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Mercury —Chalcogenide Clusters: Synthesis and Structure of
[Hgl0T€4(S€Ph)12(PPthr2)4], [Hgl0T€4(T€Ph)12(PPthr2)4] and
[Hgs4Te;6(SePh)zs(PPhrPr;),]
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The reaction of HgCl, with PPhnPr,, Te(SinBus), and PhESi-
Mes (E = Se, Te) in DME at —30 °C results in the formation
of yellow octahedral crystals of [Hg;oTes(SePh),,(PPhnPr,),]
and [Hg,oTe4(TePh),,(PPhnPr,),] respectively. The molecular
structures of the clusters are similar to those of other [M;,Se,.
(SePh)12(PR3)4] M = Cd, Zn; R = org. group) cluster com-
pounds, but are the first of this type with tellurium as the
group 16 metal atom. Dissolution of [HgoTes-
(SePh);»(PPhnPr,),] in benzene/toluene at 5 °C leads to the
formation of the larger cluster [HgssTe 6(SePh)s;s(PPhnPr;),]
which displays a new structure type for group 12-16 cluster
molecules. The "Hgs,TesSess” cluster core can be consid-
ered as an idealized tetrahedral fragment, 15 A in diameter,

of the cubic sphalerite lattice with a vacancy in the center.
Theoretical investigations on the basis of density functional
theory (DFT) reproduce the structural data and the measured
electronic spectra for this cluster. Additionally we found that
formal occupation of the vacancy by a mercury ion would
lead to an ionic cluster [HgssTe s(SeMe)ss(PMes),]** which
should be stable according to the results of the calculations.
This suggests that the formation of the vacancy is probably
driven by the absence of an appropriate counterion in the
reaction which might stabilize such an ionic cluster molecule.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Systematic studies of the size dependent optical and elec-
tronic properties of CdSe cluster-molecules show that the
quantum confinement effect common with larger CdSe
nanocrystals also occurs in these small molecular systems.!!]
Synthesis and structural characterization of group 12—16
cluster molecules has mostly focused on ZnS,?! ZnSe,!
ZnTe and CdS.[>1 Chalcogenide cluster compounds with
mercury are still rare even though these materials possess
interesting properties as bulk- or nano-materials. The alloy
Cd,_,Hg,Te is a well known material in long-wavelength
IR detector technologies for example, and HgTe nanopart-
icles have been proposed as potential amplifiers operating
at wavelengths of 1.3 pm and 1.55 pum in telecommunication
devices.[”8] Recent investigations on mercury selenide
clusters reveal that the smaller cluster [Hg;oSes-
(SePh),(PPh,nPr),] is converted in benzene to a larger clus-
ter [Hgs,Se4(SePh)s¢].>1% In order to extend optical in-
vestigations on group 12—16 cluster molecules and to study
further the mechanism of structural growth of nanoclusters
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in this size regime we investigated the synthesis and crystal-
lization of mercury selenide and mercury telluride cluster
molecules.

Results and Discussion

Synthesis and Structure

The reaction of HgCl, with PPhnPr,, Te(SinBus), and
PhESiMe; (E = Se, Te) in DME at —30 °C results in the
formation of yellow octahedral crystals of [HgoTes-
(SePh);»(PPhnPr;)4] (1) and [HgiqTes(TePh),»(PPhnPr,)4]
(2), respectively (Scheme 1).

[Hg 1 oTC4(SCPh) 1 z(PPthr2)4] (1)

+ 1.6 PhSe(SiMes)/

DME / -30 °C 0.3 Te(SinBus),

HgCl, + 2 PPhnPr;

+ 1.6 PhTe(SiMesY/
0.3 Te(SinBus),

DME /=30 °C

[HgioTes(TePh)(PPhnPr)s] (2)

Scheme 1
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Figure 1. a) The Hg;oTesSe; P, cluster core as a section of the molecular structure of [Hg;oTes(SePh);»(PPhnPr,),] (1) (symmetry trans-

formations for generating equivalent atoms: —y + 1/4, x + 1/4, —z + 1/4; y — 1/4, —x + 1/4, —z + 1/4

s =x, =y + 12,2, —x, —y + 1,

—z + 1). b) The Hg;oTe P4 cluster core as a section of the molecular structure of [Hg;oTe4(TePh);>(PPhnPr,),4] (2) (symmetry transform-
ations for generating equivalent atoms: y — 1/4, —x + 1/4, —z + 1/4; —y + 1/4, x + 1/4, —z + 1/4; —x, —y + 1/2, z). C and H atoms

are omitted for clarity.

