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Experimental and theoretical evidence for low-
lying excited states in [CrgEg(PEt3)6] (E = S, Se, Te)
cluster moleculest
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Three [CrgEg(PEtz)e]l cluster molecules with E = S, Se, and Te have been synthesized by reaction of stoi-
chiometric mixtures of Cr(i) and Cr(i) metal salts with silylated chalcogen reagents E(SiMes), (E = S, Se,
Te) in the presence of L = PEts = triethylphosphine. For the sulfide- and selenide-bridged clusters two
crystallographic forms (trigonal R3 and triclinic P1), which differ in the presence of lattice solvent mole-
cules, have been isolated. Structural data, optical spectra and quantum chemical calculations reveal the
presence of low-lying excited states in [CrgEg(PEts)g] (E = S, Se), which would help in rationalizing the
non-vanishing magnetic moments at 2 K revealed by DC magnetic measurements and EPR spectroscopy.
These findings are partially in contrast to a previous report by Saito and co-workers (S. Kamiguchi,
H. Imoto, T. Saito, Inorg. Chem., 1998, 37, 6852-6857.), who postulated an incorporated hydrogen atom

rsc.li/dalton

Introduction

Cluster molecules, composed of tens of atoms, have been con-
sidered as a linkage between molecular and solid-state
chemistry.”> Among these, an important subclass is metal
chalcogenide bridged clusters, which have been reviewed
under different subtopics in several publications.’®
Prominent representatives of this latter class are MgEgLe
Chevrel-type cluster molecules with M mainly being a group 6,
8 or 9 metal atom and L being a phosphine or amine ligand.
Many examples have been synthesized and investigated
among them the chromium chalcogenide clusters
[CreEg(PEt;)e] (E = S, Se, Te)”® and [CreEsH(PEt;)q] (E = S, Se),’
which are the focus of this work. Recently, the cluster com-
pounds [CreTeg(PEt;)s]® and [CogEg(PEt;)s] (E = Se,'® Te'''?)
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as the source of paramagnetism at low temperatures for the trigonal forms of [CrgEg(PEtz)e] (E = S, Se).

were used in studies of the electrical properties of these mole-
cules in molecular junctions™ or in the crystal lattice."*

Although structurally related to solid state Chevrel
phases,'” the electronic situation is different for these mole-
cular cluster compounds. In the neutral clusters [M¢EgL¢], for-
mally two M>" and four M** can be assigned if the chalcogen
atoms are assumed to be E>~ and the phosphine/amine
ligands L to be neutral. Nevertheless, structural data (equal M-
E, M---M and M-P bond distances) suggest an equal electron
distribution leading to a formally broken oxidation state of
+2.66 for each metal atom. The valence electron count for the
MgEg cluster core of group 6, 8 and 9 metal complexes
amounts to 8 x 2e” for eight p;-E bridges, leaving 20, 32 or
38e” for possible M-M bonding. In this respect, Fan et al.
already pointed out in a computational work that the degree
and strength of M-M bonding interactions in these cluster
complexes are difficult to determine."®

Magnetic properties have been studied in detail for
[MeSs(PEt;)s] (M = Co, Fe) cluster molecules. The phenomeno-
logical description of an antiferromagnetic super-exchange by
a spin Hamiltonian is complicated due to the number of para-
magnetic centers, non-integer oxidation states and the deloca-
lization of the unpaired spin density. Instead, reasonable
quantitative rationalization of the magnetic properties has
been achieved by SCF-Xa-SW and extended Hiickel type calcu-
lations for [CoeSs(PEt3)s] (S = 0),"%*° [CoeSs(PEts)e]” (S =
1,222 and a series of related iron sulfide clusters
[FesSe(PEts)6]"" (=0, 1, 2, 3) (S = 3/2 (3+), 3 (24), 7/2 (1+) and
3 (0)).23,24

This journal is © The Royal Society of Chemistry 2022
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With respect to the chromium chalcogenide cluster mole-
cules [CreEg(PRs)g], Hessen et al. reported early on a paramag-
netic behaviour for the tellurium bridged chromium cluster
[CreTeg(PEL;)s] with an effective magnetic moment of g = 2.8up
from 100 to 300 K (corresponding to two parallel electronic
spins if the paramagnetism is due to spin only).® Saito and co-
workers also found a paramagnetic behaviour of the related
sulfur and selenium bridged chromium clusters with a non-van-
ishing magnetic moment at 2 K which they interpreted as an
indication of an S =1 ground state. They rationalized this obser-
vation by the postulation of an incorporated hydrogen atom in
the cluster cages of [CreEg(H)(PEt;)e] (E = S, Se)’ supported by
FAB mass spectrometry and CV measurements. In addition, they
were able to synthesize and magnetically characterize the ‘hydro-
gen-free’ cluster [CreSeg(PEt;)s] crystallizing in the space group
P1 which comprises nearest Cr---Cr distances that are longer by
14 pm compared to the trigonal (R3) form of [CreSeg(H)(PEt;)s].
In agreement, they found an almost vanishing magnetic
moment for the ‘hydrogen-free’ cluster at low temperatures.

Herein, we focus on a revised discussion with respect to the
physical properties of the chromium chalcogenide cluster mole-
cules [CrgEg(PEt;)s] (E = S, Se, Te) based on new temperature
dependent structural data, quantum chemical calculations and
comprehensive optical and magnetic measurements completed
by a comparison with previous results from the literature.

Synthesis, structures and measurements

We developed a modified strategy for the synthesis of the chro-
mium chalcogenide cluster molecules [CrgEg(PEt;)¢] (E = S (1),
Se (2), Te (3)), which results - especially for 2 - in improved
yields (>40%) in comparison with previous reports (<21%).
Main features are the use of mixtures of Cr(n) and Cr(ur) metal
salts in combination with silylated main group reactants
E(SiMe3),. The reactivity of the silyl chalcogenides E(SiMej;), (E
=S, Se, Te) against the chromium metal salts increases dis-
tinctly from the sulfur to the tellurium compound, which is
most probably related to the increased stability (covalent char-
acter) of the Si-S bond in comparison with the more ionic Si-
Te bonding interaction. Silyl chalcogenides have been first
used in the synthesis of chalcogenido materials by Steigerwald
and coworkers> and subsequently established in the synthesis
of metal chalcogenide cluster molecules by Fenske et al.>>°>®

CrCl2 + 2 [CrCls(thf)s] + 6 PEts

+ 4 E(SiMes)2
thf

— 8 CISiMe3
0.5 [CrsEs(PEt)s] E=S (1), Se (2), Te (3)

From the reaction solutions (thf) the sulphide and selenide
clusters 1a and 2a crystallize in the trigonal space group R3

This journal is © The Royal Society of Chemistry 2022
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incorporating lattice solvent molecules whereas the telluride
cluster 3 forms monoclinic crystals (12/a) with no lattice
solvent (Table S1}). We note that the lattice constants and
packing of 3 measured at 180 K differ from the published
structure in I2/a measured at room temperature.® In single
crystal and powder XRD measurements we found that there is
a structural phase transition between these two forms upon
cooling from 280 to 260 K accompanied by an ordering of a
disordered phosphine ligand. The transition is only partially
reversible and is accompanied by degradation of the long-
range crystalline ordering.

