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Structural insight into halide-coordinated
[Fe4S4X,Ya_nl°~ clusters (X, Y = Cl, Br, I) by
XRD and Méssbauer spectroscopy
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Iron sulphur halide clusters [Fe4S4Bral?~ and [FesS4XoYol?~ (X, Y = Cl, Br, ) were obtained in excellent
yields (77 to 78%) and purity from [Fe(CO)sl, elemental sulphur, I, and benzyltrimethylammonium (BTMA*)
iodide, bromide and chloride. Single crystals of (BTMA),[FesS4Brsl (1), (BTMA),[FesS4BroClol (2),
(BTMA),[FesS4CLIL1 (3), and (BTMA),[FesS4Brolo] (4) were isostructural to the previously reported
(BTMA),[Fe4S4lal (5) (monoclinic, Cc). Instead of the chloride cubane cluster [Fe4S4Clyl?~, we found the
prismane-shaped cluster (BTMA)z[FesSsClel (6) (PI). °'Fe Mdssbauer spectroscopy indicates complete
delocalisation with Fe?* oxidation states for all iron atoms. Magnetic measurements showed small yuT
values at 298 K ranging from 1.12 to 1.54 cm® K mol™, indicating the dominant antiferromagnetic
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exchange interactions. With decreasing temperature, the ymT values decreased to reach a plateau at
around 100 K. From about 20 K, the values drop significantly. Fitting the data in the Heisenberg—Dirac—
van Vleck (HDvV) as well as the Heisenberg Double Exchange (HDE) formalism confirmed the delocalisa-
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Introduction

Cubane-shaped [Fe,S,] clusters represent a very interesting
class of cofactors in biology and are involved in various func-
tions in a cell’s life cycle."™® Due to their mixed valence char-
acter with formally two ferric (Fe**) and two ferrous (Fe?*) iron
atoms, [Fe,S,]** clusters show extraordinary electrochemical pro-
perties which are crucial for their biological functions in electron
transfer and redox catalysis reactions."® During the last 40
years, numerous [Fe,S,]** clusters with terminal thiolate ligands
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tion and antiferromagnetic coupling assumed from Md&ssbauer spectroscopy.

have been prepared in order to model the structural, electronic
and electrochemical properties as well as the reactivity of the
naturally occurring clusters.”2® Moreover, the fascinating nature
of [Fe,S,] clusters has triggered their use as precursors for electro-
catalytic materials.”’** Halide-based [Fe,S,X,J>~ with X = Cl, Br,
or I are known to be useful precursors because halides can be
easily exchanged with thiolate or other ligands by salt metathesis
reactions. Homoleptic halide clusters have thus been studied pre-
viously and a couple of preparation methods have been pub-
lished (Scheme 1).'>"41%:32748
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Scheme 1 Reported preparation pathways for the [Fe4$4X412~ clusters.
(1) Maller et al,*” (2) Kanatzidis et al.,*® (3) Pohl et al,**~*° (4) Holm
et al.***! Henderson et al. for X = CL,**~*° Tuczek et al. for X = Cl or
Br,*¢ (5) Holm et al. for X = CL,** and (6) Holm et al. for X = Cl, Br, 1,56

Tuczek et al. for X = .46
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We have recently contributed to this very versatile method
(3) starting from [Fe(CO)s] and (BTMA)X (BTMA = benzyltri-
methylammonium), (Ph,P)X, and halogens or interhalogens
obtaining excellent yields for the compounds (BTMA),[Fe,S,414]
and (Ph4P),[Fe,S,Br,] containing the homoleptic [Fe,SsX,]>~
clusters.*® By the same method, we obtained the mixed-halide
cluster compounds (BTMA),[Fe,S,Brl;], (BTMA),[Fe,S,ClL;],
and (BTMA),[Fe,S,CL,I,]. Using [Fe(CO)s], sulphur, ferrous
halides FeX, and (BTMA)X and adopting method (2), we
obtained (BTMA),[Fe,S,Cl,], (BTMA),[Fe,S,Br,],
(BTMA),[Fe,S,CL,1,], (BTMA),[Fe,S,Br,Cl,] and
(BTMA),[Fe,S,Br,1,]. By replacing the halide FeX, with tetraha-
lido ferrates (Ph,P)[FeX,] or (Et,P)[FeX,], we obtained
(EtyN),[Fe,S,Cl,] and (Ph,P),[Fe,S,Br,]. The compounds were
obtained in the pure form as microcrystalline solids, while
single crystals were not obtained in this study.*® A careful
study of species in solution by UHR-ESI-MS(—) showed that the
mixed halide clusters [Fe,S,X,Y,]*~ and [Fe,S,XY;]*~ scramble
their halide ligands in a coordinative disproportionation in
THF solution, yielding all possible species [Fe,S,X,_,Y,]>~ (X/Y
= Cl, Br, I). The same was concluded from the UV-vis-NIR
absorption spectroscopy results in MeCN solution. Powder
X-ray diffraction (PXRD) indicated that the compounds
(BTMA),[Fe;S;Br,], (BTMA),[Fe,S,Br,Cl,], (BTMA),[Fe;S,Cl,l,]
and (BTMA),[Fe,S,Br,],] were isostructural to the previously
reported (BTMA),[Fe,S,1,] (monoclinic, Cc).*
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The lack of precise structural information from single
crystal XRD was unfortunate since the crystal structures of the
[Fe,S,X,]>~ clusters are quite interesting due to the frequent
observation that the symmetry of [Fe,S,L,]"” clusters strongly
depends on the packing in the solid state. Frequently, distor-
tion of the idealised cluster symmetry T4 towards D,q was
observed (Table 1).>* For the mixed-halide [Fe;S;X,Y,]*~ clus-
ters belonging to the vast group of heteroleptic [Fe,S,L,L»]"~
clusters, the Ty —» C,, symmetry reduction is immanent in the
molecular symmetry of the cluster as is the Ty — C;, symmetry
reduction for [Fe,S,L;L';]"" clusters. At the same time, the
packing in the crystal and thus the size and shape of the
counter cation can cause lowering of the cluster symmetry and
for all three types even lower symmetry caused by crystal
packing was reported (Table 1).*””®' Importantly, with these
changes in cluster symmetry, essential properties such as the
redox potentials, spin states, magnetic properties, and ligand
exchange kinetics vary markedly,"®81314:20723,37-40,47,50,56,62-84