Figure 1(a) shows the molecular structure of the [Hg;o-
Te4Se ,P4] cluster core of 1 determined by single-crystal X-
ray diffraction (see also Table 3). The compound crystallizes
in the tetragonal space group I4;/a (4bar site symmetry).
The cluster core, which is comprised of four adamantane
cages each of which is formed by three tellurium, three
selenium and four mercury atoms, is a macrotetrahedral
fragment of the sphalerite structure, which is also found in
HgSe and HgTe.['' The resultant tetrahedron, with the four
phosphane atoms in the apex positions, has edge lengths of
1240.6—1284.2 pm and has a diameter of 820 pm (from the
mercury atom at the vertex of the tetrahedron to the center
of the opposite tetrahedral face).

The mercury atoms Hgl —Hg3 have distorted tetrahedral
environments, coordinated by the selenium atoms of the p,-
SePh ™ ligands (Sel, Se2, Se3) and the ps-Te?~ ligands (Tel)
as well as the phosphorus atoms of the PPhnPr, ligands
(P1) (bond angles are: Se—Hg—Se 96.59—112.26(3);
Se—Hg—Te 92.17—113.73(3); Te—Hg—Te 134.47—
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137.15(4); P—Hg—Se 104.76—108.22(11)°]. The Hg—SePh
bond lengths which range from 263.44—278.09(10) pm are
similar to those found in [Hg,,Se4(SePh);>(PPh,nPr),]!'"!
while the Hg—Te bond lengths between 270.92—274.13(7)
pm are shorter than those in HgTe (279 pm).['”l The
Hg—P1 bond length of the four outer Hg3 atoms coordi-
nated by the PPhnPr, ligands is 256.9(3) pm.

Figure 1(b) shows the molecular structure of the
[HgioTe 6P4] cluster core of 2 determined by single-crystal
X-ray diffraction which is isostructural with 1. Due to the
larger covalent radii of the tellurium atoms the cluster core
is slightly larger in comparison with 1 as indicated by edge
lengths of 1289.3—1298.7 pm of the tetrahedron formed by
the four phosphane atoms and a diameter of 840 pm taken
from the mercury atom at the vertex of the tetrahedron to
the center of the opposite tetrahedral face. The Hg—TePh
bond lengths range from 278.02—291.11(11) pm corre-
sponding to values found in [Hgg(p-Bry)Bro(p-
TePh)g(py)>]''*! and the Hg—Te bond lengths from
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Figure 2. Measured X-ray powder pattern and calculated peak pattern for a) [Hg;oTes(SePh),»(PPhnPr,),] (1) and b) [HgoTes-

(TePh) 1 2(PPhI’le2)4] (2) .
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272.39—-275.74(10) pm are similar to those in 1. The value
of the Hg—P1 bond length for the four outer Hg3 atoms
coordinated by the PPhnPr, ligands is 261.1(4) pm.

Filtration of 1 and 2 at —30 °C and subsequent drying
in vacuo resulted in yellow powders which are stable under
nitrogen at room temperature. Powder diffraction patterns
of the two compounds show their crystalline purity (Fig-
ure 2). If 2 is dissolved in benzene/toluene at 5 °C the for-
mation of an orange solution can be observed from which
3 crystallizes within a few days (Scheme 2).

4 [Hgl 0TC4( SePh)] z(PPthr2)4] (1)

5°C l C¢Hg/toluene

[Hgs:Te1s(SePh)ss(PPhaPr2)s] (3)
+

6 Hg(SePh), + 12 PPhaPr,
Scheme 2

The compound crystallizes in the triclinic space group P1
(see also Table 3). The HgssTe 6Sesq cluster framework is
formed from four fused Hg;oTe,sSe;» cluster cores and thus
16 HgsTesSe; adamantane like cages with a tetrahedral hole
in the center of the molecule (Figure 3).

@ Hg”
15 @ ¢
® 1:-SePh
ps-SePh
@® PPhnPr:

Figure 3. The Hg3,Te 6SesP4 cluster core as a section of the molec-
ular structure of [Hgs4Te ¢(SePh);¢(PPhnPr,),] (3). Atoms are lab-
eled with numbers only. Nonbonding Te—Te distances (dashed
line): Tel—=Te9: 376.4 ; Te5S—Tel3: 385.5 pm. C and H atoms are
omitted for clarity.

