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ABSTRACT: The selective methylation and butylation of
chalcogenido metalate clusters by utilizing imidazolium-based
ionic liquids turned out to be not only a comparably mild but at
the same time also the only known method for postsynthetic
alkylation of such species in order to increase their solubility. For
additional impact on the crystal structures, selective alkylation with
longer alkyl chains was addressed by utilizing the ionic liquid
(C1oCiIm)[BE,] (C,,= decyl group at position 1 and C; = methyl
group at position 3 of the cation’s Im = imidazolium ring) for
ionothermal syntheses of functionalized tellurido mercurate
clusters. Herein, we report three novel compounds, two of which
comprise cluster anions that exhibit a selective organic function-
alization of their terminal telluride ligands upon in situ alkylation with the ionic liquid: [HgsTeq(Te,),(TeDec),]*” (in 1; Dec =
decyl) represents the first decylated chalcogenido metalate cluster. A unique heteroleptic functionalization, combining methylation
and decylation, was achieved for the second cluster, [Hg Tes(Te,),(TeDec)(TeMe)]®™ (in 2; Me = methyl). The third cluster is
purely inorganic, but based on the same cluster core architecture: [Hg,Te,(Te,),(Te;),]*” (in 3) comprises a tritelluride unit
instead of two HgTeR groups (R = Me, Dec). As a consequence of the long alkyl chains, both at the cluster and at the charge-
compensating cations, all three crystal structures are characterized by lamellar assemblies of cations and anions. For further
comparison of the properties of the organometallic versus purely inorganic compounds, vibrational and optical properties of
crystalline samples of the compounds comprising clusters 1 and 3 were studied by means of infrared, Raman, and UV—visible
spectroscopy. The results clearly show the effect of the presence of an organic decoration (in 1) relative to its absence (in 3),
reflected by a red shift of the band gap energy (1 — 3) and a replacement of the Te—C bands (in 1) with bands for tritelluride units
(in 3).

1. INTRODUCTION
The synthesis of crystalline chalcogenido metalate compounds

14, 16, 18, m = 0, 1).”~> A more recent example comprised a
CN-decorated tellurido rhenate cluster that crystallized as

of the type (Cat),[M,Ch,] (Cat = cations, M = metal atoms,
Ch = chalcogen atoms) by using long-alkyl-chain amine- or
ammonium-based reaction media can afford crystalline
compounds exhibiting a notable segregation of cations and
anions. If the chain length is large enough, the crystal
structures of such compounds can even exhibit a (meso)-
lamellar arrangement. In these compounds, the cationic
components of the amine-based reaction medium assemble
in a polar layer, while the long alkyl chains tend to assemble in
nonpolar layers in between, like in soap/surfactant micelles or
in lipid double layers known from, e.g, cell membranes.'
Chalcogenido metalate anions that are integrated in such
compounds are embedded in the polar part of the lamellar
assembly, and the interlayer spacing depends on the chain
length of the reaction medium used. The first examples of such
structures were observed in [C, H,sNH;],[Sn,S¢]-2H,0” and
[CnH2n+1N(CH3)3—mHm]4[Ge4Ch1O] (Ch = S) Se; n = 10) 12)

[C1,H,;0N(CHj;);]4[ResTeg(CN)¢] in a lamellar arrangement
upon surfactant-templated synthesis.” A tellurido mercurate
cluster with porphyrin-like macrocyclic topology embedded in
a lamellar crystal structure, (C,,C;Im)g[HgsTeg(Te,),] (A),
was obtained from an ionothermal treatment of Na,[HgTe,]
with the imidazolium-based ionic liquid (C,,C,Im)[BE,]
comprising long alkyl chains (C;, = decyl group at position
1 and C, = methyl group at position 3 of the cation’s Im =
imidazolium ring).”
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Scheme 1. Illustration of the Syntheses of Compounds 1—3 by Ionothermal Treatment of Na,[HgTe,] and Na,[Hg;Te,] in

(C,C,Im)[BF,] at 80 °C*
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“More details are given in the text; en = ethane-1,2-diamine.

