si, Ge as the difference
between the total energies of the optimized cations and the
optimized neutrals. For the treatment of the cationic cages an
unrestricted formalism was used.

All calculations were performed using the Gaussidf@ad
PQS?* suite of programs. For all species the geometries and
the harmonic vibrational frequencies were determined with
density functional (DFT) calculations employing the B3L}¥¢P
potential. It has been demonstrated that this method combined
with a basis set of at least a doulilgslus polarization quality
yields reasonable molecular structures and frequencies for many This section is organized the following way: The geometrical
systems’¢ The vibrational frequencies were calculated for all features will be discussed first starting with the pure host cages,
optimized structures to allow classification of the various followed by the endohedral and exohedral complexes, and
structures as minima or transition states; in addition, it allowed finally the transition states separating the exohedral and en-
corrections of calculated energy differentefor differences dohedral complexes. In the last section of this part, the ener-
in zero-point vibrational energies. getics, i.e., the binding energies and activation barriers, will be

Initially, all structures were studied using the 6-31G(d) basis discussed.
set, and subsequently, refined calculations were carried out Geometrical Features. Host CageslThe geometric param-
employing the 6-31:++G(d,p) basis. For the host cage (HS#3, eters of the host cages calculated with the B3LYP method are
however, the geometry optimizations and frequency computa- summarized in Figure 2. Only symmetry unique parameters are

Ill. Results and Discussion
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(a) (HCOsp)s; Ti

TABLE 1: Magnitudes of the Lowest Vibrational
Frequencies {;), Adiabatic lonization Potentials (IP), Cage
Radii, and Relative Energy (AE) betweenOy, and T, Isomers
at B3LYP/6-311++G(d,p)?

C (Th) Si (Th) Ge (Th)
w1 (cm 1P 218 74 69
IP (eV) 10.15 10.02 9.72
cavity radius (Aj 0.439 0.986 1.129
AE (kcal/moly 13.6 0.7 2.8

a At B3LYP/6-3114++G(2d,p) optimized structure8Lowest fre-
guency.© Cavity radius= [distance between cage center and edge
anionic oxygen radiusf AE = total energy Q) — total energy Ty).

shown. Table 1 contains the lowest vibational frequency, the
adiabatic ionization potentials (IP), the cavity radii (see footnote
c of Table 1) as well as energy differences betweerQjpand
Thisomers. It should be noted that the global minimum exhibits
Th symmetry in each case, i.e., forA C, Si, and Ge. This is
consistent with experimental findings which yieldey sym-
metry for (HSiQy)g in solutiorf® and Ty, in the gas phas®.
The respectivéd, and Ty structures also turned out to be very

(b) (HSiO32)s;, Oy or T},

Figure 2. Optimized geometries (A and deg) and molecular point groups of (#s@olecules calculated with the B3LYP method, using two
different basis sets. The order is (from above) 6-8%15(d,p) and 6-31G(d). Data referring to the structures of the cations are printed in italics;
the respective results are obtained on the B3LYP/6+3&®(d,p) level. For (HSi@.)s, data pertaining td, symmetry, obtained at the B3LYP/
6-311++G(2d,p) level, are included as the fourth entry in each column.

Park et al.

(c) (HGeOsp)s; T

experiment and turn out to be very similar. Thus, for disiloxane,
the reported geometric parameters arg8iOSi = 144.7° and
ra—o = 1.634 A24 and the respective values for (HSj&k are
0SiOSi= 141.7 andrsi—o = 1.649 A23 These findings suggest
that our geometry of (HC&)s is realistic.

The isosurface plots of the HOMO and the LUMO are
presented in Figure 3 for each of the three host cages. For all
cages, the HOMO is preceded by a 3-fold degenerate HOMO
and, in reverse order, the LUMO followed by a 3-fold
degenerate LUM@1. In all three cases, the HOMO consists
mainly of an oxygen lone pair. The LUMO and the LUMQ
contain mainly A (C, Si, and Ge) contributions which are
antibonding in A-H and A-O.