Thus one could formally explain the formation of 3 in
terms of a direct condensation reaction of four “Hg;oTes-
(SePh);,” cluster cores accompanied by the formal cleavage
of six “(PPhnPr,),Hg(SePh),” units (Scheme 2). In agree-
ment with this, small amounts of Hg(SePh), could be crys-
tallized upon layering supernatant reaction solutions of 3

Eur. J. Inorg. Chem. 2004, 349—355 www.eurjic.org

during which the formation of HgTe was not observed. For-
mal occupation of the tetrahedral hole by a mercury atom
would lead to an ideal tetrahedral fragment of the cubic
sphalerite structure. The diameter of the cluster core taken
as the distance from the Hg atom at the vertex of the tetra-
hedron to the center of the opposite tetrahedral face is
about 1500 pm.

Whereas the known cluster [Hgs,Se 4(SePh)s] 1% s, ac-
cording to theoretical considerations, a larger homolog of
the cluster [Hg;;Se4(SePh)sg]?~, compound 3 is in fact a
larger homolog of the cluster [HgoTes(SePh);,-
(PPhnPr,),].l'* In contrast to the predicted formula by
Dance et al. for such a group 12—16 metal chalcogenide
cluster [M3sE>5(ER),4(PR5)4]'°™ (M = Zn, Cd, Hg; E = S,
Se, Te) we observed in 3, a formal exchange of E>~ ions by
additional ER™ ligands resulting in an overall zero charge.
These 12 additional SePh~ ligands are therefore each bridg-
ing three mercury atoms in contrast to the other 24 p,-
SePh™ ligands, a bonding mode which had not been ob-
served before for SePh™ ligands in group 12—16 cluster
molecules. Although all mercury atoms Hgl—Hg34 have
distorted tetrahedral coordination geometries, three differ-
ent atomic environments coexist. The atoms Hgl —Hg4 are
each coordinated by one phosphorous atom (P1—P4) of the
PPh#nPr, ligands and three selenium atoms of the p,-SePh™
ligands (Sel3—Se24) (for selected bond length and angles
see Table 1). Six of the mercury atoms namely Hg5—Hgl0
are each bonded to four selenium atoms, two of them be-
longing to the remaining p,-SePh™ ligands (Se25—Se36)
and two of them to the p3-SePh™ ligands (Sel —Sel2). The
remaining 24 mercury atoms (Hgll1—Hg34) are each sur-
rounded by two selenium atoms from either the two -
SePh™ ligands or the two p3-SePh™ ligands and two tel-
lurium atoms from the p;-Te?>~ ligands (Tel—Tel6). The
Hg—SePh bond lengths and the Hg—Te bond lengths
which range from 262.1—-293.3(4) pm and 268.4—279.3(3)
pm respectively correspond to those found in 1 but show a
broader range due to larger distortions of the ideal tetra-
hedral cluster molecule.

Interestingly a similar cluster core structure was pre-
dicted by Spanhel et al. for a group 12—16 cluster of the
formal composition [Cds4Se;o(COOCH3),5(OH)(PrBus); 5]
on the basis of a powder X-ray pattern, SAXS, chemical
elemental analysis and FTIR spectroscopy.['> They derived
this structure from similar cage like tetrahedral pyramids
(Koch pyramids) which are well known from fractal ge-
ometry.'® According to this, the cluster structure “Hgs,Te-
16(SePh)s¢”" corresponds to the third hierarchical level of
self-similar Koch pyramids with a fractal dimension 2.

UV/Vis Spectroscopy

To investigate the electronic structure of the cluster-
molecules, we measured the UV/Vis reflectance spectra of
1—3 as nujol mulls. The spectra are shown in Figure 4. A
systematic behavior is seen for the absorption onsets re-
flecting the position of the first optically allowed transition.
The onset shows a small shift to lower energy upon substi-
tution of the atom in the E’ position from Se to Te in

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 351
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Table 1. Selected mean interatomic distances [pm] and angles [deg] for [Hgs4Tes(SePh);4(PPhnPr;),] (3)