Upon recrystallization of 1a and 2a in mixtures of thf/Et,O/
EtOH, triclinic crystals 1b and 2b of the respective isostruc-
tural cluster molecules were obtained, and contain no solvent
molecules in the crystal lattice.

The main structural characteristics of the cluster structures
have been discussed in detail in several preceding papers
(Fig. 1).””° Formally, six chromium atoms, which are arranged
at the corners of an octahedron, are p; bridged by eight chalco-
gen atoms over the trigonal faces which themselves form a
cube. Including the terminal phosphine ligands, each chro-
mium atom possesses an unusual square pyramidal coordi-
nation environment formed by four chalcogen atoms and one
phosphorous atom. As noted above, if one assigns formally
two negative charges to the chalcogen atoms (p;-E*”) the chro-
mium atoms must be formally mixed valence (2 x Cr** and 4 x
Cr’*). However, the structural characteristics (and also the
quantum chemical calculations) suggest an equal delocalisa-
tion of 20 valence electrons over the six chromium atoms.

The structural parameters of the trigonal forms 1a and 2a
and the triclinic form 2b as found by us are similar to those
published earlier by Saito and co-workers (Table 1 and
Table S21).” For complex 1b, no corresponding triclinic form
has been reported until now. Interestingly, in a successive
paper’ the triclinic form (herein named 2b) was published by
Saito and co-workers with similar lattice constants but with
Cr---Cr distances elongated by more than 14 pm in compari-

® Cr
S, Se, Te

Fig. 1 Schematic molecular structures of 1a, 2a, 1b, 2b and 3.
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Table 1 Comparison of the structural parameters? in 1-3 with those from the literature
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Space group Reference T[K] Cr-E Cr---Cr E--E Cr-P
1a R3 This work 180 233.03-234.94(6) 259.38-260.45(5) 329.0-330.9 239.33(5)
1b Pi This work 180 232.79-234.56(4) 256.77-259.51(3) 328.6-331.1 241.20-242.13(4)
[CreSs(PEt;)s] R3 7 b 232.7-234.2(2) 259.2-259.6(1) 328.7-329.9 239.5(1)
2a R3 This work 180 243.18-245.22(5) 264.98-265.45(6) 344.6-345.1 240.92(6)
2b Pi This work 180 244.25-245.79(8) 265.95-267.98(9) 343.8-346.7 241.25-241.68(12)
[CreSeq(PEt;)s] R3 7 b 244.1-246.8(2) 267.2-268.3(3) 345.4-346.2 242.8(3)
[CreSes(H)(PEt3)q] R3 9 293 244.1-246.1(1) 265.5-265.6(1) 346.0-346.1 240.3(2)
[CreSeq(PEt;)s] ri 7 b 245.1-246.5(2) 269.8-271.2(3) 344.7-347.9 241.3-242.4(4)
[CreSeg(PEL, )] Pi 9 226 245.8-247.7(2) 279.6-282.6(1) 345.0-348.4 240.5-241.1(2)
3 (cell 2) C2/c This work 150 264.55-266.60(7) 281.58-285.70(8) 372.1-378.5 243.93-244.66(11)
3 (cell 1) /a 8 293 263.9-266.2(4) 289.6-295.3(5) 371.3-379.6 242.8-243.6(6)

“T: measurement temperature; atomic distances [pm]. ® Not given.

son with our results and the structure published before.”
Based on the magnetic measurements and FAB mass spec-
trometry, the authors revised their former discussion with
respect to the composition of the [CrgEg(PRs)¢] (E = S, Se; R =
organic group) cluster molecules. For the trigonal forms of
these cluster molecules they now propose the incorporation of
a hydrogen atom in the center of the cluster which could be
removed in the case of the chromium selenide cluster in an
oxidation reaction with [FeCp,](PFs) yielding triclinic
[CreSes(PEt;3)s] (herein named 2b) with elongated Cr---Cr dis-
tances. For our reactions the inclusion of a hydrogen atom in
the chromium chalcogenide cluster molecules [CrgEg(PEt;)e] (E
=S, Se) is somewhat unlikely as it has not been observed in
reactions similar to our procedure with other metal salts
before by us and others.>**”>® Furthermore, it is contradictory
that a similar reaction of the hydrogen containing sulfide
bridged cluster [CrsSs(H)(PEt3)s] with [FeCp,](BF,) was later on
reported to yield the ionic cluster [CrgSg(H)(PEt;)s] (BF4)~.>° In
this case, instead of the removal of the central hydrogen, a one
electron oxidation of the neutral starting cluster takes place
which also results in an elongation of the Cr---Cr distances.

In a theoretical work, Ahlrichs and coworkers pointed out
that the Cr---Cr distances calculated for [CrsSg(PEts)s] by DFT
(BP86/SV(P)) are found to be shorter by up to 14 pm than the
experimentally observed ones whereas for the Cr-P and Cr-S
bond distances they agree within 5 pm.'® The deviation of the
Cr---Cr distances is atypical of the method and in addition it
has not been found for the structurally related cobalt and mol-
ybdenum cluster complexes (M---M distances in [M0gSg(CO)s]
are overestimated by 3 pm which is usual for the employed
method).

These unclarified results of the quantum chemical calcu-
lations and our estimation that the inclusion of a hydrogen
atom in the chromium chalcogenide cluster molecules
[CreEs(PEts)s] (E = S, Se) is somewhat unlikely stimulated us to
revise the original experimental and theoretical investigations.
In the course of these investigations we found as a major
observation that, when measuring temperature dependent
single crystal data for the ‘solvent-free’ crystals of 1b and 2b,
the Cr---Cr distances on trend experience a much larger

14570 | Dalton Trans., 2022, 51,14568-14580

increase (~4.5 pm) upon warming (120 K, 200 K and 280 K)
than the Cr-E, Cr-P and E---E distances (<0.68 pm) do (Fig. 2
and Table S37). This finding will be discussed further in more
detail in view of the results from the quantum chemical calcu-
lations in the respective section.

The measured powder X-ray diffraction (XRD) patterns of
1a, 1b, 2a and 2b synthesized by us show a good agreement
with the calculated ones based on the single crystal data
(Fig. S1-S4%). The room temperature XRD powder pattern of 3
corresponds to the calculated one of the monoclinic phase
published in the literature.® Upon cooling, the pattern starts to

a)
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Fig. 2 Mean atomic distances [pm] in (a) 1b and (b) 2b measured at
120, 200 and 280 K (see also Table S3, ESI¥).