Endohedral Complexes X@(HAQ/y)s. Despite the consid-
erable variations in the sizes of both the host cages and the
atomic and ionic endohedral species, stable endohedral geom-
etries were obtained for all complexes investigated in this study.
The geometric deformations induced by the encapsulated species
were small. Table 2 contains the total energies, point groups,
endohedral binding energies, and optimized bond lengths for

similar as can be seen in Figure 2. While these two isomers arethe endohedral complexes X@(HAgQs with X = Li*, Nar,
near-degenerate for the silicate cage, their energies are wellK*, F~, CI~, Br-, He, Ne, Ar and A= C, Si, Ge.

separated from each other for the analogous carbonate and Most of the endohedral complexes retain the symmetry of
germanate cages. From Figure 2, it is also seen that thethe respective pure host cage, i®y, or Th. However, this is
geometric differences between the host cages and their cationsiot observed for Li@(HSiGs0)s or LitT@(HGeQ)s. The

are small.

As expected, the bond lengths—o andra—p increase for
the series A= C, Si, Ge, and the host cage sizes relax in the
same order. The radii of the host cavities (C, 0.439 A; Si, 0.986
A; Ge, 1.129 A) are sufficient to encapsulate both ionic and
atomic species.

The octahydridospherocarbonate (H§83 and octahydri-
dospherogermanate (HGggs cages both havé, symmetry,
and they are 13.6 and 2.8 kcal/mol more stable than Bgir
alternatives, respectively. The latter are stationary points with
one imaginary il53) and four imaginaryi{5 and triply
degenerate24) frequencies at the B3LYP/6-3t1%+G(d,p) level.
Spherogermanate is referred to as a D4R unit in zedlitad

former turns out to be a stationary point @s symmetry is
imposed on the system, and likewise, the latter was found to
be a stationary point T, symmetry conditions. Frequency
analysis results in five imaginary frequencies for both these
structures (see Supporting Information). Deforming the systems
along their triply and doubly degenerate unstable coordinates,
we find minima with both D,y and Ds, symmetry for

Li T@(HSiQy)s andDog andDon, symmetry for Lif@(HGeQ)s,
respectively. The coordination of the lithium cation is tetrahedral
for the Doy geometry and tetraplanar for th@s, and Doy
structures (Figure 4). For both systems g structures are
more stable than thB4, and Dy, forms by 3.4 and 12.6 kcal/
mol for LiT@(HSiGs2)s and Lit@(HGeQyy)s, respectively. In

its germanium atoms are tetrahedrally coordinated, just as Sicontrast, the endohedral complex™@(HCOs2)s has aTy

in silicate. Ideally, ifO, symmetry is assumed, the AOA angle
should be close to 148 However, if the symmetry is reduced
to Ty, (Figure 2), the AOA bond angles are smaller for all three
cages.

No experimental data exist for the molecule (H§z, but
geometric parameters observed for methoxymetha@QC
=111.7, rc—o = 1.410 A¥2 compare well with our results for
(HCO3) (OCOC= 112.7, rc_o = 1.413 A)22 The analogous
quantities for disiloxane and (HSips are known from

minimum because the cage is too small to permit its oxygen
atoms to deform toward the tion as in theD,g andD4, cases

of LiT@(HSiGsy2)s and in the D,y and D,, cases of
Li*@(HGeQyy)s. The bond distances between Li and its nearest
O atom neighbors for the most stable structures are 2.292 A
[Li T@(HCQs1)g] (Th), 2.045 A [Lit@(HSiQs12)g] (D2d), and
1.917 A [Lit@(HGeQ)g] (D2q), as seen in Table 2.

The distancex—o of the host cages (using the convention

that “X” denotes the geometric center of the pure cage) shrinks
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74 AN

(HCO3p)s; T, (HSiO3p)s; Oy (HGeOsp)s; T,
Figure 3. Isosurfaces (dark, positive; light, negative values) for the HOMO and LUMO of the host cages considered in this work (upper row,
LUMOs; lower row, HOMOs; isosurface parameter, 0.04%/A

TABLE 2: Total Energies (in hartrees), Zero-Point Energies (ZPE), Molecular Point Groups, Lowest Vibrational Frequencies
o, (cm™1), Zero-Point Corrected Binding Energies (kcal/mol), and Optimized Bond Lengths (A) for Endohedral Minima of
X@(HAO3,)g Calculated at the B3LYP/6-31H+G(d,p) Level