Coordination Atoms Range of distances [pm] Range of angles [deg]

environment

PHg(SePh); Hgl—Hg4 Hg2—P2: 254.4(10) — Hgd—P4: 255.7(11) P2—Hg2—Sel8: 101.6(3) — P2—Hg2—Sel6: 117.5(2)
Hg2—Sel6: 263.0(3) — Hg2—Sel8: 268.7(4) Sel7—Hg2—Sel8: 96.8(1) — Sel6—Hg2—Sel7: 116.8(1)

Hg(SePh), Hg5—Hgl0 Hg5—Se25: 262.1(3) — Hg8—Se8: 275.1(4) Se7—Hg8—Se8: 97.8(1) — Se33—Hg9—Se9: 118.5(1)

(Te),Hg(SePh),  Hgll1—Hg34 Hg27—Se21: 273.1(4) — Hgl4—Se4: 293.3(4)  Tel0—Hgl7—Tell: 132.2(1) — Tel5—Hg20—Tel3: 140.2(9)
Hgl6—Te4: 268.4(2) — Hg34—Te8: 279.2(3) Sel7—Hg29—Tel6: 91.6(1) — Te7—Hg34—Se34: 115.1(1)

Sel8—Hg32—Se33: 97.5(2) — Sel6—Hg21—Se28: 105.1(1)
us-Te(Hg)s Tel, TeS, Te9, Tel3 Hgl6—Tel: 271.4(3) — Hg22—Tel3: 273.8(3)  Hg30—Tel3—Hg20: 90.6(1) — Hg23—TeS—Hg24: 95.1(1)

Te2—Ted, Te6—Te8
Tel0—Tel2, Tel4—Tel6

Hgl6—Te4: 268.4(2) — Hg34—Te8: 279.2(3)

Hg24—Te7—Hg25: 89.9(1) — Hg32—Tel6—Hg29: 98.1(1)

Hg6—Se3—Hg22: 103.8(1) — Hgl8—Se7—Hg20: 123.4(1)
Hg3—Se21—Hg27: 100.7(1) — Hg2—Sel7—Hg29: 110.1(1)
Hg9—Se33—Hg32: 106.5(1) — Hg7—Se30—Hgl3: 111.3(1)

15-SePh(Hg), Sel—Sel2 Hgl0—Sell: 266.0(4) — Hgl4—Se4: 293.3(4)
1>-SePh(Hg), Sel3—Se24 Hg2—Sel6: 262.9(3) — Hg25—Se23: 279.6(4)
Se25—Se36 Hg5—Se25: 262.1(3) — Hgl13—Se30: 283.2(4)
energy [eV]
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Figure 4. Reflectance spectra of [Hg;oTeq(SePh);»(PPhnPr,),] (1),
[HgloTe4(TePh)lz(PPthr2)4] (2). and [Hgs4Te16(SePh)ss(PPhnPrs),]
(3) as microcrystalline powders in oil between two quartz plates.

[HgioTe4(E'Ph)»(PPhnPr,),4] (1, 2). This is consistent with
the known dependence of the band gap in the correspond-
ing bulk semiconductors HgTe and HgSe. An increase of
cluster size in 3 is accompanied by a shift of the band gap
to lower energies of about 0.5 eV compared with 1. This
can be interpreted in terms of the quantum confinement
effect observed in larger group 12—16 nanocrystals. For 1
and 2 the spectra display two weakly resolved absorption
shoulders at 400/355nm and 410/355 nm respectively, a
pattern which was also observed for [HgjoSes-
(SePh)»(PPh,nPr)y] and [CdioE4(E'Ph)1»(PR3),] (E = Se,
Te; E' = S, Se, Te).l'%!"I Cluster 3 shows one well resolved
absorption maximum at 493 nm followed by a further
broad shoulder extending to 300 nm which shows no dis-
tinct maximum. The spectrum of 3 is therefore different
from those of [Cdsz,Se4(SePh)s;s(PPhs)y] and [Hgs,Se s-
(SePh)s6] which both show two distinct absorption maxima
in the low energy region of the spectra.l’:'% Furthermore
the first electronic transition for [Hgs,Se 4(SePh)ss] lies
50 nm lower in energy at 550 nm compared with 3 although
the latter contains two additional mercury atoms and 16

352 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tellurium atoms instead of the selenium atoms. These ab-
sorption features are therefore most probably related to the
difference in the structure of the cluster core in particular
the mercury vacancy in the center of 3. The dissolution of
3 in THF at —25 °C followed by careful warming to room
temperature resulted in a clear orange solution which
showed an absorption spectrum similar to that of the crys-
talline powder as a mull in oil. This is also evidence for the
stability of 3 in solution at room temperature.