This journal is © The Royal Society of Chemistry 2022
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gradually change and resembles at 250 °C the one
calculated for the structure of 3 measured at 150 K (Fig. S47).
Slightly increasing differences in the position of the peaks
of 1a, 1b, 2a and 2b with increasing detection angle arise
from the temperature difference between data collections
(single crystal XRD at 180 K vs. powder XRD at room
temperature).

C, H, and S elemental analyses (see the Experimental
section) and TGA measurements (Fig. S5f) of 1la and 2a
suggest that thf (~1.5 eq.) remains even after vacuum drying of
the microcrystalline powders.

ESI-TOF mass spectra

ESI-TOF mass spectra were recorded for toluene solutions of
1a, 1b, 2a, 2b and 3. Molecular ion peaks of the clusters were
detected in positive ion mode comprising broad isotopic pat-
terns (Fig. 3 and S6, S71). The spectra of the compositional
analogues 1a/1b or 2a/2b are found to be identical. A moderate
tendency for fragmentation confirms the stability of the mole-
cules in solution already pointed out by Steigerwald and
coworkers.®

The mass spectra of complex 1 display a molecular ion
peak which slightly varies upon prolonged measurement time
in the intensity distribution and position (Fig. 3 and S67).
Probably the samples contain traces of Cl~ ions which lead
upon an exchange against sulphur ions in solution or the gas
phase to the additional formation of [CreS,CI(PEt;)s]" (m/z
1280.96) cluster cations. In comparison with the neutral start-
ing cluster 1a these species are intrinsically charged and will
thus lead to an increased signal intensity compared to the
cluster cation [CreSg(PEts)e]H (m/z 1277.98) although their
absolute concentration is much lower.

For solutions of 2 we observed that the intensity
distribution of the molecular ion peak corresponds to the
charged fragment [CreSeg(PEt;)s]H'/[CreSes(H)(PEt;)s]” (m/z
1653.65).

In addition, a slight tendency of fragmentation of the
cluster is detected (Fig. 3 and S7;f Table 2). The corresponding
peaks of much lower intensity can be simulated by cluster frag-
ments, which contain oxygen and chlorine atoms most prob-
ably resulting from an oxidation of the phosphine ligand and/
or an exchange of Cl~ against S*~ ions.

The telluride cluster 3 displays a molecular ion peak which
corresponds well in terms of its position and intensity distri-
bution to the simulation of the singly charged -cluster
[CreTeg(PEts)s]” (m/z = 2043.43). This observation suggests a
relatively low oxidation potential of the cluster in line with the
reported facile synthesis of the charge transfer salt
[CreTeg(PEt;)s]-2Cso upon reaction of the cluster with two
equivalents of the fullerene in solution.'*

Therefore, with respect to the mass spectra, the incorpor-
ation of an H atom, which was proposed by Saito and co-
workers for 1a and 2a, is at least improbable for 3. For 1a and
2a the results from mass spectrometry do not allow for a clear
differentiation between the situations that the molecular ion
peak results from an ionization of the cluster which already

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 ESI-ToF mass spectra of (a) 1a, (b) 2a, and (c) 3 in positive ion
mode (see also table 2).

incorporates a hydrogen atom [CreEg(H)(PEt;)s]” (E = S, Se)
or results from the common case that neutral
molecules are ‘ionized’ by the uptake of a proton forming
[CreEg(PEts)6JH' (E = S, Se).

UV-Vis-NIR spectroscopy

The UV-Vis-NIR spectra of 1a, 2a and 3 were recorded for solu-
tions in toluene in transmission mode and in reflection mode
for the solid state both as a mull in nujol and for microcrystal-

Dalton Trans., 2022, 51,14568-14580 | 14571
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Table 2 Assignment of ion peaks in the ESI-ToF mass spectra of 2a?

Experiment Simulation

Peak mlz mlz

A 1654.49 [CreSeg(PEts)e]H" 1654.54
B 1608.55 [CreSe,Cl(PEt;)s]" 1608.58
C 1568.41 [CreSeg(PEt;)o(OPEL;),JH" 1568.44
D 1522.47 [CreSe,Cl(PEt;);(OPEt;),]" 1522.48
E 1450.36 [CreSeg(PEts),(OPEt;),]H" 1450.35

“Toluene solution.

line powders in a cuvette (Fig. 4 and S8, S91). The solution
spectra display a more or less featureless increase of the absor-
bance on going from 0.5 eV up to 4.5 eV, which is in agree-
ment with the results from the literature.”® The spectra
recorded for concentrated solutions support the observation of
measurable absorbance (>100 1 mol *em™) down to 0.5 eV.
These findings are further corroborated by the measurements
on solid samples especially by the reflection measurements
performed on the microcrystalline powders in quartz cuvettes
(Fig. 3). When compared to the spectrum of CdSe recorded in
the same sample environment, 1a, 2a and 3 clearly display
intensity down to 0.5 eV whereas for CdSe one measures the
expected band gap at around 1.6 eV. Therefore, the optical
spectroscopic investigations reveal the existence of energeti-
cally low-lying excited states in these cluster complexes.

Magnetic measurements

Dc magnetic data of 1a, 1b, 2a, 2b and 3 were measured
between 2 and 300 K in a field of 0.1 T and magnetization
measurements were carried out from 0 to 7 T at 2, 3, 4, 6, 10
and 25 K.

wavelength [nm]

400 600 8001000 2000
5] T T T T T T
4]
3
r ]
T ] [Cr,E,(PEL,)]
| E=S
] —— E=Se
1 — E=Te
] —— CdSe
0 +———rr———rr—r—r
45 40 35 30 25 20 15 10 05

energy [eV]

Fig. 4 Reflection UV-Vis NIR spectra of 1a, 2a and 3 in the solid state as
microcrystalline powders in quartz cuvettes compared to the spectrum
of CdSe.
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The graphs of yT vs. T for 1a, 1b, 2a, 2b and 3 display a
gradual decrease from room temperature down to 2 K (Fig. 5).
Among these, 3 displays the largest spread from 1.684 cm?
mol™" K at room temperature down to 0.230 cm® mol™" K at
2 K. The curves of 1a, 1b, 2a and 2b display comparably lower
room temperature values but higher low temperature ones.

a) 1,8+
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1,2

H, = 1000 Oe

o 1a
= 1b
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TIK]

1,84

b) H,, = 1000 Oe
161 o 2a
144 ® 2b

1,24

1,01
0,84

2T [em®’mol™K]

0,6
0,4 1

0,21

0,0 +—+———7—+—
0 50

T[Tt =T —t—T—T—T—]
150 200 250 300

T K]

—
100

C) 1,8+
1,6
1,44

H,, = 1000 Oe

= 3

1,21
1,01
0,8
0,6

4T [em’mol™K]

044
0,24

0¥ )

LR . .
0 50 150 200 250 300

T [K]

————
100

Fig. 5 Temperature dependence of 4T of (a) 1a and 1b, (b) 2a and 2b,
and (c) 3.
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The low temperature behaviour therefore suggests for all com-
plexes a non-vanishing moment originating from a ground
state S # 0 with values of yT at 2 K for 1a (0.366), 1b (0.347), 2a
(0.288) and 2b (0.276) which are close to the theoretical spin-
only value calculated for § = 1/2 (0.375 cm® mol™ K). In com-
plexes with more than one magnetic ion, such a decrease of yT
can be assigned to antiferromagnetic coupling but in our case
no linear Curie Weiss behaviour of y " is observed (Fig. S107).