X energy ZPE sym w1 BEendo Fx-A Ix-o faA-0 FA-H
A=C
pure —1212.54517 123.4 Th 218 2.189 2.298 1.401 1.087
Li* —1219.78009 120.9 Th 201 28.9 2.227 2.292 1.414 1.085
Na" —1374.50168 120.4 Th 203 79.2 2.255 2.329 1.424 1.084
K+ —1811.98387 117.4 On 11 196.2 2.325 2.434 1.445 1.082
F —1312.45515 125.4 Th 33 -11.4 2.220 2.404 1.412 1.091
Cl- —1672.53241 119.2 On 157 194.4 2.273 2.487 1.456 1.090
Br- —3786.31231 115.0 On 179 286.9 2.295 2.529 1.478 1.090
He —1215.41449 125.2 Th 189 29.5 2.207 2.320 1.407 1.086
Ne —1341.39188 123.5 Th 117 71.4 2.240 2.365 1.417 1.085
Ar —1739.73119 1195 On 116 226.9 2.305 2.458 1.450 1.083
A=Si
pure —3225.16019 87.7 On 51 2.746 2.679 1.644 1.460
Lit —3232.47633 88.8 Dag 96 —18.5 2.745 2.045 1.651 1.456
Na*" —3387.22991 87.8 On 58 11.3 2.804 2.633 1.655 1.454
K+ —3824.81416 88.2 On 110 67.6 2.821 2.656 1.667 1.454
F —3325.16466 89.2 On 80 —-71.2 2.693 2.746 1.648 1.472
Cl- —3685.41998 88.2 On 125 28.0 2.724 2.791 1.671 1.470
Br- —5799.27129 87.2 On 143 79.0 2.738 2.814 1.683 1.469
He —3228.05663 89.3 On 69 12.3 2.751 2.682 1.647 1.460
Ne —3354.08419 89.1 On 84 24.2 2.757 2.690 1.651 1.461
Ar —3752.56249 88.6 On 125 95.9 2.781 2.725 1.669 1.460
A=Ge
pure —17524.47322 72.1 Th 69 2.889 2.846 1.771 1.518
Li* —17531.85396 74.8 Doy 76 —57.4 2.887 1.917 1.778 1.513
Na" —17686.58529 73.0 Dag 59 —14.5 2.958 2.267 1.778 1.512
K+ —18124.18554 71.8 Th 55 30.2 3.004 2.833 1.782 1.510
F —17624.48548 73.4 Th 46 —76.3 2.859 2.962 1.772 1.529
Cl- —17984.79965 73.1 On 69 —-13.3 2.894 3.005 1.790 1.527
Br- —20098.68039 72.4 On 86 19.5 2.907 3.024 1.800 1.527
He —17527.37564 73.2 Th 73 8.1 2.903 2.861 1.772 1.518
Ne —17653.41233 73.0 Th 60 14.2 2.924 2.885 1.774 1.517
Ar —18051.93619 72.7 On 53 57.7 2.961 2.933 1.785 1.516
considerably as Ui is inserted into (HSi@)s or (HGeQy)s, [Li*@(HSiOs)g], and 2.887 A [Lir @ (HGeQy)g]. The lithium
while this distance decreases slightly in the case of (k£ ion was the smallest endohedral ion considered, and when this
The Li—A bond lengthsrx—a, connecting the Ui ion with ion is inserted into the cage, the origing] symmetry of the

the vertices, are 2.227 A [E@(HCOs)g], 2.745 A cage is reduced tDyq in order to maximize the electrostatic
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Dsy(®; =76 cm™) Doy (01 =69 cm™)
Figure 4. Optimized geometries of L@ (HSiOGsy2)s and Lif@(HGeQy)s at the B3LYP/6-31%++G** level.

