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A low band gap iron sulfide hybrid semiconductor with unique
layered structure and unusual iron coordination exhibits
significantly reduced thermal conductivity.

Iron sulfide compounds have been studied extensively because
of their important properties and their uses in many different
areas. For example, iron sulfur clusters as biological
functional groups have been found in over 120 distinct types
of enzymes and proteins."> Owing to their remarkable
functional and structural diversities these systems have
been the focus of investigation® for biological electron
transportation,** redox potential modification,® and proton/
election transfer coupling.”® Since the first reports on
spontaneous self assembly of iron sulfur based clusters,”!°
many new members of this family (zero-dimension) have been
discovered, for example, dimeric [FesS-* 112 trimeric
[FesS4] ™, tetrameric [FesS4]" and [FesS4**'*!5 and hexa-
meric  [FegS¢>" and [FeeS¢l’ ".!¢ Examples of one-
dimensional (1D) chains of [FeS,] polyhedra have been
reported in three-dimensional (3D) compounds of Ce,Fe; S5,
La,Fe,Ss!'® and Ce,Fe,Ss.!” Two-dimensional (2D) layered
structures of iron sulfides are relatively unexplored. One such
example is the ACuFeS, family (A = Li, Na, K, Rb, Cs), in
which Cu and Fe occupy the same crystallographic sites.?*>*

In searching for new functional materials, our main
endeavours over the past decade have been focusing on the
design, synthesis and modification of crystalline inorganic—
organic hybrid semiconductors. The successful incorporation
of two distinctly different components into a single crystal
lattice has enabled us to develop a brand new family
of semiconductor materials having significantly enhanced
properties and unprecedented new phenomena.?>>° Herein
we report a new hybrid iron sulfide structure built on a unique
2D [FeS]*~ layer and unusual iron coordination. The
optical bandgap of this compound is estimated to
be ~0.6-0.8 eV. The incorporation of organic amines and
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complex cations between the inorganic layers gives rise to
significantly reduced thermal conductivity.

Single crystals of [Fe(en)s],-[Fe6S20]-enH, were grown by
reactions of FeCl, (0.50 mmol, 99.5%, Alfa Aesar), dimethyl-
sulfoxide (DMSO) (71 pl, 1.0 mmol, 99.9%, Acros Organics)
and ethylenediamine (8.0 ml, 99%, Acros Organics) in a
Teflon-lined stainless steel autoclave. The reagents were mixed
and stirred for 10 min prior to heating and the vessel was then
sealed and heated at 200 °C in furnace for 7 days.
The autoclave was subsequently allowed to cool to room
temperature. The product was filtered off, washed with 80%
ethanol and distilled water several times. The black plate-like
crystals were then collected (~60% yield). Pure poly-
crystalline samples were prepared under a similar procedure
at a temperature range of 180-200 °C (~70-80% yield). The
single crystal X-ray diffraction analysisi revealed that the title
compound is composed of a unique Fe ¢S, layer, as shown in
Fig. 1 (left). There are sixteen crystallographically independent
Fe atoms within the layer, all of which are seven-coordinated,
with four to S and three to Fe atoms. The Fe-S distances range
from 2.230 to 2.325 A, similar to those found in a number of
iron sulfide binary phases.>'=* The Fe-Fe bond lengths vary
from 2.708 to 2.843 A, highly comparable with those found in
other FeS compounds of hypervalent Fe coordination, for
example, 2.759 A,33 and 2.743, 2.877 A3 The sulfur atoms
were either 3- or 4-coordinated. The organic amines and
[Fe(en)s]** complex cations are located between the adjacent
layers, as seen in Fig. 1 (right), forming a sandwich like
structure. It is worth to mention the existance of both a +2
(within the layer) and + 3 (in the Fe(en); complex) oxidation
state of iron in this compound.®

X-Ray absorption experiment (XAS) was performed to
confirm the valances of iron. Fig. 2 (top) shows the transition