The magnetization curves of 1a, 1b, 2a, 2b and 3 at 2 K
show no clear saturation behaviour and all reveal values of the
saturation magnetization Mg at 7 T well below the theoretical
value of 1Naug for a § =} ground state (Fig. S117). There seems
to be a trend that the sulfide-bridged clusters 1a and 1b satu-
rate at higher Mg values (0.78 and 0.86N,up) than the two sele-
nide ones 2a and 2b (0.67 and 0.64N,ug) followed by 3 with a
value of 0.37Nug at 7 T and 2 K.

Reduced magnetization data resulting from variable field
dependent measurements of 1a, 2a and 3 at different tempera-
tures all show a superposition of the curves (Fig. S12%). This is
indicative of the absence of magnetic anisotropy. Furthermore,
field dependent ac measurements have been performed for 1a,
2a and 3 in a range from 0 to 5000 Oe at 2 K using a 3.0 Oe ac
field, oscillating in an extended range of frequencies between
1 and 1500 s™*. The out-of-phase component of the ac suscep-
tibility (y") of all complexes has much lower intensity than the
in-phase component (') and displays no maximum indicating
that the spin lattice relaxation is faster than the timescale of
the experiment.

The measured curves of yT vs. T roughly agree for 1a and 2a
with the ones published in the literature® (for better compari-
son T-dependent p.¢ values are plotted in Fig. S13;f magneti-
zation measurements (Mg vs. H) have not been reported so far).
In contrast, for 3 a more or less constant magnetic moment of
approximately 2.8u; down to 100 K was reported® whereas we
observe a constant decrease of the moment from 3.67ug at rt
down to 1.36up at 2 K.

A comprehensive magnetic modelling of the hexanuclear
cluster complexes would include six magnetic centres each
comprising a theoretical spin of S = 3.333 interacting through
24 couplings of equal strength via the eight p;-Se bridges. Any
possible direct interactions between the chromium atoms
would further complicate this model. A complete antiferro-
magnetic super-exchange of all unpaired spins (an even
number of similar paramagnetic centers with similar spin
numbers through an even number of bridges) could result in a
spin ground state of S = 0. The molecular orbital (MO) diagram
derived for [CrsSg(CO)s] predicts such a S = 0 ground state with
the HOMO (21 t,,) filled by six electrons and the LUMO (13 e,)
being ~0.65 €V or above.'® Such an experimental behaviour is
reported for [MogEg(PEt;)s] (E = S, Se).>*!

In view of the non-vanishing moments for the sulfide and
selenide bridged chromium clusters 1a and 2a, Saito and co-
workers therefore postulated the existence of an additional
hydrogen atom for the cluster structures crystallizing in the tri-
gonal space group R3 [CreEq(H)(PEt;)e] (E = S, Se).” This sug-
gestion was additionally supported by FAB mass spectroscopy
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and CV measurements. A total of 21 cluster core electrons
would rationalize the non-vanishing moment at low tempera-
tures. In agreement with this assumption, the ‘hydrogen-free’
cluster with extended Cr---Cr distances which crystallizes in
the triclinic space group P1 was found by them to approxi-
mately display the expected behaviour of an § = 0 ground state.

We observed for both pairs of the two different crystallo-
graphic forms 1a/1b and 2a/2b a similar magnetic behaviour
with non-vanishing magnetic moments at low temperatures in
line with the fact that the Cr---Cr distances are in our case
quite similar in between such pairs.

Following the findings of Saito and co-workers this would
mean that in our case also the triclinic forms 1b and 2b
should incorporate hydrogen atoms because the ‘hydrogen-
free’ variant of the cluster which crystallizes with almost the
same lattice parameters as 2b (Tables S1 and S2t) should com-
prise extended Cr---Cr distances and a vanishing magnetic
moment at low temperatures.

Electron paramagnetic resonance (EPR) spectroscopy

Characterization of complexes 1a, 2a and 3 by EPR spec-
troscopy as microcrystalline powders reveals a strongly temp-
erature-dependent behaviour (Fig. S14-S167). An EPR signal is
only observed below 40 K, and gradually increases as the temp-
erature is lowered from 40 K to 10 K. The temperature depen-
dent spectra of 1a in frozen toluene solution reveal a similar
behaviour with more clearly resolved peaks (Fig. S171). The
disappearance of the EPR signal at higher temperatures is
indicative of short electron relaxation times being typical of
unpaired electrons at many transition metal sites including
Cr** and supports herein the suggestion of their delocalization
over the whole cluster molecule.’® A similar temperature
behaviour has also been reported for the EPR spectra of the
isostructural but cationic cobalt cluster [CogSe(PEt;)e]". "

The solid-state EPR spectra of 1a, 2a and 3 exhibit relatively
broad signals, which are spread over a g value range of 1.9 to
2.6, indicating an anisotropic electron distribution in the com-
plexes. Both the anisotropic features in conjunction with the
temperature dependence are not in agreement with an S = 1/2
spin state and localization of an unpaired electron at a hydro-
gen atom encapsulated in the cluster.?

Indications of the existence of higher spin states (S = 1 or
higher) are not readily apparent.>® The solid state spectra of
the selenium cluster 2a display only very weak half-field tran-
sitions (see Fig. S157), whereas for 1a and 3 they are hardly
detectable. Additionally, the main spectral features that are
closely distributed around g = 2 suggest only a small zero-field
splitting. Given that no other spectral features are observed in
the field range of 0-1000 mT, we therefore conclude that a
clear assignment of the EPR spectra with respect to the spin
state of 1a, 2a and 3 at low temperature is not possible. The
analysis of the temperature-dependent signal intensities could
provide further insight but would necessitate an understand-
ing of the exchange interactions between the chromium atoms
in the cluster.
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Quantum chemical calculations

Quantum chemical calculations (for details see the
Experimental section) were performed in order to assist the
interpretation of the experimental observation that the chro-
mium chalcogenide cluster molecules 1a, 1b, 2a, 2b and 3
possess non-vanishing magnetic moments at low tempera-
tures. First, we started with a plausibility consideration for the
incorporation of a hydrogen atom as suggested by Saito and
coworkers.’