interaction between the cation and the cage. This is analogouscharge transfer decreases in the order i Na™ > K*. The
to the solvation/complexation of alkali ions by crown eti@rs.  endohedral K@ (HAO3/,)s complexes have the shortest-Al
In the endohedral Na systems, theT, structure of bond lengths (C, 1.082 A; Si, 1.454 A; Ge, 1.510 A), while the
Nat@(HGeQ,)s represents a stationary point with two imagi- Li*@(HAOs2)s complexes have the longest (C, 1.085 A; Si,
nary frequencies. It also distorts to addpiq symmetry. In 1.456 A; Ge, 1.513 A).
contrast, the Na@(HSiIOGy2)s and Na@(HCGO;)g minima The endohedral halide (X F~, ClI~, Br) complexes all
exhibit O, andT, symmetry, respectively. Clearly, the symmetry retain the high symmetry of the parent cag#, or Ty). All
of the endohedral complexes depends on the relative size ofendohedral halide complexes exhifdt, symmetry, with the
the inserted cation and the size of the cage. Foy thie smallest exception of F@(HAOzs/2)s with A = C, Ge which resulted as
alkali cation, distortion of the cages occurs for the two largest aT structure. Geometries with lower symmetries () were
cages (A= Si, Ge) while for Nd cage distortion is found only  also considered, but these structures revert to the more sym-
for the largest cage (A= Ge), and no distortion occurred for  metrical Ty or O structures.
any of the cages when the largest alkali metal iof, Kas In contrast to the alkali metal ions, the halides transfer electron
inserted. It should be noted that in the cases where no cagedensity to the host cages. Electron donation occurs from
distortion was observeld,y structures were not stationary points endohedral halides to both the-# bonds and the hydrogen
on the potential surfaces. sites (with a slight irregularity for X= F and A= Si, Ge).
The A—0O bond distances of all the endohedral cationic metal Both the A~O and A-H distances elongate as a consequence
complexes are longer than the respective distances in the puref halide implantation. This observation is in accordance with
host cages and lengthen as the size of the endohedral cationa computation of the (HSi§})s anion at the B3LYP/6-
(X = Lit*, Naf, Kt) and the vertex atoms (& C, Si, Ge) 311++G(d,p) level. For the anion as compared with the neutral
increase. Natural charge analy®iss shown in Table 3, reveals we find elongation of the SiO and the Si- H bonds by 0.003
that the cationic species induce not only the transfer of electron and 0.01 A, respectively. These values are in close proximity
density from the A-H bonds to the AO bonds of the of the respective bond length extensions found upon encapsula-
(HAO3/2)s host cages but also accept electron density from the tion of F~ into (HSiOs/0)s (see Table 2). The largest elongation
host cages (see Table 3 for numerical details). The amount ofof A—O and A-H distances was obtained for the smallest cage
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TABLE 3: Natural Charge Analysis of Endohedral Minima at the B3LYP/6-31G(d) Level

A=C A=Si A=CGe
X Qx? 2Qac” ZQw Qx? 2Qac” ZQn Qx? 2Qac® ZQw
pure —1.89 1.89 1.92 —1.92 1.50 —1.50
Li* 0.85 —2.13 2.28 0.86 1.71 —1.57 0.85 1.26 —-1.11
Na* 0.88 —-2.21 2.33 0.83 1.74 —-1.57 0.85 1.25 —1.10
K+ 0.95 —2.42 2.47 0.91 1.60 —1.52 0.88 1.17 —1.06
F —0.68 —2.03 1.71 -0.71 1.95 —2.24 —0.69 1.53 —-1.85
Cl- —0.26 —2.58 1.84 —0.58 1.69 —-2.11 —0.58 131 —-1.74
Br- 0.08 —2.94 1.86 —0.44 1.52 —2.08 —0.44 1.13 —1.69
He 0.05 —2.00 1.95 0.04 1.86 —1.90 0.04 1.45 —1.49
Ne 0.09 —2.10 2.01 0.07 1.82 —1.89 0.07 1.41 —1.48
Ar 0.27 —2.43 2.16 0.16 1.66 —1.82 0.15 1.25 —1.40

aQx = charge on impurity X. The symbola, Q4, andQo are defined analogously=Qao = ZQa + =Qo.

TABLE 4: Total Energies (in hartrees), Lowest Frequenciesm; (cm~1), Molecular Point Groups, Binding Energies (kcal/mol),
Optimized Bond Lengths (A), and Natural Charges on Metal Atoms Qx) for Exohedral Minima of Cationic Metal Complexes
Calculated at the B3LYP/6-31H+G(d,p) Level

A X energy w1 sym  BEw rxa  Ixo('xo0) ri(r'y) ra r's ra(r's) Qx®

C L'  —1219.90380 129 C, -452 2743 2.661(1.921) 1.454(1.414) 1.362 1420 1.392(1.392) 0.94
Na*  —1374.68020 61 C, —29.4 3.118 3.025(2.320) 1440(1.413) 1369 1.417 1.393(1.393) 0.97
K+ —1812.33629 39 C, —18.7 3517 3.424(2.735) 1.431(1.411) 1.374 1.415 1.394(1.394) 0.98