Herein, we report the synthesis and detailed study of the
materials (BTMA),[Fe,S,Bry] (1), (BTMA),[Fe,S,Br,Cl,] (2),
(BTMA),[Fe,S,ClLI,]  (3), (BTMA),[Fe,S,Br,I,] (4), and
(BTMA),[Fe,S,1,] (5) containing cubane type Fe,S, clusters
alongside with (BTMA);[FesSsCls] (6) containing the prismane
[FeeSeCle]>~ structure. After preparation in solution, the com-
pounds were isolated as single crystals and we can provide full
structural information from single crystal and PXRD analyses.

Table 1 Selected structural features of [FesS4L4l"" [FesS4LlsL'1"", and [Fe,S4loL'»1" clusters

Cation Ligand set Crystal system Space group Cluster symmetry” Ref.
Et,N" cl Monoclinic P24/c Dyq 36 and 42
nPr,N* cl Monoclinic P24/n (oht 41
Ph,P" cl Monoclinic c2/c Dy’ 37
nBu;NH"* cl Monoclinic P24/n Ca? 70
[K4[FeCl,](C12H2406)4]*" cl Cubic F23 Ty 52
[Fe(MeCN),[(P(OMe)3]4]** cl Monoclinic P2,/c Dag 85
Ph,P" Br Monoclinic c2/c Dyd® 37
Et,N* " Br’ Monoclinic P2,/c S, 87
[(nBu,N),[Fe(DMF)s]] Br Monoclinic P2,y/n Ta 86
Ph,P* I Tetragonal I4,/a S, 40
BTMA*® I Monoclinic Cc Cy 40
nBuy,N" I Monoclinic P24/n Csv 89
[(EtsN)e[Fe,S,1,]]" I Tetragonal P4,bc Ty 60
nBu,N* SMe Orthorhombic Pba2 Ty 83
HnBu;N* SPh Triclinic P Cov 70
HEt;N" SPh Monoclinic P24/n Dyq 70
BTMA™ StBu Monoclinic P2,/c Cy 82
Et,N* StBu Tetragonal I42m Dyg 82
Ph,P* 2 Br2cCl Monoclinic c2/c Dyg 37
Ph,P* 2 Cl2 SPh Orthorhombic Phcn Dyg 88
Ph,P" 2 Cl 2 OPh Orthorhombic Phcn Dsq 89
Ph,P* 2 SPh 2 OpTol Orthorhombic P242424 (oht 89
Ph,P* 2 Cl 2 S Et,Dtc’ Monoclinic Cc2/c C, 91
Ph,P* 2 SPh 2 S Et,Dtc’ Monoclinic c2/c C, 91
Ph,P* 3 Cl1 S Et,Dtc’ Monoclinic P2,4/c Cs 91
[FelL;]" 3118 Me,Tu/ Triclinic Pi Cay 90
None 212 S tBu,Tu? Monoclinic P2,/n Cyy 90
None 2 SR 2 S Et,Tu" Triclinic P1 Dag 57

“ Approximate symmetry of the cluster. ” Approaches Cj, symmetry as one Cl ligand shows strong H bonding to nBuzNH'. *BTMA" = benzyltri-
methylammonium. 4Et,Dtc” = N,N-diethyldithiocarbamate. ¢ Selenium clusters [Fe4Se4X4]2_. IMe,Tu = N,N-dimethylthiourea. 4 {Bu,Tu = N,N-di-

tert-butyl-thiourea. " R = 2,4,6-(iPr);C¢H,, Et,Tu = N,N-diethylthiourea.
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Additionally, resonance Raman, *’Fe Mdssbauer and magnetic
data were recorded for the first time on such mixed-halide
clusters, with the exception of (Ph,P),[Fe,S,Br,Cl,] for which
the structure and Mossbauer data have previously been
reported.’”

Results and discussion
Preparations

The materials were prepared as recently described (for details
and analyses, see the ESIf). As in our previous study,*®
UHR-ESI-MS(—) showed that the mixed halide clusters
[Fe4S,X,Y,]>~ scramble their halide ligands leading to coordina-
tive disproportionation in solution yielding all possible species
[FesS.X4_nY,]"~ (X/Y = Cl, Br, and I) (see the Experimental data
in the ESIt). The elemental analyses of the crystallised products
clearly show a 2:2 ratio for X:Y. Of course this does not rule
out contributions from the 3:1 and 1:3 cluster species, but
then both must contribute with the same amount. The same is
true for the 4:0 and 0: 4 species. Using methods such as reso-
nance Raman, single crystal XRD, PXRD, magnetic measure-
ments and Mossbauer spectroscopy we not only tried to study
the local cluster symmetry but also tried to trace other species
than the 2 : 2 complexes [Fe,S,;X,Y,]*".