Compound 2 dissolved in THF at —25 °C to yield a clear
red orange solution from which a deep red microcrystalline
powder precipitated upon warming to room temperature.
The X-ray powder diffraction pattern shows in the low 2
theta region (20 = 2—7 deg.) several well resolved peaks
suggesting crystallization of cluster molecules. Further-
more, this red powder displays an absorption onset at
650 nm with a shoulder at about 530 nm. The elemental
analysis (found C 18.69, H 1.46%) shows unusually good
agreement with the calculated values for the formula
[Hgs4Te (TePh)sg](PPhnPrs),] (caled. C 18.64, H 1.52%).

Theory

Density functional investigations have been carried out
to elucidate certain features of 3. All calculations were per-
formed with the RI-DFT modules[!®! (RI means the “reso-
lution of the identity”, i.e. an auxiliary basis set expansion
is used, to process Coulomb-energy contributions more ef-
ficiently) of the TURBOMOLE!?! program system em-
ploying the BP86-functional,*®! which is a rather reliable
functional for treatment of transition metal compounds,
and (if not mentioned otherwise) a “split valence plus pola-
rization” basis set — SV(P)?!1 — where the brackets indicate
that the polarization functions were omitted for H.

The first point of interest concerns the hole in the center
of 3. A condensation of 1 might also be expected to lead to
a “real cubic sphalerite cluster” with one further mercury
atom in the vacancy (and perhaps two phosphane ligands
being replaced by p;-SePh™ to maintain the overall zero
charge). Thus we performed geometry optimizations of the
model clusters [Hga Te s(SeMe)ss(PMes)s], [HgssTee-
(SeMe);¢(PMes) >t (both T-symmetry) and [HgssTe,(Se-

www.eurjic.org Eur. J. Inorg. Chem. 2004, 349—355
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Me)sg(PMes),] (C2-symmetry). A drastic lowering of the
HOMO-LUMO gap was observed upon introducing p,-
SeR ™ ligands (from 1.52 eV for [HgzsTe s(SeMe)sq(PMes)4]
and 1.17eV in [HgssTe ¢(SeMe)sq(PMes)s]*" to only
0.23 eV for [HgssTes(SeMe)sgz(PMes),]), which indicates
that this kind of coordination should be unfavorable. An-
other way of obtaining a neutral cluster with 35 Hg atoms
might be substitution of two ps-SeR ™ ligands by Te?~, but
in the observed condensation reaction all Te?>~ available
from 1 is already incorporated in the structure with the cen-
tral hole, so if there is no other source of chalcogenide di-
anions, the loss of electroneutrality might be one reason for
the formation of 3. However, geometrical reasons also seem
at a first glance to prevent a “filled” cluster core because
the vacancy is simply not large enough to be occupied by
Hg?>*. The computed Te—Te distances of 398.7 pm for
[HgssTe ¢(SeMe)s6(PMes)y] in the central Tey-unit would
lead to Hg—Te distances of 244.1 pm for a mercury atom in
the center of this Tey-tetrahedron while the Te—Te distances
found in the X-ray structure of 3 are even shorter
(376.4—385.5 pm). It seems as if the PhSe™-ligands on the
edges of this mixed chalcogenide cluster are responsible for
this, because the predicted value for a hypothetical [Hgz4Te 4~
(TeMe);6(PMes),] cluster is 434.2 pm which is only slightly
shorter than the observed Te—Te distance (456 pm) and the
Hg—Te bond length (279 pm) in bulk HgTe.l'3
The insertion of a central Hg?* in 3, leading to
[HgssTe 4(SeMe)ss(PMes),]>*, resulted in a significant in-
crease of the predicted Te—Te distances with values of 470.7
pm which might cause high tension and reduced stability
for the latter system. Interestingly however, the size of the
tetrahedron of the outer Hg-atoms (Hgl—Hg4 in Figure 3)
only increased from 1722.5 pm to 1754.7 pm when going
from [Hgs Te (SeMe)ss(PMes)s] to [HgssTe s(SeMe)sq-
(PMes)4)*" and all other bond lengths did not change by
more than 7 pm. The tension caused by the stretching of
the central Te, tetrahedra is rather compensated for by a
deformation of the bond angles which is of course mostly
significant for the four tellurium atoms in the center (Tel,
Te5, Te9, Tel3) changing from ps-bridging (Hg—Te—Hg:
92.86°) to a distorted tetrahedral coordination
(Hg—Te—Hg: 104.73—113.87°) while all the other bond
angles did not change by more than 4.3°. These findings
suggest that from the theoretical point of view such an ionic
cluster molecule could be stable but its formation is not
favored in the present reaction due to the absence of an
appropriate counterion.