Si Li* —3232.52175 78 Cy —-46.7 2.730 2.087 1.678 1.611 1.663 1.640 0.92
Na* —3387.29599 75 Cy —29.6 3.125 2.501 1.672 1.614 1.660 1.640 0.96
K+ —3824.95055 69 Cg4 —18.0 3.553 2.955 1.666 1.617 1.658 1.641 0.98

Ge Li* —17531.85935 35 Cy —62.1 2821 2.221(1.968) 1.812(1.797) 1.737 1.785 1.765(1.767) 0.88
Na® —17686.62766 36 Cu —41.4  3.173 2.442 1.802 1.729 1777 1.766 0.95
K* —18124.27746 18 Cyu —26.7 3.647 3.249 (2.710) 1.805 (1.787) 1.742 1.782 1.767 (1.768) 0.98

2 At the B3LYP/6-31G(d) level.

s I

Figure 5. Optimized geometry of F@(HSiOs)s with On symmetry

at the B3LYP/6-311+G(d,p) level. For comparison, the structural data
of the pure (HSi@.)s cage are included in the second entry of each ) !
column. The experimental values of ®[(Ph)SiQ/]s and [(Ph)SiQy]s @ ©

are printed in parentheses and in italics, respectively. Figure 6. Schematic geometry for the HSiOzs)s complex with X

. . - = alkali metal species. The primed symbols referGg and the
(HCO;3p9)s. This may be attributed to the smaller initial cage unprimed toCa, S)F/)mmetry (Seeptext). y
and the tendency of the (HG@s cage to accommodate the
electronic charge donated by the halogen species. The amounE-@[(Ph)SiQ]s than in [(Ph)SiQu]s (Si—O = 1.612 A,
of electron donation from the anionic halide to the host cage 0SiOSi = 149.2). These experimental trends are consistent

increases in the orderF< CI~ < Br~. with our calculated results.

F-@(HSiOy»)s has the longest SiH (1.472 A) and the For endohedral complexes X@(HAg)s where X is a neutral
shortest % Si bond length (2.693 A) among the octahydri- noble gas atom (He, Ne, or Ar), the geometric changes are
dosilsesquenoxane derivatives discussed here. Th® Sind almost negligible for He and Ne but significantly larger when

Si—H bond lengths are longer and the-%i bond lengths are X = Ar. The smallest cage, (HGf)s, exhibits the largest
shorter in the halide endohedral complexes compared to theexpansion upon insertion of a noble gas species, and naturally
alkali ion counterparts with X= Na*, K* (Table 2). The X = Ar gives rise to the strongest effect. Details can be found
experimental distances between the silicon atoms and the cageén Table 2.

center in F@[(Ph)SiQz]s and [(Ph)SiQy]¢® (Figure 5) are a Exohedral Complexes X(HAG;,)s. Table 4 summarizes
little shorter in the endohedral Fspecies (2.653 A) than inthe  selected geometric parameters and binding energies for the
isolated host cage (2.691 A), and the experimentaDXdistance optimized exohedral D4R complexes involving alkali metal
is longer in the endohedral species (2.707 A) than in the isolatedcations, X(HAQ)s (X = Li*, Na, K*; A = C, Si, Ge). The
host cage (2.643 A). Furthermore, the-§i bonds (1.625 A) bond designations used in Table 4 are illustrated in Figure 6.
are longer andSIiOSi angles (1412 are smaller in In all of these complexes, the alkali metal cation is attached to
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TABLE 5: Total Energies (in hartrees), Zero-Point Corrected Binding Energies (BEs,? kcal/mol), and the Single Imaginary
Frequenciesw, for Transition Structures of (HAO 3)s (A = C, Si, Ge) Calculated at the B3LYP/6-31++G(d,p) Level

A=C A=Si A=Ge
X Ers sym BEs ) Ers sym BEs w) Ers sym BEs W)

Lit —1219.75753 C,, 43.5 i356 —3232.46544 C,, —11.6 i113 —17531.82697 Cg —41.3 1171
Na* broken —3387.12507 Ay 77.3 1287 —17686.52321 Cg 24.4 i223
K+ broken —3824.56875 40 218.6 298 —18124.02509 C, 130.4 230
F broken —3325.06095 s —-7.2 i257 n/a