Another property of imidazolium-based ionic liquids of the
general type (C,,(C,)C,JJm)X (m, n, o = number of C atoms in
the alkyl chains at positions 1, 2, and 3 of the Im ring, X =
anion), which was discovered only recently, is their
simultaneous function as the reaction medium and reactant
during the synthesis of crystalline chalcogenido metalate
clusters with organic decoration.®™*® In this case, the ionic
liquid thus acts as a “noninnocent” reaction medium at
temperatures between 60 and 180 °C. This can take place in
one of two different ways. In the first scenario, the imidazolium
moiety (“Im”) of the ionic liquid releases one of the alkyl
groups to become a neutral imidazole ring (“im”) that
coordinates to a metal atom of the chalcogenido metalate
cluster, as observed, for instance, in
(C4C,CyIm)4[In;(Ch,Cl3(C,Ciim)] (Ch, = S5 S;12Segss;
Seis; SeissoTer20). " In the second scenario, the alkyl group
that was released from the imidazolium ring is transferred
instead, as observed in salts of a methylated tellurido mercurate
cluster anion (C,C,Im)s[HgsTe4s(Te,),(TeMe),] (B, n =6, 8;
Me = methyl),” in a salt of the ternary selenide cluster,
(dmmpH)¢[Mn,Sn,Se,;(SeMe),] (dmmp = 2,6-dimethylmor-
pholine),” or in salts of a alkylated oxido-sulfido stannate
cluster anion, (C,C,C,Im),[Sn;00,S;,(SR),] (x = 1, 4, R =
Me, or R = Bu = butyl).*"* The course of the reaction toward
one or the other route seems to depend on the respective
reaction conditions. In both cases, the resulting clusters show
higher solubilities but nearly no effect on the electronic
structure and respective optoelectronic properties, as only a
small fraction of the metal or chalcogen atoms, respectively, are
involved. However, upon butylation, nonpolar functionaliza-
tion and charge reduction were combined in a way that
allowed the cluster-based salts to readily dissolve in standard
organic solvents like MeCN or DCM."”

We wondered, whether the alkylation of tellurido mercurate
cluster anions could also be realized with much longer alkyl
chains—knowing that for the porphyrin-like cluster, no
functionalization was observed—in order to form lamellar
structures containing lower-charged (thus better soluble)
cluster anions. We therefore performed a detailed study into
the reaction conditions and report the successful ionothermal
synthesis of three new tellurido mercurate compounds, two of
which comprise functionalized anions while one comprises
nonfunctionalized anions, as a function of the respective
reactants and reaction conditions, and in which all ions are
arranged in lamellar crystal structures.

By the treatment of Na,[HgTe,] or Na,[Hg;Te,],
respectively, with the long-chain ionic liquid (C;,C,Im)[BF,],
we obtained a compound with a new tellurido mercurate anion

exhibiting homoleptic functionalization,
(C1oCiIm)4[HgTeg(Te,),(TeDec),] (1); the first known
compound comprising a tellurido mercurate anion with
heteroleptic functionalization,
(C19CiIm)4[HgsTeg(Te,),(TeDec)(TeMe)] (2); and a salt
comprising a related, yet purely inorganic, nonfunctionalized
cluster anion, (C,,C,Im),[Hg,Te,(Te,),(Te;),] (3). Further
details are provided in the Experimental Section and the
Supporting Information. The compounds were structurally
characterized by means of single-crystal X-ray diffraction (SC-
XRD). The purities of the crystalline solids were determined
using powder X-ray diffraction (P-XRD), and the heavy-atom
composition was verified by micro-X-ray fluorescence spec-
troscopy (u-XRF) on the single crystals used for the SC-XRD
experiment.

2. EXPERIMENTAL SECTION

2.1. Syntheses. 2.1.1. General Details. Due to the sensitivity of
some of the starting materials and all of the products toward air and
moisture, all reactions and analytical measurements were performed
under strict exclusion of air and moisture, using standard Schlenk and
glovebox (type Unilab Plus; MBraun) techniques. Na,[HgTe,] and
Na,[Hg,Te,] were synthesized according to procedures described in
the literature.'®'” ZnCl, was purchased from Sigma-Aldrich and dried
in vacuum. The solvents ethane-1,2-diamine (en), MeCN, and n-
hexane were dried as described in the literature'® and stored over
molecular sieves of pore size 3 or 4 A under an argon atmosphere.
The ionic liquid (C,,C,Im)[BF,] was purchased from J&K Scientific
GmbH or ABCR GmbH and degassed/dried under reduced pressure
at around 80 °C for 16 h before use. The general synthesis procedures
of compounds 1-3 are outlined in detail below.

2.1.2. Synthesis of (C;yC;Im)s[HgsTes(Te,),(TeDec),] (1). SO mg
(0.10 mmol) of Nay[HgTe,], 4 mg (0.03 mmol, 0.3 equiv) of ZnCl,
and 500 mg of (C,,C,Im)[BF,] were placed in a borosilicate glass
ampoule, which was sealed airtight. The ampoule was heated in an
oven to 80 °C at a heating rate of 30 °C/h, kept at 80 °C for 24 h, and
then cooled down to room temperature at a cooling rate of 10 °C/h.
Compound 1 crystallized as thin brownish platelet-shaped crystals in
approximately 60% yield. The reported compound
(C1oCiIm)s[HgeTeg(Te,),] (A) was also crystallized within this
reaction ampoule in approximately 35% yield. Variation of the
amounts of ZnCl, (0.5, 1 equiv) did not alter the identity of the
products, but only decreased the overall yield. Other Lewis acid salts
were not tested in this study.