Resonance Raman spectroscopy

The resonance Raman spectra of (BTMA),[Fe,S,Bry] (1),
(BTMA),[Fe,S,Br,Cl,]  (2), (BTMA),[Fe,S,CLI,] (3), and
(BTMA),[Fe,S,Br,1,] (4) were recorded at 458 and 514 nm exci-
tation wavelengths (Fig S1, ESIt). Four bands can be distin-
guished in the NIR range from 180 to 580 cm™'. Unfortunately,
these bands are quite invariant on the first view which is
expectable, as their main contributions come from the Fe-S
bridging modes.*®*®°2"4 This is in line with our previous FIR
studies and confirms that the absorption bands observed
around 500 nm (e of about 2000 cm™" M™") in the UV-vis-NIR
absorption spectra in solution have their origin essentially in
the Fe,S, cubane (S — Fe LMCT).*® Unfortunately, direct
irradiation of the X — Fe LMCT band at around 700 nm (& ~
1500 cm™" M) was technically not feasible. Nevertheless, two
trends were observed. The introduction of the light CI™ led to a
slight high-energy shift of all bands and decreased symmetry
led to detectable wavelength dependence for all four bands. In
homoleptic compound 1, only the bands at about 500 and
400 cm™" vary with the excitation wavelength, while the bands
at 283 and 219 cm™' are completely invariant. The bands
which were most sensitive to variation in the halides and wave-
length were ranging from 285 to 276 cm™" and were assigned
to the 7%, mode in T4 symmetry while the resonances from
404 to 398 cm™ probably fit to 7° mode in Ty
symmetry.*®*79%9 These modes indicate already a distortion
below D,4.*° The intense bands at 220 to 216 cm™" have clearly
their origin in the symmetry reduction lower than D,q for the
homoleptic cluster in 1 or lower than C,, for the heteroleptic
derivatives 2, 3, and 4.

This journal is © The Royal Society of Chemistry 2023
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X-ray crystal structures

Single crystals of high quality were obtained for 1 to 4 and
(BTMA);3[FesSeClg] (6) directly from the synthesis procedure or
were obtained through the slow diffusion of diethyl ether into
saturated MeCN solutions. The crystal structures of 1 to 4 were
solved and refined in the monoclinic space group Cc, while
that of 5 was found to crystallise in the triclinic space group P1
(details in Fig. S2 to S6 and Tables S1-S9 in the ESIf). The
Fe,S, compounds are thus isostructural to (BTMA),[Fe,S4l4]
(5),° regardless if they are pure clusters like 1 or mixed halide
species like 2, 3, and 4.

Like in (BTMA),[Fe,S,1,] (5),*° the iron sulphur clusters in
(BTMA),[Fe,S,Br,] (1) are arranged in planes at the [110] direc-
tion packed with the BTMA" cation in between. The planes are
rotated by 90° around the ¢ axis direction (Fig. 1).

The intermolecular C-H---S and C-H---Br hydrogen bonds
with the CH; and CH, groups of the BTMA" cations (Fig. 2)
exceed 3 A than the H---X distance and are thus weak.”® Br---Br
interactions between the cluster ions form a chain-like infinite
motif along the [110] direction (Fig. 1 and 2) occurring
between Br3 and Br4 are 3.814(2) A long and thus slightly
exceed the sum of the van der Waals radii.”®®’

The idealised Ty symmetry of the cubane-shaped
[Fe,S4Br,]*~ dianion is significantly decreased. The Fe, cluster
core is compressed along the Fe3---Fe4 edge with an extraordi-
narily short distance of 2.717(2) A (Tables S2, S5 and S67). This
is 0.048 A shorter than the average of the other Fe---Fe dis-

C N S FeBr
00000

Fig. 1 Crystal structure of (BTMA),[Fe;S4Br4] (1) viewed along the [110]
direction (a) and rotated by 90° around the crystallographic c axis to
show segregated columns of anions and cations (b). The bottom inset
shows atom colouring: H atoms are omitted for clarity.

Dalton Trans., 2023, 52,1277-1290 | 1279
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Fig. 2 Intermolecular C-H-..S, C-H..-Br, and Br---Br interactions in
(BTMA),[Fe4S4Brg4l (1); distances are in A and angles are in °.

tances (2.765 A). The Fe-S bond lengths vary from 2.249(2) to
2.305(2) A showing four markedly decreased values, one for
each Fe atom (Table S2t). The analysis of the Br-Fe-Fe and S-
Fe-Br angles revealing the asymmetrical distortion of the clus-
ters is connected to the intermolecular Br---Br interactions
between Br3 and Br4 (Fig. 2). The Br3-Fe3-Fe4 (138.53(10)°)
and the Br4-Fe4-Fe3 (138.03(10)°) angles are smaller than all
other Br-Fe-Fe angles (between 140.06(10)° and 151.03(10)°),
whereas the opposite S4-Fe3-Br3 (119.66(12)°) and S2-Fe4-Br4
(120.03(12)°) angles are larger compared with 108.30(11) to
118.87(12)°.

The lengths of the other two terminal Fe-Br bonds are not
affected by the compression and the values between 2.332(2)
and 2.354(2) A coincide with those observed for the Ph,P"
structure.”” We thus suspect that the Br---Br interactions are
rather repulsive in the packing. In contrast to this, the I.--I
interactions in (BTMA),[Fe,S41,] (5) seem to be favorable as the
I---1 distance of 3.917 A is below the sum of the van der Waals
radii (4.3 A).“° In contrast to this, in the PPh,* derivative, the
I.--I distances are longer which contradicts the idea that the
I---1 interactions might govern the cluster distortion.*°

For the mixed-cluster compounds, crystalline material was
obtained from (BTMA),[Fe,S,Br,Cl,] (2), (BTMA),[Fe,;S,Cl,1,]
(3), and (BTMA),[Fe,S,Br,1,] (4) and single crystal XRD data
were collected at 293 K and 173 K. All three compounds crystal-
lise isostructural (Cc) to the homoleptic 1 and 5*° and no
phase transition was observed on going from 293 to 173 K.
The heteroleptic clusters [Fe;S;X,Y,]*~ show mixed occu-
pancies of both halides on each position as reported before for
(Ph4P),[Fe,S4Br,Cl,],>” and we refined the data of the com-
pounds 2, 3, and 4 using the SUMP command (details and
data in the ESI?).