ClI- broken broken n/a

Br- broken broken n/a

He —1215.30454 C,, 98.2 i682  —3227.99401 C,4 52.7 509 —17527.33321 G, 35.7 373
Ne broken —3353.94742 C,, 109.3 i323 —17653.32281 C,, 70.4 1243
Ar broken —3752.30757 40 252.6 283 —18051.74862 C, 173.9 230

a BETS = ETS - [X + (HAOg/z)g]

F X
Hezzzoss - _-,.—.nn““(,) Fesz==2°gj -..'.\'\“““Q
= ! 'ﬁ I| !

""-\é ‘“‘&(f)

O O
(a) axial, E = -3325.22549 (b) equatorial, E =-3325.21711

C,, [01=10(cm™)] C;, [0 =23 (cm™)]
Figure 7. Optimized geometries of two isomers of exohedrafHSiOs2)s with Cs symmetry at the B3LYP/6-31G(2d,p) level.

a face of the cage. Clearly, an exohedral impurity will destroy
the high symmetry of the host cage system; specifically, all
exohedral complexes ha@, or C,4, symmetry. The X-O bond
lengths for X(HAQ)2)s with X = Li*, Na" and A= Si, Ge are
similar to the distances in the respective endohedral systems;
the same holds for the XA bond lengths when »= Li* and

A = Si, Ge. In both types of complexes thetlibn interacts
with four oxygen atoms. Both the exohedral and the endohedral
addition of a Li" ion to the pure D4R cages are exothermic
processes (see below). Only minor changes, in the range of
+0.04 A, occur in the A0 bond lengthsrg to r4) in the face
adjacent to the alkali ion and in the opposite face (see Figure 6
and Table 4).

Halide complexes of the form XHAO35)s (X = F, ClI, Br)
were studied for A= Si. Figure 7a,b shows the geometric
parameters for exohedrat"@HSiOgz)s, resulting from initial
optimization at the B3LYP/6-31G(d) and B3LYP/6-3t+G-

(d,p) levels and subsequent B3LYP/6-31G(2d,p) computa- }9

tion. The HSIQF~ subunit adopts a regular trigonal-bipyramidal - Figure 8. Transition structure connecting the exohedral and the
structure. The main geometric difference between the isomersendoheral minimum of {HSiOs12)s With Cs symmetry at the B3LYP/
shown in Figure 7a,b is that Foccupies an axial position within ~ 6-311+G(2d,p) level.

1.616 1.637

1.465
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1.783

i .4
1 (HGeOyz)g CS

He(HGeC’yz)s sz NG(HGGO:;,Q)S C v Ar(HGCOyz)s Cs

Figure 9. Transition structures for atomic rare gas species (He, Ne, Ar) and alkali cationg\@i, K*) in (HAOz/)s cages with A= Si, Ge, at
the B3LYP/6-31#+G(d,p) level.

this bipyramid in Figure 7a and an equatorial position in Figure than those reported for pentacoordinated silicon in theSiO

7b. The location of F is in sharp contrast to the face location (1.74 A) subunit of zeolit@ As expected, the SiO and Si-H
adopted by alkali metal ions in the exohedral complexes bonds of the pentacoordinated silicon atoms that are con-
discussed above. The axial fluoride (Figure 7a) exhibits a longer nected to the exohedral Fons are longer than the correspond-
Si—F distance (1.709 A) than the equatorial fluoride (1.652 A), ing bonds in the pure (HSi)s cage that contains tetracoor-
and the axial SiF bond length is significantly longer than the dinated Si.

Si—F bond found in tetracoordinated gifexperimental, 1.56 No exohedral isomers are included for the noble gas
A; theoretical, 1.57 A) and in axial pentacoordinated silyl complexes. The respective structures were found to involve large
fluoride (1.67 A)26 However, this 1.709 A bond length is shorter  distances on the order of% A between the host face and the
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Figure 10. Energy barrier for encapsulation of a fluoride (a) and a chloride (b) anion inside the {bjStage.