2.1.3. Synthesis of (C,,C;Im)s[HgsTes(Te,),(TeDec)(TeMe)] (2)
and (C,,C;im),[Hg,Te,(Te,),(Tes),] (3). SO mg (0.10 mmol) of
Na,[Hg;Te,], 500 mg of (C,,C,Im)[BF,], and SO uL of en were
placed in a borosilicate glass ampoule, which was sealed airtight. The
ampoule was heated in an oven to 80 °C at a heating rate of 30 °C/h,
kept at 80 °C for 20 h, and then cooled down to room temperature at
a cooling rate of 10 °C/h. Compounds 2 and 3 crystallized as thin
brownish platelet-shaped crystals and black platelike crystals,


https://pubs.acs.org/doi/10.1021/acs.inorgchem.3c01886?fig=sch1&ref=pdf

Scheme 2. Survey of Ionothermal Reactions Starting Out from Either Na,[HgTe,]'’ or Na,[Hg;Te,],"” Comprising 1D-
{[HgTe,]*"} or 2D-{[Hg;Te,]* } Anionic Substructures, respectively, to form Molecular Tellurido Mercurate Clusters”

#/“/—/‘/
[HgsTes(Tez?‘z(TeDec)z]G_ [ngTes(Tez)z(TzeDec)(TeMe)]e_ [H94Tez(T§2)2(Tes)2]4-
ZnCl, | (C1,C4Im)[BF,] T T
(C1oC4Im)[BF,] | en

1D-{[HgTe "} 2D-{[Hg,Te,J*’}

“Reaction arrows and formulas belonging to new clusters reported in this work are given in black and those of known ones are given in gray.”* All
reactions were carried out at 80 °C

a - b

Figure 1. Molecular structures of the hexaanions in compounds 1 (a) and 2 (b) shown along with the six closest counterions each. Hg and Te
atoms are drawn as ellipsoids at the 50% probability level. C and N atoms are given in the wire mode and H atoms are omitted for clarity. Alkyl
chains of the anionic substructures (“C”) are shown in green and those of the imidazolium counterions (“Cy”) are drawn in gray. Molecular
structures of the anionic substructures of 1 (c), 2 (d), and B (e) viewed along the Teqemina T € erminal 2XIS.
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respectively, in a 5:95 ratio and an overall crystalline yield of 90%.
Compound A was also obtained in the same ampoule in small
amounts with a yield of approximately 3%.

The co-formation of A is not too surprising, as 1—3 form at
temperatures of 60—80 °C and at reaction times of at least 12 h, i.e., at
temperatures and in time spans that was also reported for the
syntheses of A and B (the latter of which does not seem to form here
owing to the apparent preference of a decyl transfer).”"> The addition
of ZnCl, or en, respectively, seems to cause a shift of the equilibrium
that apparently exists in the reaction medium to the main products of
this study, 1 and 2, while they suppress the formation/crystallization
of the reported compounds. The synthetic procedures are
summarized in Scheme 1.

2.2. Single-Crystal X-ray Diffraction (SC-XRD). Single-crystal
diffraction data were collected with Ga Ka radiation (1 = 1.34143 A)
at T = 180 K on the area detector system Stoe StadiVari for
compound 1 and with Mo Ka radiation (1 = 0.71073 A) at T = 100 K
on the area detector system Bruker D8 Quest equipped with a CMOS
detector for compounds 2 and 3. The programs X-Area v2.1 (STOE),
APEX4 v2021.10-0 (BRUKER), ShelX97, ShelXT15, ShelXL15,
XPREP, Olex2 vl1.5, and PLATON v90522 were used for the
evaluation."”™* Crystals were prepared and selected in a MBraun
MB-10 compact glovebox with a built-in Leica M60 reflected light
microscope by storing the crystals in NVH immersion oil. Illustrations
of the single-crystal structures are provided in Figures 1-S5.
Measurement, structure solution, and refinement results are detailed
in Tables S1—S3 (Supporting Information). Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-2264016 (1),
CCDC-2264017 (2), and 2264018 (3). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (Internet.) +44 1223/336-033 e-mail:
depos—iﬁ@ccdc.cam.ac.uk). All figures were generated with Diamond
v4.6.8.

2.3. Powder X-ray Diffraction (P-XRD). P-XRD data were
obtained with Cu K radiation (1 = 1.54060 A) in transmission mode
on a Stoe StadiMP diffractometer using a highly sensitive Mythen
detector system and a curved focusing monochromator. The samples
were prepared in a glovebox by sealing a small amount of crystalline
powder tightly with scotch tape and clamping it on a transmission
carrier. The transmission carrier was then brought to the device in a
tightly closed container (shuttle) to minimize the dwell time in air
(limited to 5—10 s until measurement). The maximum duration of
the measurement was 15 min per sample. The data examination was
done using WinXPOW v3.11 and OriginPro 2023, and the P-XRD
diagrams are shown in Figure 6.