The bond energies of a hydrogen atom in [MgEg(PEt;)s] (M
= Cr, Mo; E = S, Se) have been calculated as the energetic
difference of the reaction MgEgLs + H — MgEgHLs and are
listed in Table S4.7 They reveal that such an incorporation
would be energetically favourable for the two chromium chal-
cogenide cluster molecules by more than 240 k] mol™" and
even for a cleavage of H, by more than 40 k] mol™*. However,
based on the results they would also be equally possible for
the related molybdenum cluster complexes. Contradictorily,
the molybdenum clusters have all been reported to be
diamagnetic.****

As noted above, structural parameters have been calculated
by Ahlrichs and coworkers for the [CosEg(PMe;)s] (E = S, Se,
Te), [MeSg(PMe;)s] (M = Cr, Mo, W, Rh) and [CreSs(PEt;)s]
cluster molecules, albeit with a single and rather cheap
method (by today’s standards).'® The atomic distances were
found to be in reasonable agreement with the experimental
values with the exception of the Cr---Cr distances in [CrsSg(L)s]
(L = PMes, PEt;) which are calculated to be up to 14 pm
shorter than the experimentally observed ones being atypical
of this method.

In order to examine this discrepancy further, the closed
shell states (CS) of 1 and 2 were first calculated by the use of
three different functionals, namely PBE, PBEO and B3LYP
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(Table S5t) and by employing more flexible def2-TZVP basis
sets. The values for the mean Cr---Cr distances in 1 are com-
parable to those calculated by Ahlrichs (246.0-247.8 pm)'® all
being shorter than the experimental value at 120 K (256.74
pm) and the shortest for PBEO (244.82 pm). All other mean
atomic distances (Cr-P, Cr-E and E---E) calculated for the
closed shell state by PBE/def2-TZVP display a good agreement
with the experimental values (Table 3).

The consideration of an incorporated hydrogen atom in the
center of 1 and 2 (denoted CS---H) results in an extension of
the calculated Cr---Cr distances by ~5 pm, approaching the
experimental findings (Table 3). This behaviour can be ration-
alized by the calculated molecular orbital (MO) diagrams of 1
and 2 (Fig. 6). They reveal a similar situation to that calculated
for [CreSg(CO)g] before.'® The HOMO is formed by three ener-
getically degenerate orbitals of a, symmetry (1: 166, 167, 168;
2: 202, 203, 204). These are mainly localized at the chromium
atoms and to a lower extent also on the chalcogen atoms
(Fig. 7 and S18, Table S61). The LUMO is formed by two ener-
getically degenerate orbitals of a, symmetry (1: 167, 168; 2:
203, 204) which are Cr---Cr antibonding. Therefore, an
additional electron is expected to occupy a slightly antibond-
ing a, orbital. However, this contrasts Saito’s work, who postu-
lated on the basis of the experimental findings the inverse
behaviour that is a distinct reduction of the Cr---Cr distances
by up to 15 pm upon insertion of the hydrogen in the center
(for details also see the discussion in the section Syntheses
and structures).’

The calculated small HOMO-LUMO gaps (PBE, 1: 0.655 eV,
2: 0.688 eV) are roughly in line with the appearance of the
experimental optical reflection spectra (Fig. 4). For a more
precise comparison, dipole-active singlet transitions have been
calculated with TDDFT (PBE) for 1 and 2 and compared with
the experimental spectra of 1a and 2a (Fig. 8 and 9, Table S77).

Table 3 Calculated energy differences AE? [kJ mol™] between the excited states® and the S = 0 state and mean values of the calculated atom dis-

tances [pm] in 1 and 2 compared to the experimental values at 120 K°

Theory
Experiment

S=0 s=1/2 (CS - H)* S=1 S=2 120 K

1
AE 30.5 38.8
Cr-P 242.31 £ 0.09 240.00 £ 0.61 241.64 + 1.68 241.94 £ 0.13 241.26 £ 0.43
Cr-S 231.44 £ 0.29 232.55 £ 0.92 231.36 £1.22 232.40 £ 0.55 233.50 £ 0.54
Cr---Cr 248.57 £ 0.12 253.50 £ 1.53 252.49 +1.96 254.77 £ 2.56 256.74 £ 0.73
E---E 326.83 £ 0.06 328.16 + 2.56 326.44 + 3.36 327.82 £ 0.52 329.34 £ 0.95

2
AE 259 —2.43
Cr-P 243.55 £ 0.08 241.00 £ 0.64 243.38 £ 0.45 243.66 £ 1.16 241.89 £ 0.38
Cr-Se 243.80 £ 0.38 244.78 +0.88 244.41 £1.30 246.79 £ 0.45 244.56 + 0.54
Cr---Cr 254.14 £ 0.10 259.32 +1.44 256.62 + 3.50 268.91 + 4.09 263.55 £ 0.68
E---E 344.63 £ 0.16 345.85 +2.28 345.40 £ 4.70 348.19 £ 1.31 345.24 £ 0.73
@ AE = Eeye — Es (cs = closed shell; exc = excited state). S = 1 and § = 2 denote the excited triplet and quintet states, respectively. ° Calculated

(PBE/TZVP) for different energy states. “S = 0 - H: denotes the closed shell state with a hydrogen atom in the centre of the cluster.
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Fig. 6 MO diagrams of 1 and 2 (PBE/def2-TZVP).

167 ag

168 ag

166 au 167 au 168 au

Fig. 7 Molecular frontier orbitals of 1 (occupied in the lower row;
unoccupied in the upper row). Contours are drawn at 0.06 (red) and
—0.06 (blue) atomic units [a.u.].

Similar results are obtained with PBEO and B3LYP (Fig. S197).
By plotting the calculated and simulated patterns on a logar-
ithmic scale we achieved a better comparability in terms of the
intensities with the experimental reflection spectra.
Reasonably in line with the experimental patterns, the lowest
energy transitions have been calculated at 0.68 and 0.71 eV
(PBE) for 1 and 2, respectively (Table S7t). Differences in the
energetic position of the band maxima of the experimental
and theoretical spectra (as far as identifiable) might be ration-
alized by the difference in temperature between the calculated
(0 K) and the experimental patterns (rt) which could lead to
different electronic situations as indicated by temperature
dependent magnetic measurements.