In our previous study, we found that in solution and there-
fore also during synthesis, all possible cubane species
[FesSsXs_Y.]>™ (x = 0 to 4) are present with [Fe,S;X,Y,]*” as
the dominating one.*® Since the here reported materials were
obtained through slow crystallisation by ether diffusion at
—18 °C in the presence of BTMA" cations, slight deviations of x
from the ideal value of 2 in mixed halide clusters [Fe4S4Xny]2_
might be expected.?” But only when we were freely refining the

1280 | Dalton Trans., 2023, 52,1277-1290

View Article Online

Dalton Transactions

data recorded at 173 K for compound 3 (Cl:I), we obtained a
halide ratio of 1.76:2.24 deviating from the ideal 2:2
(Table S10%1). Unfortunately, the quality of the data did not
allow satisfying refinement. The same problems were reported
for the structure solution and refinement of
(Ph4P),[Fe,S,Br,Cl,].>”

In line with earlier assumptions, we believe that the cluster
composition and thus the cluster symmetry have no effect on
the packing and the clusters arrange randomly in the
structures.

A comparison of the unit cell volumes of the mixed-ligand
compounds (BTMA),[Fe;S,X,Y,] (2 to 4) with those of the
homoleptic derivatives 1 and 5 and the calculated cluster
volumes using the so-called Solvent Excluded Volume,’®
including the Cl, cluster derivative (Fig. 3 and Table 2),
showed that by exchanging smaller halides with larger ones,
the cell volumes and the cluster volumes increase along the
series Cl; < CL,Br, < Bry < Cl,I, < Br,I, < I, in line with the
increasing ionic radii®® (CI™: 1.81 A, Br: 1.96 A, I": 2.20 A).

This underlines that potential contributions from cluster
species with 1:3 and 3:1 ratios cannot be detected if they are
present in equal amounts or make only minor contributions.
So, we cannot exclude mixed-clusters with 3:1 and 1:3 halide
ratios to contribute to the mixed-halide cluster compounds,
but we have also no evidence for them.

3500 A 5= 0] B 5
9. 300
o 3450 4n < 4
= P 3 .
© 3400 2 280 :
g 3 3
=] [<]
S 3350 . Z %0 1
2 1 B !
8 3300 2 240 2
3 cl
.2 4
3250 220{=
900 950 1000 1050 1100 1150 550 600 650 700 750 800 850
Mr Mr

Fig. 3 Comparison of unit cell and the calculated cluster volumes (A) of
[FesSaXa_xY, %>~ (x = 0 or 2). The calculated so-called solvent excluded
volumes (Vse) (B).° Note that the values for 1 to 4 are from data at
173 K, while 5 and “Cl," are from 298 K data.

Table 2 Cell volumes and calculated cluster volumes of [Fe4S4Xa_ Y%~
clusters (x = 0 or 2)?

Cluster Cluster
Cell volume Cell volume volume volume
298 K? 173 K? 298 K¢ 173 K°
cl, — —4 221.71° 221.787
Cl,Br, 3269.0(2) 3201.6(1) 242.51 232.65
Br, 3340.8(4) — 244.35 244.38%
Cl,1, 3389.6(1) 3323.3(2) 325.62 277.02
Br,l, 3440.5(2) 3342.6(1) 326.00 286.03
I 3514.8(2)" - 328.66" 328.94°

“Values in A®. ?From single crystal structures of (BTMA) salts.
¢ Calculated solvent excluded volume (Vgi).°® ¢ Data not available for
BTMA salts; values for other salts are not comparable. ¢ Derived from
the (EtyN),[Fe,;S,4Cly] structure determined at 213 K342 f From ref. 49,
at 150 K. ¥ BzEt;N" salt at 150 K, from ref. 100. " From ref. 40. ' BzEt,N"
salt at 173 K, from ref. 101.

This journal is © The Royal Society of Chemistry 2023
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Due to this, the Fe-X bond distances of the mixed-halide
clusters do not allow a straightforward comparison with litera-
ture data from (BTMA),[Fe,Sil] (5),*° (PhyP),[Fe,Sql,],*°
(PhyP),[Fe,S4Xs] (X = Br, Cl),* (Et;N),[Fe,S,Cl,],*%*
(nPryN),[Fe,S,Cl,]*" (Table S7+).

The Fe,S, cluster cores in the mixed-halide compounds 2 to
4 showed that the characteristic distortion of the [Fe,S,] core is
lower than the D,y symmetry (Fig. S5 and S6%). For all three
clusters, a significant shortening of the Fe3:--Fe4 distance
(Tables S5 and S6t1) and distortion of the Xjz/,-Fez,—Fey s
angles and their opposite S-Fe;,—Br3,, angles (Table S21) were
found. As for the homoleptic compound 1, the intermolecular
halide---halide interactions (Table S5t) were observed parallel
to the compressions of the cluster core along the Fe3:--Fe4
axis, while at the same time the Fel:.--Fe2 axis is slightly
elongated (Tables S5 and S6t). For interactions with iodide
contribution (i.e. I---I, Br---I and Cl---I), the observed distances
are always below the sum of the van der Waal radii pointing to
an attractive interaction whereas the Br---Br distances are
larger as in the homoleptic 1. Br:--Cl and Cl---Cl interactions
are not observed.