2.4. Micro-X-ray Fluorescence Spectroscopy (u-XRF). The p-
XRF analyses were performed using a Bruker Tornado M4
spectrometer. Single-crystal samples were fixed on the sample holder
with small amounts of NVH immersion oil. Rhodium and tungsten X-
ray tubes served as radiation sources. The detector system consisted
of two energy-dispersive XFlash X-ray detectors based on the SDD
(silicon drift detector) principle with an internal FET (field-effect
transistor). Measurements were performed at approximately 2 mbar
unless otherwise specified. Fluorescence emission was recorded at
measurement times of 180 or 240 s. Quantification was based on Te-L
and Hg-L fluorescence radiation. The percentages are the substance
amount concentration in atomic%. The evaluation was performed
with the program Esprit. The spectra are shown in Figures S8—S10,
and the results are summarized in Tables S4—S6.

2.5. Infrared (IR) Spectroscopy. Infrared spectra of 1 and 3 were
recorded on a Bruker ALPHA II IR spectrometer with an ATR
platinum measurement unit. Raw data were processed using
OriginPro 2023. Intensities of the transmitted bands are given as
follows: vw (very weak), w (weak), m (medium), s (strong), vs (very
strong), and b (broad). The spectra are shown in Figure 7a (for more
details, see the Supporting Information, Figures S11 and S12).

2.6. Raman Spectroscopy. Raman spectra were acquired using
an inVia Raman microscope (Renishaw; Wotton-under-Edge,

Gloucestershire, United Kingdom). A 20X objective was used to
align/center the sample. The excitation wavelength was 532 nm, and
measurements were performed with a laser power of 1%. The sample
was irradiated three times for 60 s, and the individual measured
spectra were accumulated into a total spectrum. Raw data were
processed using OriginPro 2023. Intensities of the transmitted bands
are given as follows: vw (very weak), w (weak), m (medium), s
(strong), vs (very strong), and b (broad). The spectrum is shown in
Figure 7b (for more details, see the Supporting Information, Figure
S13).

2.7. UV-Visible (UV-vis) Spectroscopy. Optical absorption
spectra of compounds 1 and 3 were measured in diffuse-reflectance
mode on single crystals, employing a Varian Cary 5000 UV/VIS/NIR
spectrometer from Agilent, equipped with a Praying Mantis accessory
for the solid-state samples. Tauc plots were generated using the
Kubelka—Munk function (F(R,)hv)"7, with y = 1/2, indicative for a
direct allowed optical gap, or y = 2, indicative for an indirect allowed
optical gap.* " The spectra are shown in Figure 8 (for more details,
see the Supporting Information, Figure S14).

3. RESULTS AND DISCUSSION

3.1. Syntheses. As illustrated in Scheme 1, the three
title compounds were synthesized by treating Na,[HgTe,]"’
or Na,[Hg;Te,],"” respectively, with the ionic liquid
(CyyCiIm)[BFE,], similar to the reactions reported for the
synthesis of the salt of porphyrin-like cluster anion A.” For
compound 1, in a first variation of the reaction conditions, we
used Na,[HgTe,] with small amounts of ZnCl, (0.3 equiv.),
thereby increasing the Lewis acid nature of the reaction
mixture, which seems to affect the cluster formation processes
in a yet unclarified way. Without using ZnCl,, A is obtained as
the main product, with small amounts of 1 as the byproduct.
Compound 1 is obtained in higher crystal quality and yield in
the presence of ZnCl,, possibly because the Lewis acid Zn**
ions assist in the Hg—Te framework reconstruction by
breaking bonds in the 1D chains of Na,[HgTe,] and forming
new bonds to build the molecular architecture. This seems to
be more preferable for the formation of the more spherical
cluster in 1. Upon wusing another starting material,
Na,[Hg;Te,], and adding small amounts of the base ethane-
1,2-diamine (en), compounds 2 and 3 are obtained together. In
addition to 2 and 3, compound A also co-crystallizes in very
low yield in the reaction ampoule. The main product in this
reaction is compound 2, while 3 and A are only obtained in
traces of a few crystals per batch (thus, not detectable by P-
XRD, see Figure 6 in Section 3.3).