The character of the lowest energy transitions is mostly of
metal to metal type (for frontier orbitals see Fig. 7 and S18,
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Fig. 8 Experimental and calculated (TDDFT/PBE) electronic spectra of
1a. Panels from top to bottom: experimental spectra in diluted and con-
centrated solutions of toluene. Calculated singlet excitation energies
(green lines) and corresponding simulated spectra (black lines) with
superimposed Gaussians of FWHM = 0.5 eV (linear scale) and 0.3 eV (log
scale). UV-Vis-NIR reflection spectra at 295 K (microcrystals in a quartz
cuvette). The character of transitions up to 1.4 eV is visualized using the
difference of electron densities for the excited band and the ground
state. The contributions of occupied orbitals are plotted in red and
those of the unoccupied orbitals in blue.

Table S6, S77). All clusters belong in principle to Robin-Day
class III of mixed-valence compounds (delocalized electrons in
clusters with equivalent and indistinguishable ions), which
display distinct intervalence bands (ema, > 5000 1
mol'em™).>**> Extinction coefficients for the optical tran-
sitions in the low energy region (<1 eV) are found for 1-3 in
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Fig. 9 Experimental and theoretical (TDDFT/PBE) electronic spectra of
2a. Panels from top to bottom: experimental spectra in diluted and con-
centrated solutions of toluene. Calculated singlet excitation energies
(green lines) and corresponding simulated spectra (black lines) with
superimposed Gaussians of FWHM = 0.5 eV (linear scale) and 0.3 eV (log
scale). UV-Vis-NIR reflection spectra at 295 K (microcrystals in a quartz
cuvette). The character of transitions up to 1.4 eV is visualized using the
difference of electron densities for the excited band and the ground
state. The contributions of occupied orbitals are plotted in red, and
those of the unoccupied orbitals in blue.

the range of 200 < £ < 600 1 mol 'em™" which is the border
region between very strong but Laporte forbidden d-d tran-
sitions and weak but allowed charge-transfer bands
(Fig. S8(a)f). In agreement, the calculations also predict very
low intensities for the lowest energy transitions f < 1 x 107°
(Table S77).
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The above findings of (a) small HOMO-LUMO gaps, (b) sen-
sitivity of the Cr---Cr atom distance to the addition of an extra
electron and (c) distinct T-dependence of the Cr---Cr atom dis-
tance suggest the possible relevance of energetically low-lying
excited states in 1-3. Therefore, structural parameters were cal-
culated for the excited state structures of 1 and 2 with triplet (S
= 1) and quintet (S = 2) occupation by three different func-
tionals (PBE, PBEO, B3LYP) and compared to the closed shell
state (CS) (Table 3, S5 and S8t). The results of the calculations
obviously critically depend on the functional used, in particu-
lar on the amount of admixed Hartree-Fock exchange (Tables
S5 and S8t). PBEO and B3LYP yield Cr---Cr atom distances that
overestimate the measured distances by 25-40 pm for the S =1
and the S = 2 states of 1 and 2, see Table S5, whereas devi-
ations with the PBE functional amount to only 6 pm at most.
Furthermore, B3LYP and PBEO predict the S =1 and S = 2
states to be much more stable than the S = 0 state, see
Table S8, which - together with the errors for the Cr---Cr dis-
tances for these states — demonstrates these functionals to be
much less suited for the present case. In the following, only
the PBE results will be discussed.

In contrast to the clear effect on the Cr---Cr atom distances
(elongation by up to ~6 and 14 pm in the quintet state of 1 and
2 compared to the singlet state), other atom distances (Cr-P,
Cr-S, E---E) display much smaller maximum changes (1: +1 pm,
2: +3.5 pm) upon excitation (Table 3). This fits to the occupation
of antibonding (1: 167, 168 a,; 2: 203, 204 a,) orbitals which are
mainly localized at the chromium atoms upon going from the
closed shell to the excited state structures (Fig. 6, 7 and S18,
Table S6T). Moreover, these findings now help to rationalize the
temperature dependent structural data, which reveal a stronger
increase of the Cr---Cr atom distance upon going from 120 to
280 K than those of the Cr-P, Cr-S and E---E distances
(Table S3t). The population of the antibonding orbitals
increases with increasing temperature. The situation is therefore
roughly comparable with a low spin (S = 0) / high spin (S = 2)
transition in a complex of a d°® transition metal ion. Only
roughly because the dc magnetic measurements of 1 and 2
reveal that this transition is very broad and not completed at
both ends of the temperature range from 2 to 300 K (2 K § ~ 1,
300 K S > 1.2). Therefore, the electronic configuration of 1 and
2 in this temperature range might be better described as a sort
of a temperature dependent intermediate spin state S ~ 1 being
in fact most probably a mixture of states (S =0, 1, 2).

In contrast, exploratory calculations for the molybdenum
cluster [MogSg(PEt;)s] reveal that only the diamagnetic state
fulfills the Aufbau principle, as the exchange energy between
the electrons of the same type is lower for 4d than for 3d
elements. This is in line with a slightly larger (0.833 eV)
HOMO-LUMO gap for [MogSg(PEt;)s] than for the chromium
analogue 1 and clearly supports the experimental findings of a
diamagnetic behaviour.***!

Dipole allowed spin-conserving transitions were calculated
for the quintet state of 2. These reveal slight differences in com-
parison with the spectra of the closed shell state especially
visible in the low energy region (Fig. S20t). However, because

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt01690g

Open Access Article. Published on 08 September 2022. Downloaded on 2/22/2026 4:30:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

the experimental bands are extremely broad and featureless and
more importantly cannot be detected further down than 0.5 eV
due to limitations of the instrumental setup and the occurrence
of vibrational overtones, a comparison with these calculated
excited state spectra does not allow for further conclusions.

Conclusion

The inclusion of a hydrogen atom in the chromium chalcogen-
ide cluster molecules [CrgEg(PEt3)s] (E = S, Se), which was pro-
posed previously, is rather unlikely for several reasons. First of
all, it has not been observed in reactions similar to our pro-
cedure with other metal salts reported before by us and
others.>***” Next, it is unlikely that the oxidation of [CreSes(H)
(PEt3)s] with [FeCp,]PFs will lead to the formation of neutral
[CreSeg(PEt;)q],> whereas the oxidation of the sulfide-bridged
cluster analogue [CreSg(H)(PEt;)s] with [FeCp,]BF, is reported to
yield ionic [CreSg(H)(PEt;)]BF,.>° Furthermore, according to
Saito, the Cr---Cr distances for the ‘hydrogen-free’ [CrsEg(PEt;)s]
(E =S, Se) are longer by almost 10 pm compared to the cluster
putatively incorporating a hydrogen atom, whereas calculations
suggest the opposite behaviour, namely an extension of Cr---Cr
distances by 5 pm for the inclusion of a hydrogen atom.