On the other hand, in [Fe,S,X4]*~ (X = Br or I) derivatives
containing R,N* and Ph,P" cations,!02930:40:36:69 photh Br...Br
and I---I interactions are longer than in the BTMA" structures
by least 0.24 A (Br) and 0.45 A (I), respectively (Tables $6 and
S71). The halide---halide distances in the homoleptic com-
pounds 1 and 5*° are also shorter compared with the pub-
lished Ph,P" structures.’”*° This is also in line with the higher
density of the BTMA" structures (Tables S5 and S67). As a con-
sequence of these shorter halide---halide interactions, the
BTMA" structures show markedly higher Fe---Fe distortions for
both the homoleptic and the mixed-halide clusters. When
taking the difference between the largest and the smallest
Fe---Fe distances, the BTMA" structures lie at around 0.05 A
(Table S67), while the Ph,P" derivatives show values around
0.02 A (Table $7+). Within the BTMA" structures, the homolep-
tic Br, and I, show the largest deviations and both these two
homoleptic structures and the three mixed-halide structures
were found to have the same distortion pattern: two shortened
and four extended Fe---Fe distances with overall very low
cluster symmetry and very similar cluster shapes (Fig. S5 and
S6t).

Attempts to crystallise [Fe,S,Cl,]*~ with BTMA" by the same
method led to the formation of a prismane structure
(BTMA);[FesSeCls] (6) which crystallised in the triclinic P1
space group. The prismane cluster [FecS¢Clg]’~ is positioned
on the inversion centre and is surrounded by three BTMA"
cations (Fig. S21). Based on this structural feature, the asym-
metric unit is represented by two halves of the clusters and
three counter ions which can be combined to get two units of
6 per unit cell (Fig. S31). Pronounced intermolecular H
bonding interactions are absent (Fig. S41). The prismane struc-
ture can be described as two alternating layered [Fe;S;] rings
in a chair conformation. Its D3q symmetry is only slightly per-
turbed. The Fe-Cl and Fe---Fe distances are found to be very
similar (Table S9t) and comparable to bromide and chloride

This journal is © The Royal Society of Chemistry 2023
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prismanes with Et,N*.*”"°" The Cl-Fe-S angles ranging from
108.26(4)° to 115.96(5)° are quite close to an ideal tetrahedral
angle. The bulk material of 6 is not completely phase pure but
does definitely not contain the (BTMA),[Fe,S,Cl,] phase iso-
structural to (BTMA),[Fe,S,Br,] (1) (see Powder XRD). The
[Fe,S4Cl,]>~ cluster was previously crystallised with a number
of cations, such as Et,N'*®** npPr,N**' or Ph,P".?” We were
unable to detect even traces of (BTMA),[Fe,S,Cl,] (see powder
XRD, Mossbauer, or magnetic measurement). At the moment,
we have no explanation other than a superior crystallisation of
prismane 6.

Powder XRD studies

In previous investigations,*® we have already shown that the
Fe,S, cluster compounds (1 to 5) are obtained as homo-
geneous materials with no signs of phase separation. Very
weak additional reflections point to some minor impurities of
unknown identity. No significant differences between the
crystal structures obtained at 170 K and RT are visible exclud-
ing the possible phase transitions upon cooling. The diffrac-
tion pattern of the FesSe prismane (Fig. S71) shows that 6 is
only a minority phase in the reaction product. It was specu-
lated that the main product could be the still unknown chlor-
ide (BTMA),[Fe,S,Cl;]. The simulated diffraction pattern of
(BTMA),[Fe,S,Br,] (1) is provided for comparison. Assuming
that 1 and the unknown chloride crystallise in the isotypic
crystal structures, the pattern of the chloride should be shifted
to higher 26 values thus completely excluding this assumption.
However, it should be noted that the formation of the chloride
(BTMA),[Fe,S,Cl,] crystallising in another crystal structure
cannot completely be ruled out at this point. In addition,
another modification of (BTMA);[FesS¢Clg] can possibly make
up the majority of the studied material.

>’Fe Mossbauer spectroscopy

For (BTMA),[Fe,S,Br,] (1) a symmetric doublet with an isomer
shift 6 = 0.48 mm s~ was recorded (Fig. S8AT). Analysis by
fitting using a Lorentzian line shape also reveals a quadrupole
splitting AE; of 1.77 mm s™' and a line width at half
maximum I” of 0.42 mm s~ (Table 3).

Table 3 Mossbauer parameters at 77 K of the complexes obtained
from spectra fitting analysis?

n ) AEq r Fe
1 100 0.48 £ 0.01 1.07 £ 0.02 0.42 £ 0.01 2.5+
2 100 0.48 £ 0.01 1.07 £ 0.03 0.35 £ 0.01 2.5+
3? A: 50 0.48 + 0.02 1.16 £ 0.02 0.37 £ 0.02 2.5+

B: 50 0.46 + 0.01 0.80 + 0.01 0.47 £ 0.02 2.5+
4 100 0.48 £ 0.01 1.05 £ 0.02 0.35 £ 0.01 2.5+
5¢ 89 0.48 + 0.02 1.02 £ 0.02 0.35 £ 0.01 2.5+
6 A: 96 0.48 + 0.02 0.88 £ 0.02 0.35 £ 0.01 2.5+

“ Contribution n/%, isomer shift §/mm s™', quadrupole splitting AEq/

mm s, line width at half maximum I/mm s~ . Iron oxidation state
Fe. Two species simulated in a 50:50 ratio. °Minor species of 11%
(see text and Fig. S87).
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An isomer shift of 0.48 mm s is in keeping with the pre-
viously reported [Fe4S4Br4]2_ clusters with different counter
ions.®*>® It is also in the range observed for [4Fe-4S]** centres
occurring in 4Fe-4S proteins. These clusters exhibit complete
delocalisation of one electron in the Fe**-Fe®" spin pairs. The
ferromagnetic double exchange between the iron spins for-
mally leads to Fe**'~Fe>" pairs with the pair spin S, = 9/2.° In
turn, antiparallel (antiferromagnetic) coupling of the pair
spins leads to the clusters’ diamagnetic ground
state,®717>102193 The Mossbauer spectrum of 5 was fitted
alongside a singlet signal (11%) which can be assigned to
monomeric (NEt,)[Fel,]** (Fig. S8Bf). Besides this, the
behaviour is the same as for 1. Correspondingly, all Fe atoms
in the homoleptic 1 and 5 (Fig. S8}) have an oxidation state
of 2.5+.