TABLE 6: Binding Energies for Formation of Endohedral (BE engo) and Exohedral (BEqx) Complexes and Relative Energies
(Erei® for (HAO 312)s (A = C, Si, Ge) Calculated at the B3LYP/6-31++G(d,p) Level

C Si Ge
X BEendo BEexo EreI BEendo BEexo Erel BEendo BEexo EreI

Lit 28.9 —45.2 74.1 —18.5 —46.7 28.2 —57.4 —62.1 4.7
Na* 79.2 —29.4 108.6 11.3 —29.6 40.9 —145 —41.4 26.9
K* 196.2 —-18.7 214.9 67.6 —18.0 85.6 30.2 —26.7 56.9
F —-114 —-71.2 —58.4 —-12.8 —76.3

Cl- 194.4 28.0 —14.2 42.2 —-13.3

Br- 286.9 79.0 —-95 88.5 195

He 29.5 29.5 12.3 12.3 8.1 8.1
Ne 71.4 71.4 24.2 24.2 14.2 14.2
Ar 226.9 226.9 95.9 95.9 57.7 57.7

@ Erel = BEendo — BEcxo All energies are in kcal/mol.

noble gas atom. Thus, they were hardly distinguishable from this subsection, the identified transition states are characterized
the separated species. These very weakly bonded complexe terms of geometric properties.

could be artifacts caused by basis set superposition errors. The transition states for halide insertion will be considered

Transition States. The transition states that separate the first. Transition states were obtained for Fand CI. The
endohedral and exohedral structures are summarized in Tablestructure of the F(HSiOg/»)s transition state complex is shown
5. These transition states are encountered as the guest species Figures 8 and 10a. The fluoride anion is located on a face of
is forced through the face of cage from outside to inside. In the cage.
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Figure 11. Endothermic and exothermic reaction paths connecting exohedral and endohedral minima as well as transition structures for encapsulation
of an alkali cation inside (HSig)s and (HGeQy)s. Trapping energiesdetrapping energies, both in kcal/mol.

The transition state structures for introducing alkali metal separated species; i.e., its formation is an exothermic process.
cations and atomic noble gas guests resemble those found foAll exohedral complexes listed in Table 6 are preferred over
F~. In each case, the guest species occupies a position at othe separated species. In contrast, the formation of most of the
close to the center of a host face (see Figure 9). In the case ofendohedral complexes was found to be endothermic, excepting
A = C transition states were only found for He and*Li the systems F@(HAGs;2)s (A = C, Si, and Ge),
probably due to the small face size of this cage. The transition CI”@(HGeQ)s, Li*@(HSiOs2)s, and X@(HGeQy)s (X =
state structures connecting the exohedral and endohedrali ", N&") which were all significantly exothermic (see Table 6
X(HSiO3)s and X(HGeQ),)s complexes differ somewhat more ~ fOr details). However, there is a substantial difference in binding
from each other than the corresponding endohedral geometrieCnergies for the systemsl@(HGeQ2)s and Li*@(HSiCy2)s
do. For example, transition states for introducing alkali metal (_57',5 and-—18.5 kcal/mol, respecﬂyely). )
cations into the (HSigh)s cage haveCs, symmetry while the As is seen from the values of Blgoin Table 6, the bonding

Ge-based transition state ado@tssymmetry. Structural details between the_encapsulated impurity X and _th_e cage strengthens
can be found in found in Figure 9 as the atomic number of X decreases within a group of the

i e i o ) periodic table which should simply be a manifestation of the
Energetlcs.We will first discuss the binding energies for i a of the guest species. The impurities Re, and N& are
formation of the endohedral and exohedral complexes and thenjggelectronic. Furthermore Fand Na as well as He and Li
discuss the barriers for the insertion processes. Table 6 sumhaye approximately equal radiHowever, the binding energies
marizes the ZPE-corrected endohedral {&§ and exohedral  of these complexes differ significantly. Thus, the size is of the
(BEexg binding energies for the species X@(HA£xs and guest species is only one of the factors that impact the
X(HAOgzy2)s, respectively. These binding energies were calcu- endohedral binding energies. The large differences between the
lated as the energy difference between a complex and the sumatural charges of guests that are similar in size, as indicated in
of the energies of X and the isolated host cage. A negative BE Table 3, suggest that charge transfer from the impurity to the
thus indicates that the complex is favored compared to the host cage determines Bfgoin the absence of size effects.
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Figure 12. Energy barriers for encapsulation of atomic noble gas species inside {p)S&dd (HGeQy)s. 2Detrapping energies in kcal/mol.