3.2. Crystal Structures. The inorganic core structure of 1
and 2 is the same as for B, which was obtained by treatment of
Na,[HgTe,] in ionic liquids with shorter alkyl chains, such as
(C¢CiIm)[BF,] and (Cg¢C,Im)[BF,], and which represented
the first organically decorated tellurido mercurate cluster
anion.” While decylation is found on both terminal Te atoms
in 1, there is a methyl substituent on one terminal Te atom and
a decyl substituent on the other in 2. Both functionalized
groups originate from the ionic liquid cation, which is reactive
enough to donate its alkyl chains to the cluster anion. This is
the first case in which an imidazolium ion transferred both
alkyl groups instead of selectively transferring one of them
only, but the very low yield of 2 indicates that the release of the
methyl group is not preferred. The anionic substructure of 3
was first observed in [nBu,N],[Hg,Te,(Te,),(Te;),] upon an
aminothermal reaction of K,[Hg,Te;] in en with a MeOH
solution of [nBu,N]Br.”® In 3, however, another cation is
present that causes the crystal structure to exhibit a lamellar
pattern as desired. Compound 3 is an inorganic, not alkyl-
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Figure 2. Representation of 2 X 2 X 2 supercells of the crystal structures of compounds 1 (a) and 2 (b), viewed along crystallographic a-axis to
illustrate and compare their lamellar crystal structures. Hg and Te atoms are drawn as ellipsoids at the 50% probability level; C and N atoms are
given in the wire mode; alkyl chains are shown as wires—green at the cluster and gray at the counterions. The Hg/Te cores of the anions are
highlighted in polyhedral representation; H atoms are omitted for clarity. Color code: Hg = black, Te = plum, C = green or gray, and N = blue.

functionalized, analogue of 1 and 2. Scheme 2 summarizes the
results obtained in this study and also indicates related
synthetic procedures leading to similar products that were
previously reported.

As mentioned above, the anionic substructures observed in 1
and 2 are similar to that of the methylated tellurido mercurate
cluster in B. The anions of 1 and 2 thus consist of four
(distorted) tetrahedral [HgTe4:|5_ units (7, = 0.87—0.89 in 1
and 2; 7, = 0.84—0.89 in B; 7, indicates the geometric
deviation of an arrangement from an ideal tetrahedron, 7, = 1,
or a planar square, 7, = 0°”) and two trigonal planar [HgTe;]*
units (angle sums of > 359.994(5)° in 1 and 2; > 359.35(2)°
in B), with the organic groups in 1 and 2 attached to the two
terminal telluride ligands. This results in a charge reduction
from that of an (yet unknown) underlying cluster without
organic groups (—8) to —6 in the compounds reported herein.
An even lower charge (—4) is found in the
[Hg,Te,(Te,),(Te;),]* cluster anion of 3 upon (formal)
replacement of two [HgTe;C,]*” units (x = 1 and/or 10) with
two Te32_ fragments. Compound 3 is a rare case in which a
cluster is formed under ionothermal conditions that has
previously been obtained by other ways, namely, by solution-
based approaches, like [nBu,N],[Hg,Te,(Te,),(Te;),] and
[NMe,],[Hg,Te,(Te,),(Te;),] (C).”*" The accessible vol-
ume between the anionic clusters in the crystals of all three
compounds is filled with the counterions, i.e., the ionic liquid
cations (C;oC;Im)".

Compound 1 crystallizes as thin, platelet-like brownish
crystals in the triclinic crystal system, space group P1 (No. 2),
with one formula unit per unit cell (V = 3428.2(7) A%), and
compound 2 crystallizes as thin, platelet-shaped brownish
crystals in the triclinic crystal system, space group P1 (No. 1),
with one formula unit per unit cell (V = 3287.3(4) A3). The
cluster anion in 1 is centered on a crystallographic inversion
center, which is not the case for the anion in 2 owing to its
unsymmetrical substitution pattern, which also comes along

with an unsymmetrical location of the counterions. However,
in both clusters, the Hg/Te substructures show a high
(idealized D,;,) symmetry. All heavy atoms—except those of
the {Te,} units—lie in one plane (with the root-mean-square
deviation of the atoms from a mean plane of all heavy atoms—
except for the {Te,} units—being 0.049 A for cluster 1 and
0.041 A for cluster 2). Notably, the alkyl groups of the cluster
anions in 1 and 2 (Figure 1a,b) do not arrange in that plane, in
contrast to the relative orientation of the two methyl groups in
B (Figure lc—e). Furthermore, unlike in B, the crystal
structures of 1 and 2 feature a lamellar arrangement of the
anionic cluster cores and imidazolium rings of the cations
between layers comprising the alkyl chains of the clusters and
of the counterions. This can be explained by the fact that the
alkyl “chain” (i.e, a Me group) at both the cation and the
anion in B is not long enough. The bond lengths in 1 [Hg—Te:
2.667(2)—2.795(2) A, Hg—{Te,}: 2.936(2)—2.960(2) A, Te—
Te: 2.740(2) A] and in 2 [Hg—Te: 2.665(3)—2.800(2) A,
Hg—{Te,}: 2.925(3)—2.989(3) A, Te—Te: 2.727(3)-
2.742(3) A] are in good agreement with those of the related
[HgsTeq(Te,),(TeMe),]® anion in B [Hg—Te: 2.654(4)—
2.814(3) A, Hg—{Te,}: 2.940(1)—2.949(1) A, Te—Te:
2.734(1) A]. The same holds for the bond angles (see Table
S7). The Te—C bonds in 1 (2.130(4) A) and 2 (2.130(2) for
Te—C, and 2.230(3) A for Te—C;) are similar to those
observed in B (2.174(3)—2.187(5) A); the somewhat broader
range observed in 2 is attributed in part to the disorder.