[Hgs,Se 4(SePh)sg] and 3 are obviously different in their
coordination behavior towards phosphane ligands. Al-

though both clusters are synthesized starting from phos-
phane-coordinated “Hg;,” cluster molecules, 3 appears
with all four Hg corners saturated by PPhnPr, whereas in
the cluster with 32 mercury atoms all four mercury atoms at
the corners are only trigonally coordinated by three SePh~
ligands. Since a comparison of the influence of the phos-
phane ligands on the electronic structure of [Hgs,Te4(Se-
Me);¢(PMes),] and [Hgs,Se 4(SeMe)sq(PMes),] showed no
real differences between these two model compounds, we
performed further geometry optimizations of the more re-
alistic  systems [HgssTe s(SePh)ss(PMes)s], [HgssTeio(-
SePh);(PPh;)], [Hgs5S€14(SePh)s;s(PMes),], and [HgzoSe 4.
(SePh);4(PPhj)4]. This however was only possible using two
different small basis sets (single zeta quality) for the organic
ligands, which are specially optimized for the description of
phenyl- and methyl-substituents (available as “SZ.benzene”
and “sz.methane” in TURBOMOLE). The energies for the
detachment of the PMe; ligands from [HgssTeq(-
SePh);s(PMes)4] and [Hgs>Se 4(SePh)sq(PMes),] are quite
similar (+44.6 kJ/mol and +43.8 kJ/mol per ligand, respec-
tively). In contrast to this, the corresponding Hg—P bond
strengths are clearly lower in the case of PPhs (+23.2 kJ/
mol in [Hgs4Te 6(SePh)s¢(PPhs),] and only +7.8 kJ/mol in
[Hgs,Se 14(SePh);6(PPhs),4]), which can be explained by the
higher steric demands of the phenyl substituent. Especially
in the [Hgs,Se 4(SePh)s¢] cluster core the p,-SePh™ groups
near the terminal Hg-atoms protrude so much that repul-
sion effects prevent a stronger metal-ligand interaction. The
nuclear arrangement in the clusters with 34 Hg-atoms, i.e.
in a [HgzsTe 6(SePh)s¢] cluster core, is more favorable for
the uptake of bulky ligands, and additionally, the experi-
ments leading to 3 were carried out with PPhnPr,. The
steric properties of the latter phosphane should be some-
where in between those of PMe; and PPhjs. This clearly ac-
counts for the experimental findings.

The differences between the UV/Vis spectra of 3 and
[Hgs-Se14(SePh);4] are also in line with theoretical results
obtained by time dependent DFT as shown in Table 2. Elec-
tronic excitations were calculated using the TURBOMOLE
module “ESCF”.1?223] The experimental absorbance maxi-
mum of 3 appears at 493 nm, which means an excitation
energy of 2.51 eV, whereas two distinct maxima in [Hgz,Se 4-
(SePh)s¢] are located at 2.27 ¢V and 2.47 ¢V. Once again,
for the model compounds [HgssTe s(SeMe)ss(PMes),] and
[Hgs,Se4(SeMe)sg], we calculated the energies of the
twenty lowest singlet transitions in the dipole-allowed irre-
ducible representation z. The red-shift of time dependent
DFTP# was taken into account by adding a systematic off-
set of 0.8 eV. As a result, there are two strong low energy

Table 2. Comparison of experimental and calculated (TDDFT) spectra of [Hgs>Se 4(SePh)ss] and [Hgz4Te 5(SeMe)ss(PMes),].