It is interesting to compare the energetic properties of
X@(HAOz0)s with those of the hydrocabon analogues
X@CyoH20.2° The endohedral binding energies of X@(HSi
(X = He, 12.3; Ne, 24.2; Ar, 95.9 kcal/mol) are lower (i.e., the
complexes are more stable) than those of X@fz (X = He,
37.9; Ne, 102.9; Ar, 320.2 kcal/mol). Furthermore? laind Na

energy (BEndo= 8.1 kcal/mol, see Table 2). The highest value
(226.9 kcal/mol) of BEngoWithin the noble gas series is given
by X = Ar in the (HCG;)s cage.

Figures 11 and 12 show schematic energy profiles for
formation of the endohedral complex from the corresponding
exohedral one for X(HAQ))s (A = Si, Ge). X represents an

give rise to considerably more stable endohedral compositesalkali ion in Figure 11 and a noble gas atom in Figure 12. These

when enclosed in (HSi§)s (X = Li*, —18.5; Na, 11.3) or

in (HGeGyp)s (X = Lit, —=57.4; Na, —14.5) than in GgHzo
(Lit, —12.7, Nd, 55.3 kcal/mol}® The same hierarchy of
stabilities as established in this work for X@(HA&s (X =
Lit, Naf, K*; A = C, Si, K) was found by Sun et al. in
computations on fullerenesgas the host for Li (LitT@Gy:
—53.1 kcal/mol), N& (Na*@GCs: —26.9 kcal/mol), and K
(KT@GCs2 13.7 kcal/mol), using the GGA DFT proceddire.
Consistently, the Li incorporating system emerges as most
stable, while the K containing unit is of lowest stability.

The exohedral binding energies (8E show a similar charge
and size dependence as the endohedral binding energigs{BE
Table 2). Adsorption of the small tiion turns out to be the
most exothermic process for all three (HA£) cages, followed
by Na" and Kt. The energy differences between the exohedral
and endohedral structures (the “relative enerdgye, listed in

figures demonstrate that the insertion barriers vary considerably,
dependent on the nature of the guest species. The activation
barriers between the endohedral and the exohedral minima
correlate with the bond stretching that is induced in the face
traversed by the guest. Notably, the insertion of linto
(HAO3p)s (A = Si, Ge) leads through transition states whose
energies are lower than the sum of the separated cage and guest
energies. This indicates that exothermic entrapping processes
occur. This situation is exceptional within the systems studied
herein.

The activation barrier for the insertion of kon into the cage
is 51.2 kcal/mol. To remove From within the cage the barrier
is 64.0 kcal/mol. These results are of interest in the context of
a conjecture made by Taylor etfatoncerning the {HSIOz/0)s
complex: “the fluoride ion must be acting as a template for
formation of the cage and once inside it, it can only escape

Table 6) demonstrate that the exohedral species are usuallywhen the cage is broken down.” This statement is based on the
energetically more favorable than the endohedral alternatives.observation that refluxing the ®[(Ph)SiQ/,]s cluster in

Among the alkali ion-containing complexdsg is smallest for
Lit encapsulated in (HGef)s. Its Erg is only 4.7 kcal/mol,

various solvents does not lead to the loss of the fluoride® ion.
Our computation, however, suggests that, in principle, traversal

which may be close to the uncertainty of the calculated energy of the F~ impurity through a face of the (HSip)s host could

differences in this study.

occur without destruction of the cage. To implant or remove

The smallest noble gas atom, He, embedded in the largestCl~ or Br~ ion, however, requires breaking the (HSi cage.

cage, (HGe@y)s, results in the lowest endohedral binding

This feature was confirmed by a computation of the(BB5iO;/,)s
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transition state. In this structure, one-® bond of the cage is  (HAO3,2)s with metal cationic impurities; table of diagonal
ruptured (see Figure 10b) as the distance between Si and O iparameters of pure cages; and table of counterpoise corrected
elongated to 3.02 A, and a bond between the i6h and one binding energies. This material is available free of charge via
Si atom is established with a bonding distance of 2.08 A. This the Internet at http://pubs.acs.org.

ruptured transition state is higher in energy than@eninimum
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