The views of the 2 X 2 X 2 supercells along the
crystallographic a-axis (Figure 2) illustrate the lamellar crystal
structures, in which polar and nonpolar layers are arranged
alternately. In these layered structures, the anions are
surrounded by the imidazolium rings of six closest counterions
each (polar layer), while the alkyl groups (mainly the decyl
substituents) of the anions [HgsTeg(Te,),(TeC,),]% (x = 1
and/or 10) undergo van der Waals interactions with the long-
chain alkyl substituents of the (C,,C;Im)* cations (nonpolar
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layer). The way in which the decyl chains (from the clusters
and also from the counterions) are interlocked differs in two
regards from that observed in A,” where the nonpolar layers
were formed by the cations only. First, the relative orientation
of the alkyl chains is less regular and not equidistant in 1 and
2—also because both cations and anions are involved. Second,
the nonpolar layers are separated into double layers here, with
no interlocking of alkyl chains of one “cluster plus counterion”
layer with those of the adjacent one. This is likely to result in
weaker overall van der Waals interactions than, e.g, in
compound A with the porphyrin-related anions’ and hence
represents a promising prerequisite for attempting to exfoliate
single crystals of these compounds and to prepare monolayers
of the imidazolium salts. Efforts to do so by mechanical
exfoliation using a tape have failed so far; methods using
liquids, which are challenging owing to the high anionic charge,
are currently under investigation.

Compound 3 crystallizes as black platelike crystals in the
triclinic crystal system, space group P1 (No. 2), with two
formula units per unit cell (V = 4112.9(1) A%). The cluster
anion in 3 consists of an inversion-symmetric [Hg4(Te2)2Tez]
core with two terminal Te;*” “handles”. Four Hg atoms are
coordinated in a distorted tetrahedral manner (7, = 0.81—0.88
in 3; 7, = 0.83 in C*°) by tellurium atoms that stem from three
different types of subunits: two Te®", two Te,>”, and two
Te,>". The center of the [Hg,Te;,]*" cluster also contains the
crystallographic inversion center. Figure 3 shows the molecular

Figure 3. Molecular structure of the tetra anion in compound 3
shown along with the four closest counterions. Hg and Te atoms are
drawn as ellipsoids at the 50% probability level; C and N atoms are
given in the wire mode; the heavily disordered part of the cations and
H atoms are omitted for clarity.

structure of the anion and the counterions (without disorder;
for more details, see the Supporting Information). All bond
lengths in 3 [Hg—Te: 2.700(7)—2.729(7) A, Hg—{Te,}:
2.889(8)—3.029(8) A, Hg—{Te,}: 2.744(8)—2.801(7) A, Te—
Te: 2.710(9)—2.744(8) A] accord well with those found in the
[Hg,Te;,]* anion in C [Hg—Te: 2.713(4)—2.717(3) A, Hg—
{Te,}: 2.931(3)—2.984(4) A, Hg—{Te;}: 2.777(3)—2.794(4)
A, Te—Te: 2.719(4)—2.739(4) A]. The same applies to the
bond angles (see Table S8).”

While the molecular structure of the anion in 3 is widely
identical with the anionic substructure of the known
compound C, a view of the 2 X 2 X 2 supercell of 3 (Figure
4) indicates a fundamental difference: as described above for
new compounds 1 and 2, the ions in 3 are arranged in a
lamellar mode, in which polar and nonpolar layers alternate.

Figure 4. Representation of the 2 X 2 X 2 supercell of the crystal
structure of compound 3 viewed along the crystallographic a-axis to
highlight its lamellar crystal structure. Hg and Te atoms are drawn as
ellipsoids at the 50% probability level; C and N atoms are given in the
wire mode; H atoms are omitted for clarity. Color code: Hg = black,
Te = plum, C = gray, and N = blue.

Again, the [Hg,Te,(Te,),(Te;),]*" anion is surrounded by the
imidazolium rings (polar part), while the alkyl chains of (only)
the cation form the nonpolar layer separating the polar one
from each other. However, as illustrated by a view of the 2 X 2
X 2 supercell, the decyl chains of the counterions in 3 are
arranged in a much more random manner and not aligned as in
1 and 2. This results in a shorter length of the corresponding
unit cell axis perpendicular to the layers, the b axis in 3.

We compared the interlayer spacings,” defined as the
distance between the polar layers, in the lamellar crystal
structures of compounds 1—3 and A.” These vary notably,
although all four compounds feature decyl chains at the
imidazolium cation, which can be put down to the different
orientation of the decyl groups relative to the Hg/Te cluster
cores, as illustrated in Figure S.