For both heteroleptic compounds (BTMA),[Fe,S,Br,Cl,] (2)
and (BTMA),[Fe,S,Br,1,] (4), symmetric Lorentzian-type doub-
lets with & values of 0.48 mm s were recorded (Fig. S97).
Thus, the average oxidation state of iron in both mixed-halide-
clusters is 2.5+ with complete delocalisation.

In contrast, (BTMA),[Fe,S,Cl,I,] (3) exhibited a slightly
asymmetric Mossbauer doublet whose analysis reveals the
equal contributions of the two species (Fig. 4).

Species A causes a doublet with §; = 0.48 mm s™* and AEy
= 1.16 mm s '. Species B causes an isomer shift with &, =
0.46 mm s~ ' which is within the experimental error identical
to that of species B. Thus, 3 also has all irons in the 2.5+ oxi-
dation state (Table 3). The different values of AE; may be a
result of the large differences in the EN of Cl and L.

It should be noted that in contrast to the analysis with two
“nested” doublets presented above, the Mossbauer spectrum
of 3 can alternatively be fitted with two “crossed” doublets
(Fig. S11%). This leads to 84 = 0.54 and &g = 0.37 mm s~ which
may indicate electron localisation. However, high spin Fe**
and Fe®" sites have significantly different AE values, and the
analysis with two “crossed” doublets shows almost identical
AEq values of 1.0 mm s~ (Fig. S117) which contradicts elec-
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Fig. 4 >Fe Mossbauer spectrum of (BTMA),[Fe,S,Clolp] (3) at 77 K
(dots: collected data, parameters for the simulated species A and B in
Table 3).
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tron localisation. Therefore, we conclude that indeed 3 has all
irons in the 2.5+ state.

Such a situation has also been observed for [Fe;S,X,Y,]*~
clusters with monodentate ligands X, Y = Cl, OPh and SPh
show & values between 0.46 and 0.50 mm s™* for both coordi-
nation sites.”®

For (Ph,P),[Fe,S,Bry], § = 0.488 mm s ' and AE, =
0.662 mm s~ were reported at 77 K.>’ A crude measurement
of the mixed-halide compound (Ph,P),[Fe,S,Br,Cl,] was
reported with a shift of about 0.00 mm s~ and significant
line-broadening®” similar to that observed for 3.

The high similarity of all clusters in the BMTA" containing
materials in their Mossbauer spectra is in line with the very
similar distortion of the clusters from T4 to very low symmetry
(see the XRD section).

For (BTMA);[FesSsCls] (6), an isomer shift of 0.48 mm s~
was recorded and the oxidation state of each iron inside the
prismane core can be assigned to 2.5+. Like the previous pris-
mane cluster, the core of 6 consists of three Fe**-Fe*" spin
pairs coupling ferromagnetically and resulting in Fe**® on
average.®® The observed AEq of 0.88 mm s~ is smaller than
those reported for other prismanes,'?3%83790:1027108 Lyt gyerall,
the isomer shift and the quadrupole splitting for 6 are very
similar to those of the (Et,N);[FesS¢Cls] prismane with & =
0.495 mm s~ and AEq = 1.085 mm s~ at 125 K.*°

For fitting the collected data, a second species with a contri-
bution of 4% was necessary. This second doublet was fitted
with § = 1.40, AEg = 1.01, and 7" = 0.40 mm s~ ' and is due to
the FeCl, impurities from the starting material (Fig. S10%). For
(Ph4P),[Fe,S,Cly], a & value of 0.49 mm s was reported at
77 K with a AEq of 0.67 mm s~'.>>®® Although PXRD showed
that the crystal structure of (BTMA);[FesScClg] is only the
minor phase in the isolated material, the Mossbauer results
provide good evidence that the major component of the
material contains the [FesS¢Clg]>~ prismanes. At the same
time, the Mossbauer results do not completely rule out the
occurrence of the compound (BTMA),[Fe,S,Cl,] as the reported
data for (Ph,P),[Fe,S,Cl,] is not very different from our data
for 6.

1

Magnetic measurements

The molar magnetic susceptibilities of all four compounds are
shown in Fig. 5 as yuT vs. T plots. All compounds show quite
similar magnetic behaviour (Fig. 4 and Fig. S12-S14, ESIf).

At 298 K, the observed yuT values are 1.17 cm® K mol™,
1.41 cm® K mol™, 1.54 cm® K mol™ and 1.12 cm® K mol™ for
1 to 4, respectively, far below the expected spin-only value of
14.75 cm® K mol™" for four uncoupled spins with §; = S, = 4/2
(ferrous) and S; = S, = 5/2 (ferric).

Upon lowering the temperature, a steady decrease in the
xmT-products is observed for all compounds, indicating strong
dominant antiferromagnetic interactions between the iron
ions. Further cooling below 100 K initially leads to no signifi-
cant change in the values. However, upon cooling only below
20 K, the y\,T values decrease significantly.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Temperature dependence of the molar magnetic susceptibility
depicted as ymT vs. T of the homoleptic cluster (BTMA),[FesS4Brgl (1,
black) and the heteroleptic clusters (BTMA),[Fe;S4Br.Clyl (2, green),
(BTMA),[Fe4S4Clolo] (3, red), and (BTMA),[FesS4Br.l,] (4, blue).

For cluster systems with four antiferromagnetically coupled
spin centres, an HDvV (Heisenberg-Dirac-van Vleck) spin
Hamiltonian, H = —2Ji > §i§j, with one single exchange inter-
action parameter J leads’to a highly degenerated spin ground
state. However, this assumption is incompatible with the
results of the Mdssbauer investigations and especially with the
observed temperature-dependent magnetic moments for the
four compounds (Fig. 5).