Transition energy (exp.) in eV

Transition energy (TDDFT) in eV

Oscillator strength (TDDFT)

Hg3,Se14(SePh)se 2.27
2.47
Hg34TeIG(SeMe)36(PMe3)4 2.51

2.221 0.30
2.353 0.05
2411 0.25
2.495 0.10

Eur. J. Inorg. Chem. 2004, 349—355 www.eurjic.org
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transitions in the predicted spectrum of [HgssTe s(Se-
Me)ss(PMes),] at 2.41 eV and 2.49 eV — the experimental
procedure might not be able to resolve this small energetic
separation which would explain the solitary maximum at
2.51 eV in the spectrum of 3. For [Hgs,Se 4(SeMe)s4], apart
from transitions with negligibly small oscillator strengths,
one also finds two important excitations at 2.22 eV and
2.35 eV, which closely resemble the measured values in the
spectrum of the corresponding phenyl cluster (it should be
noted, that the calculated oscillator strength of the second
transition is smaller than for the first excitation, which is
also the case in the experimental spectrum, though however
not to this extent).

Conclusions

We have shown that reactions of HgCl, with PPhnPr,,
Te(SinBus), and PhESiMes; (E = Se, Te) in DME result in
the formation of [Hg;oTe4s(EPh),»(PPhnPr,)4] (E = Se 1,
E = Te 2). Investigations in solution reveal that the cluster
[HgioTe4(SePh)»(PPh,nPr),] (1) is a metastable compound
which is converted in benzene/toluene at room temperature
to [HgzsTe 6(SePh)sq(PPhnPrs),4] (3). The “HgssTesSess”
cluster core of 3 consists of four tetrahedral “Hg;oTes(-
SePh);,” cages each sharing three “Hg(SePh);” edges, a
cage structure well known in fractal geometry as a “Koch
pyramid”. Thus the structure can be described as an ideal
tetrahedral fragment, 1500 pm in diameter, of the cubic
sphalerite lattice with one mercury vacancy in the center.
The molecular structure of 3 with mixed chalcogen atoms
is therefore different from that of [Hgs,Se;4(SePh)s¢] which
is a product of the recrystallization of the pure selenide
cluster [Hg;oSe4(SePh);»(PPh,nPr),].l'% DFT calculations
reveal that an ionic cluster [HgssTe;¢(SeMe)sq(PMes)4J* " in
which the vacancy is filled by a mercury ion could also be
stable. This suggests that the formation of the vacancy is
probably mostly driven by the absence of an appropriate
counterion in the reaction which would stabilize such an
ionic cluster molecule. This peculiarity of the structure has
also a distinct influence on the electronic structure of 3 in
comparison with [Hgs>Se 4(SePh);] as can be seen from
the UV/Vis reflectance spectra. In future we will target the
development of conditions for further controlled cluster
growth of these molecules.

Experimental Section

Standard Schlenk techniques were employed throughout the synth-
eses using a double manifold vacuum line with high purity dry
nitrogen. The solvents tetrahydrofuran (THF), dimethylethylene
glycol (DME) and benzene were dried over sodium-benzophenone
and toluene over LiAlH,, and distilled under nitrogen. Anhydrous
HgCl, was purchased from Aldrich. PhSeSiMe;,** Se(SiMe;), 23]
and PhTeSiMe; 2! were prepared according to standard literature
procedures. Te(SinBus), was prepared accordingly to the synthesis
of Se(SiMes), by the use of CISinBus instead of CISiMes.
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UV/Vis absorption spectra of cluster molecules in solution were
measured on a Varian Cary 500 spectrophotometer in quartz cor-
vettes. Solid state reflection spectra were measured as micron sized
crystalline powders between quartz plates with a Labsphere inte-
grating sphere.

1: HgCl, (0.27 g, 0.99 mmol) was dissolved in DME (40 mL) with
the addition of PPhnPr, (0.42mL, 1.99 mmol). PhSeSiMes
(0.34 mL, 1.79 mmol) was then added at 0 °C and the resultant
clear yellow solution stirred for half an hour. Addition of Te(S-
inBus), (0.14 mL, 0.3 mmol) at —40 °C led to the formation of a
pale yellow solution from which [Hg;oSe4(TePh);»,(PPhnPr,)4] (1)
could be crystallized at 30 °C  (60% yield).
CiooH36Hg0P4Se > Tey (5166.11): caled. C 27.89, H 2.65; found C
27.79, H 2.72.