The interlayer spacing is the largest in A (17.7 A),” in
accordance with a straight orientation of all decyl groups
between the polar layers. In contrast to the structure of A (and
as mentioned above), the decyl chains above and beneath the
polar layers in 1 and 2 do not interfere but form a double layer
with a small spacing between these two nonpolar layers (2.84
A in 1; 1.14 A in 2); hence, one might assume that the
interlayer spacing would be larger than in A. However, a
significant tilt of the chains relative to the longest axis of the
cluster anions (running from one terminal Te atom to the
other), thus also relative to the polar layers, allows the polar
layers to approach. The resulting interlayer spacing values are
thus 17.1 Ain 1 and 15.8 A in 2. The slight decrease from 1 to
2 correlates with the replacement of 50% of the decyl groups
on the cluster with methyl groups, which causes the clusters to
pack a bit denser; this also affects the optical absorption
properties (see Section 3.4 and Figure 8 below). The smallest
interlayer spacing is observed in compound 3 (9.55 A). This is
due to a lack of alkyl chains on the clusters (thus fewer atoms
in the unit cells) and comes along with a rather random
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Figure 5. Comparison of the interlayer spacing in the lamellar
structures of compounds 1-3 (a—c) and A (d). The anionic
substructures are simplified in the polyhedral mode in two different
colors representing different layers, and the cations are shown as bold
wires.

orientation of the alkyl chains of the counterions with
apparently no order. Very obviously, the different cluster
types affect the nature of the lamellar arrangement of the
cations, indicating the flexibility of such compounds.

3.3. Powder X-ray Diffraction (P-XRD). Powder
diffraction was performed on the content of the reaction
ampoules of 1 and 2/3 to investigate the purity of the reaction
products and to confirm the identity of the compounds in the
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bulk material. Figure 6 gives the diffractogram of 1 (black line)
in comparison with the simulation from SC-XRD data (red
line) and opposed to that of compound A (blue line).

For compound 1 (see Figure 6a), the experimental and the
simulated diffraction patterns correlate very well with each
other. Slight deviations are based on different temperatures
applied for the P-XRD measurement (room temperature; SC-
XRD: 100 K) and on texture effects owing to the thin platelike
nature of the crystals, which can cause reflections to be absent
or intensities to deviate. A few reflections (around 6, 10, and
23°) stem from traces of co-forming compound A (see above),
which could not be removed. The higher background is due to
the adherent ionic liquid on the crystalline residue.

The diffraction pattern that was obtained for the product
mixture of compounds 2 and 3 was compared with the P-XRD
pattern simulated from the SC-XRD data of 3 (measured at
room temperature), see Figure 6b. Compound 3 is the only
detectable compound and thus represents the main product of
the reaction. Some minor discrepancies, like missing reflections
and modified intensities, again are due to the platelike nature
of the crystals and the co-formation of small amounts of
compounds 2 and A.

3.4. Vibrational and Optical Absorption Properties.
For further characterization of title compounds, and for getting
more insight into the influence of the different molecular and
crystal structures on the properties of the compounds, we
performed vibrational (IR and Raman) and optical absorption
(UV—visible) spectroscopy. For determining the effect of the
organic decoration of the cluster anions in general, we
restricted our analysis on the comparison of compound 1
(with organic groups) and compound 3 (without organic
groups); note that the low yield of compound 2 besides co-
forming compound 3 prohibited further analyses of the former
in the pure form.

Figure 7a shows the IR spectra recorded on pulverized
(manually selected) single crystals of compounds 1 (blue line)
and 3 (orange line). Both compounds show very similar
vibrational modes, which mainly differ in their relative
intensities. However, the differences are clearly there and
correlate with minor differences in bond lengths, slightly
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—— 2 + 3 + A (measured)

—— 3 (simulated)
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Figure 6. Experimental P-XRD pattern of compound 1 (black line), in comparison with the P-XRD patterns simulated from the corresponding SC-
XRD structure (red line, simulated based on SC-XRD data) and that of A (blue line, simulated based on SC-XRD data) (a). Experimental P-XRD
pattern of the reaction mixture comprising compounds 2, 3, and A (black line), compared to the simulated P-XRD patterns of 3 (red line,
simulated based on SC-XRD data), 2 (green line, simulated based on SC-XRD data), and A (blue line, simulated based on SC-XRD data) (b).
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Figure 8. Comparison of the solid-state UV—visible diffuse-reflectance spectra of 1 (a) and 3 (b).

different symmetries of the cluster cores, and the presence of
organic substituents in 1 versus polytelluride units in 3. The
bands in the range of 2800—3200 cm ™" and the bands at about
1500 and 1000 cm™' can be attributed to the ionic liquid
cations (C—H valence vibrations and imidazolium ring
vibrations). Below 1000 cm™, we observe bands representing
the C—H deformation vibrations. The band observed in the
spectrum of 1 at S51 cm™' is of particular interest, as it
corresponds to Te—C vibrations and therefore need to be
absent in the spectrum of 3, which is the case. Comparisons
with the Te—C vibrational modes reported for Me,Te (504
cm™) and tBu,Te (498 cm™) show good agreement.”’ The
differences arise from the different coordination environments
of the Te atoms and different Te—C bond lengths resulting
from them. The group of bands at around 420 cm™', only
present in the spectrum of 3, is indicative of the vibrations of
the polytelluride units attached to the cluster anion. Hence, the
IR spectra are a suitable means of providing fingerprints for
purely inorganic versus organyl-functionalized tellurido mer-
curate clusters.