Alternatively, the rationalization of the observed extended
bond distances and the non-vanishing magnetic moments
may arise from our findings of (a) small HOMO-LUMO gaps
or low lying excited states with higher multiplicity, respectively,
(b) the sensitivity of the Cr---Cr atom distances towards elec-
tron addition as well as towards the electronic states and (c)
the measured distinct 7T-dependence of the Cr---Cr atom dis-
tance in [Cr¢Eg(PEt3)s] (E = S, Se). This means that in
[CreEg(PEt;)q] (E = S, Se, Te) even at 2 K the excited spin states
(S = 1 and/or 2) are populated to a certain extent and increase
in relevance with increasing temperature. The dc magnetic
data therefore resemble a very broad low spin (S = 0) / high
spin (S = 2) transition (in analogy to a d° transition metal
complex) which is not complete at both ends of the tempera-
ture range (2K S ~ 1,300 K S > 1.2).

For the related molybdenum cluster complexes
[MoEg(PEt;)q] (E = S, Se) there exists a good agreement between
the Mo---Mo distances calculated for a low spin S = 0 ground
state and the experimentally determined ones.'® In line with
these findings, the molecules are reported to be diamagnetic.

Experimental section
Synthesis

Standard Schlenk techniques were employed throughout the
syntheses using a double manifold vacuum line with high
purity dry nitrogen (99.9994%) and an MBraun glovebox with
high purity dry argon (99.9990%). The solvents Et,O (diethyl-
ether), thf (tetrahydrofuran) and toluene were dried over
sodium-benzophenone, and distilled under nitrogen.
Anhydrous methylene chloride (CH,Cl,) (H,O <0.005%)
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obtained from Sigma-Aldrich was degassed, freshly distilled
and stored over molecular sieves under nitrogen. Anhydrous
CrCl, and CrCl; were obtained from Sigma-Aldrich.
[CrCl4(thf);],*® E(SiMes), (E = S, Se, Te)*” and PEt; ***° were
prepared according to literature procedures. The two latter
classes of compounds are toxic, badly smelling, and air and
water sensitive compounds which have to be handled with
great care according to the respective safety regulations.

[CreSs(PEt;)g]-1.5C4HgO (1a). 1 eq. of CrCl, (82 mg,
0.662 mmol) and 2 eq. of [CrCls(thf);] (210 mg, 1.324 mmol)
were dissolved upon addition of 6 eq. of PEt; (0.6 mL,
4.02 mmol) in 20 mL of thf. After 15-30 min, a blue solution
was formed followed by the addition of 4.2 eq. of S(SiMes),
(0.84 mL, 3.972 mmol). After one night of stirring at rt, the
reaction solution was heated at 67-74 °C in an oil bath for 6 h
to give a dark green solution. After cooling to rt, 5 mL of vola-
tile products were removed by vacuum condensation and again
5 mL of thf was added to the reaction solution. Heating again
at 67-74 °C in an oil bath for 6 h afforded a more intensely
coloured dark solution with a red shine when inspected with a
cold light source. Upon cooling and standing at rt a black crys-
talline precipitate of 1a was formed and was separated by
decantation and washed three times with 10 mL of cold (0 °C)
thf before drying in a vacuum (yield; 200 mg, 44.8%). (1a)
Ci2H10,Crg0; 5P6Ss (1385.56): caled C 36.41, H 7.42, S 18.51
found C 36.96, H 7.33, S 16.23%. Values lower than the calcu-
lated values for sulfur might be rationalized by incomplete
combustion of the compound and have been detected for
several different batches and for recrystallized 1b.

[CreSs(PEt;)g] (1b). 1a (250 mg, 0.180 mmol) was dissolved
in 25 mL of toluene. In case of remaining undissolved material
the solution was once filtered or centrifuged. After layering
with Et,0 or EtOH black crystals of 1b were formed over
several days. They were separated by decantation and washed
three times with Et,0 before drying in a vacuum (yield;
140 mg, 61%).

(1b) C36HooCrePeSs (1277.44): caled C 33.85, H 7.10, S 20.08
found C 33.69, H 6.55, S 17.68.

[CreSeg(PEt;)s]-1.5C,HgO (2a). 1 eq. of CrCl, (82 mg,
0.662 mmol) and 2 eq. of [CrCls(thf);] (496 mg, 1.324 mmol)
were dissolved upon addition of 6 eq. of PEt; (0.6 mL,
4.02 mmol) in 20 mL of thf. After 15-30 min, a blue solution
was formed followed by the addition of 4 eq. of Se(SiMes),
(0.6 mL, 2.65 mmol). After six hours of stirring at rt, the reac-
tion solution became dark green in colour and was allowed to
stand. Black crystals of 2a were formed over a few days. They
were separated by decantation and washed three times with
10 mL of cold (=70 °C) thf before drying in a vacuum (yield;
390 mg, 65%).

(2a) CypH;0,Cre0; sPcSey (1760.76): caled C 28.65, H 5.84
found C 28.95, H 5.92%.

[CreSeg(PEt;)s] (2b). 2a (250 mg, 0.142 mmol) was dissolved
in 25 mL of toluene. In case of remaining undissolved material
the solution was once filtered or centrifuged. After layering
with Et,O or EtOH black crystals of 2b were formed over
several days. These were separated by decantation and washed
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three times with 10 mL of Et,O before drying in a vacuum
(yield; 170 mg, 72.4%).

(2b) C36HooCrePsSeg (1652.60): caled C 26.16, H 5.49 found
C 26.47, H 5.19%.

[CreTes(PEL;)g] (3). 1 eq. of CrCl, (82 mg, 0.662 mmol) and 2
eq. of [CrCl;(thf);] (496 mg, 1.324 mmol) were dissolved upon
addition of 4 eq. of PEt; (0.4 mL, 2.67 mmol) in 15 mL of thf.
After 15-30 min, a blue solution was formed and was cooled
down to —40 °C in a dry ice/methanol bath followed by the
addition of 4 eq. of Te(SiMe3), (0.61 mL, 2.67 mmol). For three
hours, the reaction solution was kept in a freezer at —45 °C
and then moved to a refrigerator at 0 °C. Black small crystals
of 3 were formed over a few days. They were separated by
decantation and washed two times with 10 mL of cold
(=40 °C) thf/Et,0 (1:1) and once with cold (40 °C) thf/
pentane (1 : 1) before drying in a vacuum (yield; 170 mg, 53%).

(3) C36HooCrePgTeg (2041.18): caled C 21.65, H 4.44 found C
21.82, H 4.31%.

Crystallography

Due to the air and moisture sensitivity of the compounds, crys-
tals suitable for single crystal X-ray diffraction were selected in
perfluoroalkylether oil and mounted quickly on a diffract-
ometer equipped with an Oxford Cryosystem.