The application of a full HDAV with two exchange inter-
actions, which includes a stronger antiferromagnetic exchange
interaction J;, within the two Fe**-Fe®" dimers, and an
exchange interaction, J,, accounting for the inter-dimer inter-
action, allows quite satisfactory simulations for the curves for
all four compounds (Fig. 5 and Table 4).

However, in three of the four fits, a g value considerably
below 2.0 was obtained. For the Fe,S, cluster, this phenom-
enon is well-known® and assigned to the presence of spin-
dependent delocalisation which is related to the double
exchange theory devolved by Anderson and Hasewaga.'®® They
have shown that resonance delocalisation in a mixed-valence
dimer leads to additional splitting +B(S + 1/2) of the energy-
split spin ladder JS(S + 1) for the exchange coupled spin
system.

To estimate the double exchange parameter B in the
present Fe,S, tetramers, we followed the approach recently

Table 4 Fitting parameter obtained by applying HDvV and HDE?

HDvV HDE

Juem™  pjem™ g Jlem™ Blem™ g
1 -129(3) -2.6(3) 1.775(16) —257(10) 462.2(5) 1.66(5)
2 -135(7) -3.2(3) 2.09(5) -256 (10)  462.5(5) 1.91 (6)
3 -115(2) -2.0(2) 1.853(11) -274(13) 554.6(9) 1.74(8)
4 -132(1) -2.8(2) 1.759(6) —291(13) 552.1(7) 1.65(6)
“HDvV = Heisenberg-Dirac-van Vleck; HDE = Heisenberg double

exchange.
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reported by Henthorn, Cutsail et al''® and applied
the solved Bleaney-Bowers equation for dimers of high spin
d°-d® mixed-valence centres (Table 4, eqn (S1), (S2), and
Fig. S141). Note that the data at low temperatures were not
taken into account for fitting to E = —JS(S + 1) + B(S + 1/2).
This is in accordance with the literature and the interested
reader is referred to the publication and the references
therein for further information.’'® The values obtained for B
are consistent with the reported values®'''™''3 in all cases
and clearly show the presence of electron delocalisation,
which is also evident from the Mossbauer data, showing only
a single doublet assigned to a mixed valence state. Most
importantly, the ratio |B/J| is relatively small, so the spin
ground state of S = 1/2 can be taken as given for the dimers.
This justifies the application of the HDAV formalism, which
in analogy leads to an S = 1/2 ground state for the antiferro-
magnetically coupled Fe**-Fe®" dimers. Furthermore, with
the HDvV-formalism, we are now able to take the inter-dimer
interaction into account. Although the values for jJ, are
almost two orders of magnitude smaller than j;, the resulting
final ground states for the Fe,S,”"-clusters are diamagnetic
with S = 0, which matches perfectly with the decrease in the
amT values at low temperature.

In the temperature-dependent magnetisation measure-
ments for (Et,N),[Fe;S,Cl,], the magnetic moment x increased
from 0.45 to 2.48 uB upon increasing the temperature from 50
to 338 K,*® which is in good agreement with the behaviour in
our compounds.

Conclusions

The iron sulphur halide clusters [Fe,S,Br,]*~ and [Fe,S,;X,Y,]*~
(X, Y = Cl, Br, I) were synthesised in excellent yields and purity
on a gram scale using a recently refined method starting
from [Fe(CO)s], elemental sulphur, I, and benzyltrimethyl-
ammonium (BTMA") iodide, bromide and chloride. Through
crystallisation, we obtained materials showing a clear 1 : 1 ratio
of X: Y for the mixed-halide cluster compounds. Single crystals
of  (BTMA),[Fe,S,Br,] (1), (BTMA),[Fe,S,Br,Cl,]  (2),
(BTMA),[Fe,S,CL,1,] (3) and (BTMA),[Fe,S,Br,1,] (4) were iso-
structural to the previously reported (BTMA),[Fe,S.1,] (5)
(monoclinic, Cc). In the same way, we tried to synthesise the
previously unknown chloride cubane -cluster compound
(BTMA),[Fe,S,Cl,]. But we obtained the prismane-shaped
cluster (BTMA);[FesSsCls] (6) (P1) instead.

No phase transitions were observed for the mixed-halide
cluster containing materials from powder XRD at 298 or 170 K
or single crystal XRD at 293 and 173 K. Although in solution
four different clusters [Fe;S4X,_Y,]*~ (x = 0 to 4) might occur
for the mixed-halide compounds, the structure refinements
gave no indication for the X:Y ratio deviating from 2:2. Also,
a closer look on the cluster volumes (solvent excluded
volumes, the unit cell volumes and the cluster distortions)
gave evidence for other species than X,Y,. On the other hand,
our XRD data do not rule out X;Y; species if they were present
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in the same amount as X3Y; species and all cluster species
arrange randomly in the structures.

However, Mdssbauer spectroscopy rules out larger amounts of
such X;Y; species. For the homoleptic 1 and 5 and the mixed-
halide clusters 2, 3, and 4, Lorentzian-type doublets were
observed in *’Fe Mossbauer spectroscopy in line with a complete
delocalisation with Fe>>" oxidation states for all iron atoms.

Magnetic measurements for 1 to 4 showed small yy,T values
at 298 K ranging from 1.12 to 1.54 cm® K mol~'. From about
20 K, the values drop significantly. Fitting the data in the
Heisenberg-Dirac-van Vleck (HDvV) formalism gave g values
markedly below 2 and confirmed the complete delocalisation
and antiferromagnetic coupling assumed from Madssbauer
spectroscopy.

Thus, the herein described synthesis is reliable and robust
and allows the production of mixed-halide clusters
[Fe,S,:X,Y,]*~ (X, Y = Cl, Br, I) on a gram scale and with high
purity. In particular, the [Fe,S,CLL,J*~ derivative might be
interesting for further studies as the very different halide
ligands might allow the selective substitution of two halide
ligands to form new mixed ligand [Fe,S,] clusters.