Additional evidence of the organic functionalization of the
cluster anion in 1 is provided by Raman spectra recorded on
single crystals (Figure 7b). The spectrum exhibits the
characteristic signal groups of the cluster core between 100
and 400 cm™', while the signal groups at 540 cm™' and at
around 2900 cm™' are assigned to the Te—C bond and the

bonds within the imidazolium cations as well as the decyl
groups of the cluster—in good agreement with reported
data.”’

In order to investigate the band gap energies and the nature
of the electronic transitions that take place in these different
types of lamellar structures, we performed UV—visible
spectroscopy on pulverized single crystals of compounds 1
and 3. The spectra were recorded in diffuse-reflectance mode,
and the data were converted into Tauc plots using the
Kubelka—Munk function.””™>” (F(Ry,)hv)" was plotted as a
function of the photon energy; y as the power coeflicient
corresponds to the type of the transition (y = 0.5: directly
allowed; y = 2: indirectly allowed). Additionally, the spectra
measured in diffuse-reflectance mode were transformed into
absorbance spectra (Figure 8).

The spectrum of 1 shows two absorptions, one of which, at
1.79 eV (693 nm), represents the main onset of absorption,
indicative of the optical band gap of compound 1 in
accordance with the visible brownish color of the crystals. A
shoulder at 2.19 eV (566 nm) is likely due to polytelluride
decomposition products (typically showing red colors) which
form by partial oxidation of the telluride ligands during the
measurements of this very sensitive compounds or the
presence of traces of co-forming compound A (reported
band gap 2.16 €V, 574 nm) in the sample.” The UV—vis
spectrum of 3 shows a main band gap at about 1.26 eV (984
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nm), which again is in agreement with the visible black
appearance of this compound. Although the inorganic cluster
in 3, [Hg4Te2(Te2)2(Te3)2]4_, contains fewer Hg atoms than
the [HgTes(Te,),(TeDec),]® cluster in 1, the replacement
of terminal tellurolate ligands with the polytelluride units and
the concomitant denser packing of the clusters in the salt lead
to a shift of the band gap to lower energies. Unfortunately,
optical gaps of the related compounds,
[nBu,N],[Hg,Te,(Te,),(Tes),] ® and
[NMe,],[Hg,Te,(Te,),(Te;),] (C),” had not been reported;
therefore, a comparison is not possible.

The importance of the density of the inorganic chromo-
phores in the crystals is evident, when comparing the band
gaps of 1 and 3 with that of A (2.16 eV).” In spite of a larger,
purely inorganic cluster molecule, [HgsTe(Te,),]*", also
comprising ditelluride units, the optical absorption bands of
the new compounds are significantly red-shifted owing to the
significantly smaller interlayer s pacing discussed above.

The Tauc plots of 1 and 3 (Figure S14) indicate that the
main transition at 1.79 eV is of an indirectly allowed nature
(and that of the subsequent transition at 2.19 eV, too). The
transition detected for 3 at 1.26 eV is also of an indirectly
allowed nature according to the Tauc plot.

4. CONCLUSIONS

In summary, we have exploited ionothermal reactions with
noninnocent ionic liquids to form two new functionalized
tellurido mecurate anions, one with homoleptic decylation of
the tellurido mercurate cluster anion (in 1) and another one
with heteroleptic functionalization of a tellurido mercurate
cluster anion by one methyl and one decyl group (in 2). Both
compounds exhibit lamellar crystal structures as a consequence
of long alkyl chains being present on the cluster anions and the
ionic liquid cations that serve for charge compensation in the
salts—however with smaller interlayer spacing than previously
observed for the salt of the inorganic porphyrin analogue A.”
Besides these two compounds, we obtained a related cluster
without organic decoration (in 3), which also forms a lamellar
crystal structure together with the counterions. IR/Raman
spectra confirmed the presence of the decyl groups in 1 and of
the tritelluride unit in 3. The optical absorption spectra of 1
and 3 reflect t he d ifferent co ntent of po lytellurides in the

compounds, and the spectra allowed the determination of the
influence of the different interlayer spacing in salts of organyl-
decorated tellurido mercurate clusters and purely inorganic
ones on electronic properties.
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