Single-crystal X-ray diffraction data of 1a and 2b were col-
lected on a STOE IPDS II (Imaging Plate Diffraction System)
using graphite-monochromatised MoKa radiation (1 =
0.71073 A) generated by a sealed X-ray tube, with a 12 x
0.4 mm long-fine focus. Single-crystal X-ray diffraction data of
1b were collected using MoKa radiation (4 = 0.71073 A) gener-
ated by a microfocus sealed X-ray tube (Mo Genix 3D) with a
multilayer optic on a STOE STADI Vari (Pilatus Hybrid Pixel
Detector 300 K). Single-crystal X-ray diffraction data of 2a were
collected on a STOE IPDS II (Imaging Plate Diffraction System)
using graphite-monochromatised MoKa radiation (1 =
0.71073 A) generated by a Bruker rotating anode. Single-crystal
X-ray diffraction data of 3 were collected on a STOE IPDS II
(Imaging Plate Diffraction System) using synchrotron radiation
(A=0.80 A) at the ANKA synchrotron source in Karlsruhe.

Temperature dependent single-crystal X-ray diffraction data
of 1b and 2b were collected using GaKa radiation (4 =
1.34143 A) generated by a Ga Metaljet D2 with a Montel multi-
layer optic on a STOE STADI Vari (Dectris Eiger Hybrid Pixel
Detector 4M).

Raw intensity data were collected and treated with the STOE
X-Area software. Data for all compounds were corrected for
Lorentz and polarisation effects.

Based on a crystal description, absorption corrections were
applied for 1a, 2a, 2b and 3 by integration.*® For 1b interframe
scaling of the dataset was performed with the implemented
program STOE LANA and a multi-scan absorption correction
was applied by scaling of reflection intensities.*"

Using Olex2,* the structures were solved with the ShelXT**
structure solution program using Intrinsic phasing and
refined with the ShelXL [3]** refinement package using Least
squares minimisation.
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Molecular diagrams were prepared using Diamond.*?

In 1-3 all Cr, S, Se, Te, P and C atoms were refined with an-
isotropic displacement parameters, whilst H atoms were com-
puted and refined using a riding model, with the isotropic
temperature factor equal to 1.2 times the equivalent tempera-
ture factor of the atom to which they are linked. Lattice solvent
molecules were identified within the structures of 1a and 2a.
They were located at special positions and could not be ade-
quately refined due to disorder. Therefore, for correction, the
solvent masking routine implemented in Olex2 was used,
based on the method described by van der Sluis and Spek.*®
The following corrections were applied:

1a a total of 327 electrons in a potential solvent accessible
area of ~1026 A® (~4.5 C,H,0).

2a a total of 281 electrons in a potential solvent accessible
area of ~1031.7 A* (~3.9 C,H;0).

CCDC 2172332 (1a), 2172333 (1b), 2172334 (2a), 2172336
(2b) and 2172335 (3) contain the supplementary crystallo-
graphic data for this paper.f

X-ray powder diffraction patterns (XRD) for 1-3 (powder of
crystals) were measured at rt on a STOE STADI P diffractometer
(Cu-K,; radiation, germanium primary monochromator,
Debye-Scherrer geometry, Mythen 1 K detector) in sealed glass
capillaries. The theoretical powder diffraction patterns were
calculated on the basis of the atom coordinates obtained from
single crystal X-ray analysis (180 K) by using the program
package STOE WinXPOW."”

Temperature dependent XRD powder patterns of 3 were
measured on a STOE STADI P diffractometer (Ag Ko, radiation,
germanium 111 primary monochromator, Debye-Scherrer geo-
metry, and Mythen 1K detector) in sealed glass capillaries.

Physical measurements

C, H, and S elemental analyses were performed on an
Elementar vario Micro cube instrument.

UV-Vis absorption spectra of 1-3 in C¢Ds were measured on
a PerkinElmer Lambda 900 spectrophotometer in quartz
cuvettes.

Thermogravimetric analyses were performed in Al,O; cruci-
bles on a thermobalance STA 409 from Netzsch in a dynamic
helium gas flow (25 ml min™") and under vacuum conditions
1.5 x 107° mbar at a heating rate of 2 °C min~". The crucibles
were filled (20-35 mg) inside an argon glove box, transferred
into Schlenk tubes and mounted under a stream of argon to
the balance. Caution should be taken with respect to the bad
smelling volatile products formed in the TGA.

Mass spectra were recorded on a Bruker Micro TOF Q2
instrument equipped with an ESI NanoSource.

Zero-Field-Cooled (ZFC) temperature dependent suscepti-
bilities were recorded for 1a, 2a, 1b, 2b and 3 in dc mode
using a MPMS-III (Quantum Design) SQUID magnetometer
over a temperature range from 2 to 300 K in a homogeneous
0.1 T external magnetic field. The magnetization curves were
measured on the same instrument up to a dc field of 7 T.

Ac susceptibility measurements of 1a, 2a, 1b, 2b and 3 were
performed at 2 K using an MPMS-XL (Quantum Design) SQUID
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magnetometer with an oscillating ac field of 3 Oe and at ac fre-
quencies ranging from 1 to 1500 Hz. There is no indication of a
relevant signal of the out-of-phase component of the ac suscep-
tibility (y") even under applied dc fields up to 2500 Oe which
indicates that under these conditions the spin lattice relaxation
is faster than the timescale of the experiment.

The samples were mixed with icosane and compressed in
gelatine capsules in a glove box under an argon atmosphere
owing to the high degree of moisture and oxygen sensitivity of
the compounds. The samples were transferred into sealed
Schlenk tubes from the glove box to the magnetometer and then
rapidly transferred to the helium-purged sample space of the
magnetometer. The data were corrected for the sample holder
including the gelatine capsule, and for the diamagnetism of
icosane and the sample itself using Pascal’s constants.**>°

We note that repetitive magnetic measurements lead
especially for the solvent containing samples 1a and 2a to
slightly varying curves. Beside a possible change in the solvent
content upon storage in a glove box under argon other main
factors for this behaviour can be balancing errors in the glove-
box and/or slight reactions of the reactive cluster complexes
with the walls of the gelatin capsules.

EPR measurements

EPR measurements at the X-band (9.4 GHz) were carried out
using a Bruker ELEXSYS E580 CW EPR spectrometer equipped
with an Oxford Instruments helium cryostat (ESR900) and a
MercuryiTC temperature controller.

Quantum chemical calculations

Density functional calculations were performed with
TURBOMOLE,>"**> employing functionals PBE>*~>® PBE0>**47%7
and B3LYP,>****%% along with polarized triple-zeta valence
basis sets def2-TZVP,** within the RI-J approximation®?
throughout. Electronic excitations were calculated using
TDDFT.** Atomic contributions to molecular orbitals were
obtained from Mulliken population analyses.®® The character
of the electronic excitation bands was visualized using the
non-relaxed transition densities as described previously.®®
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