Experimental section
Materials

The compounds were prepared and crystallised following
already published procedures*® by diffusion techniques from
layered MeCN/diethyl ether mixtures at —18 °C over a period of 3
weeks. After filtration, washing with diethyl ether and drying
under anaerobic and dry atmosphere (argon) using Schlenck tech-
niques the opaque black rod shape crystals were stored and pre-
pared for analyses in an argon-filled glove box at room tempera-
ture. The details and analytics are available in the ESL

Instrumentation

The resonance Raman spectra were recorded either with
457 nm or 514 nm excitation (13 mW, Coherent Innova 70c) in
backscattering geometry using a confocal microscope coupled
to a single stage spectrograph (Jobin Yvon XY 800) equipped
with a CCD detector.

For (BTMA),[Fe,S,Bry] (1), (BTMA),[Fe,S,4Br,Cl,] (2),
(BTMA),[Fe,S,Br,I,] (4) and (BTMA);[FesSsCls] (6), single
crystal data collection at 293(2) K was performed using
STOE-IPDS (I, II or IIT) diffractometers using graphite-mono-
chromated Mo-K, radiation (1 = 0.71073 A). The samples have
been measured in capillaries sealed under an argon atmo-
sphere (0.2 mm diameter). The structures were solved by direct
methods using the WinGX''* package and/or Olex2.""> For
some of them, first structure proposals were obtained with
Sir2014."'® Model refinement was carried out with
SHELX12018/1""7"'® by employing full-matrix least-squares
methods on F°. All non-hydrogen atoms were treated aniso-
tropic and the hydrogen atoms were included by using appro-
priate riding models. Numeric absorption correction was per-
formed using X-Red''® and X-Shape'*® packages. CCDC
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Deposition Numbers are 2048374 for (BTMA),[Fe,S4Br,] (1),
2048953 for (BTMA),[Fe,S;Br,Cl,] (2), 2055695 for
(BTMA),[Fe,S,Br,1,] (4), and 2048377 for (BTMA);[FesSsCls] (6),
respectively.t

For (BTMA),[Fe,S,Br,Cl,] (2), (BTMA),[Fe,S,CL,1,] (3) and
(BTMA),[Fe,S,Br,1,] (4), LT single crystal data were collected at
173(2) K and for (BTMA),[Fe,S,CL1,] (3) at 293(2) K using an
Oxford Diffraction Xcalibur Gemini Eos diffractometer using
graphite-monochromated Mo-K,, radiation (1 = 0.71073 A). The
crystals were transferred under argon to Paratone oil and
mounted on a nylon loop. For cooling, cold dry air was pro-
vided by an Oxford Cryosystems Desktop Cooler. CrysAlis
Pro,"?! from Oxford Diffraction, was used to collect the initial
frames for determination of the unit cell. Subsequently, the
program was used to plan a data collection. In most cases, a
full sphere of data were collected. After collection, data
reduction was carried out with the Crysalis Pro suite and mul-
tiscan absorption correction was carried out (SCALE3
ABSPACK scaling algorithm).'** The space group selection was
made using the inbuilt program, GRAL, which selected the
monoclinic space group Cc for all structures. The output files
were used for initial structure solution using SHELXle'** or
Olex2.'*® Subsequently, the structures were refined using
SHELXL 2018/1."'”"'® The mixed-halide clusters showed signs
of disorder and this was modelled at first by allowing the occu-
pancies for the halide ligands to refine freely. In the final
refinement, the occupancies of the disordered pairs of halides,
i.e., bromide and chloride, iodide and chloride, or bromide
and iodide, were restrained using the SUMP command
(SHELXL).""”"® In all cases, this strategy resulted to be more
adequate to treat the data and obtain better quality refinement
indicators and realistic Fe-X and X---Y distances. The CCDC
Deposition Numbers are 2048376, 2048378, 2048375 (173 K)
and 2048954 (293 K) for (BTMA),[Fe,S,Br,Cl,] (2),
(BTMA),[Fe;S,CLLI,] (3), and (BTMA),[Fe,S,Br,l,]  (4),
respectively.t

The selected bond lengths and angles of the compounds
were calculated using the PLATON software.'> The graphical
representations were done by Mercury’®® and PyMOL,"*® and
the editing of CIF files was performed using the PublCif'*”
software.

Synchrotron X-ray powder diffraction data collection was
performed at DESY (Hamburg, beamline P02.1, storage ring
Petra III with 4 = 0.207203 A and a PerkinElmer XRD 1621 flat
panel detector). The samples were measured in capillaries
sealed under an argon atmosphere (0.5 mm diameter). The
collected data was transformed with Fit2d'*® and analysed
with WinXPow."?’

The *’Fe Mossbauer data were recorded in the transmission
geometry using a constant acceleration spectrometer operated
in conjunction with a 512-channel analyser in the time-scale
mode (WissEl GmbH) using Wissoft 2003. The detector con-
sisted of a proportional counter and the source contained *>’Co
diffused in Rh with an activity of 1.4 GBq. The spectrometer
was calibrated against o-iron at room temperature. Sample
cooling to 77 K was achieved by placing the samples in a con-
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tinuous flow cryostat from Oxford Instruments. The spectral
data were transferred from the multi-channel analyser to a PC
for further analysis employing the public domain program
vinda'*® running on the Microsoft Excel 2003® platform. The
spectra were analysed by least-squares fits using Lorentzian
line shapes.

The magnetic measurements were performed with a
Quantum Design MPMS-XL-7 SQUID magnetometer using
powdered microcrystalline samples. The variable temperature
susceptibility data were collected in the temperature range of 2
to 300 K under an applied field of 0.1 Tesla. The experimental
susceptibility data were corrected for the temperature-depen-
dent magnetic contribution of the holder and the underlying
diamagnetism using Pascal’s constants.
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