2: HgCl, (0.23 g, 0.85 mmol) was dissolved in DME (35 mL) with
the addition of PPhnPr, (0.36 mL, 1.69 mmol). PhTeSiMes
(0.31 mL, 1.36 mmol) was then added at 0 °C and the resultant
clear yellow solution stirred for an hour. Addition of Te(SinBus),
(0.12mL, 0.25 mmol) at —40 °C led to the formation of a pale
yellow solution from which [Hg;oTe4(TePh),,(PPhnPr,),] (2) could
be crystallized at —30 °C (63% yield). CiyHiz¢HgoPsTee
(5749.79): caled. C 25.06, H 2.38; found C 24.95, H 2.26.

3: Compound 1 (0.11 g, 0.019 mmol) was dissolved in a mixture of
benzene (4 mL) and toluene (16 mL) at 5 °C giving an orange solu-
tion. The solution was then gradually allowed to warm up in the
cooling bath and over the period of one week orange crystals of
[Hgz4Te16(SePh)ss(PPhnPr;),] (3) were formed (yield 70% calcu-
lated for Scheme 2). Cyg4Hos6Hgs34P4SesqTe ¢ (15257.05): caled. C
20.78, H 1.69; found C 20.41, H 1.60.

Crystals suitable for single-crystal X-ray diffraction were obtained
directly from the reaction solutions of the compounds and then
selected in perfluoroalkyl ether oil.

Single-crystal X-ray diffraction data were collected using graphite-
monochromated Mo-K, radiation (A = 0.71073 A) on a STOE
IPDS II (Imaging Plate Diffraction System). The structures were
solved with the direct methods program SHELXSP” of the
SHELXTL PC suite of programs and were refined with the use
of the full-matrix least-squares program SHELXL.[>8] Molecular
diagrams were prepared using the program SCHAKAL 9728 and
DIAMOND.?*!

All Hg, Te, Se and P atoms were refined with anisotropic displace-
ment parameters. In 2 the C atoms were also refined aniso-
tropically. The C atoms in 1 were refined isotropically while the C
atoms of the phenyl groups in 3 were refined isotropically as rigid
groups. H atoms of the SePh groups were included in calculated
positions for 2. C¢Hg solvent molecules in 3 were refined as rigid
groups with half occupancy. Residual electron density in the differ-
ence Fourier map of 3 indicates the existence of additional dis-
ordered solvent molecules in the crystal lattice which could not be
refined successfully (see Table 3).

Numerical absorption corrections were applied to the data of 2
and 3.

CCDC-205710 (1), -205711 (2), and -205712 (3) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retriev-
ing.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-
1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Table 3. Crystallographic data for [Hg,oTe4(SePh);>(PPhnPr,),] (1),
[Hg o Tes(TePh)»(PPhnPr,),] (2 and [Hgs4Te 6(SePh)s6-
(PPhnPr,),] (3)

1 2 3'2C(,H6
Formula mass 5165.99 5749.67 15413.0
Crystal system tetragonal  tetragonal  triclinic
Space group 141/a 14\/a Pl
a [pm] 2550.7(4)  2601.9(4)  2468.4(5)
b [pm] 3109.8(6)
¢ [pm] 2164.2(4)  2187.1(4)  3163.9(6)
a[?] 104.41(3)
B ] 108.35(3)
v [°] 103.31(3)
V [10%pm?) 14081(4) 14807(4) 21031(7)
VA 4 4 2
T [K] 180 180 210
d. [g em™3) 2.437 2.579 2.434
w(Mo-K,) [mm™!] 14.859 13.499 16.607
F1000] 9328 10192 13520
20max [°] 52 52 44.5
Measured reflections 31108 18281 98038
Unique reflections 6892 6694 49871
Riy 0.0966 0.1103 0.0958
Reflections with I > 2o(l). 5111 4744 20920
Refined parameters 213 339 1463
RI[I > 2o(D] 0.0404 0.0468 0.0581
wR2(all data)®! 0.1308 0.1441 0.1974

L Rl = I||F)
()

[FIVZIF|. ™ wR2 = {Z[w(F* = F2)*Y

X-ray powder diffraction patterns (XRD) were measured on a
STOE STADI P diffractometer (Cu-K, radiation, Germanium
monochromator, Debye—Scherrer geometry) in sealed glass capil-
laries. Theoretical powder diffraction patterns for 1 and 2 were cal-
culated on the basis of the atom coordinates obtained from single-
crystal X-ray analysis by using the program package STOE WinX-
POW.B
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