Fig. 1 View of a single layer of [Fe;¢S20]*~ along the crystallographic
¢ axis with a axis from left to right (left), and packing of [Fe;sSa]*~
layers along the crystallographic a axis with the ¢ axis from left to right
and with [Fe(en);]*" cations and ethylenediamine molecules residing
between the layers (right). Color scheme: Fe and Fe associated bonds
(light blue), S (red), N (blue), and C (grey).
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Fig. 2 Top: XAS spectra of Fe K edge for a series of Fe compounds
with different Fe valances. Bottom: XAS spectra of Fe K Pre-edge.
(Fe(m)S: dash blue, Fe(1)O: dash black, Fe-S—en (compound 3): dash
red, Fe(111),05: solid green, Fe(i)(en);Cls: solid purple, SrFe(1v)O;_s:
solid blue.

metal Fe K-edges. In general one expects a chemical shift to
higher energy of an X-ray absorption edge with increasing
formal chemical valence due to the loss of electronic screening
with increasing valence. A number of factors, however,
complicate this picture. The Fe K edge (see Fig. 2) marks the
onset of dipole allowed transitions from the core-level 1s level
to empty p-states. Both transitions to continuum states and
atomic-like Fe-4p states dominate the Fe K near edge
structure. In general there will be multiplicity of 4p states
due to solid-state splittings of the 4p levels and by replication
of 4p features associated with different 3d configurations
which are covalently band mixed into the solid-state electronic
structure. Thus the onset of the steeply rising portion of the
edge will be influenced by 4p state splittings.

A good example of such splitting is provided by comparing
the formally trivalent Fe,O3 and Fe(en);Cl;. The Fe(en);Cls
has a smoothly rising edge whereas the Fe,O3 has a feature
split down to lower energy and the peak features split to higher
energy. The two spectra cross at an absorption coefficient of
about 0.75 indicating their comparable chemical shift. The +4
compound SrFeO;_; can be seen to have a clearly higher
chemical shift. The situation for the divalent compounds is
somewhat more complicated. The divalent compounds FeO
and FeS compounds clearly show edge shift to lower energy
relative to the trivalent compounds, however, the difference in
the near edge features of the two is rather widespread for the
chemical shift in the divalent state. Moreover, the compound

of interest here has a much lower symmetry than these
standards precluding a direct simple comparison of their
chemical shifts. Comparison of the inflection point of the
initial rise in the title compound spectrum to the divalent
standards can be said to support a ““close to” divalent state for
this compound.

In Fig. 2 (bottom), the Fe K pre-edge region is shown. Here
the term pre-edge is used because these small features are
shifted down in energy below the main edge. The features in
this pre-edge region are due to quadrupole 1s to 3d transitions
or dipole 1s to hybrid d/p states. The pre-edge features
typically have semi-localized 3d final states which have an
attractive Coulomb interaction with the 1s core hole created in
the absorption process. This Coulomb energy accounts for the
shifting of these features below the main edge. In general the
Fe? ' spectra show pre-edge features in a lower energy range,
labelled “a” in the inset, and the Fe* ", Fe*" pre-edge features
occur in a somewhat higher “b” energy range. The Fe?"
pre-edge features are typically broader and unresolved. In
contrast the Fe* " Jand Fe** pre-edge features typically show
distinct b1-b2 sub features. The pre-edge feature of the title
compound appears in structure and in energy consistent with a
basically Fe?" state. The quite high relative intensity of this
compound pre-edge feature should be noted. The Fe in
Fe-S—en sits in a non-centro-symmetric environment. This
allows for d/p hybridization and the admixture of the stronger
dipole Is to p transitions into the pre-edge feature. Thus the
high relative intensity of the Fe-S-en pre-edge feature is
consistent with the low symmetry site.

Thermogravimetric (TG) experiments were carried out on
powder samples of [Fe(en);],- [Fe6S20]-enH,. Upon heating to
160 °C and holding this temperature for about an hour, the
compound remained stable (Fig. S1-S2, ESI{). Continued
heating gave a weight loss of ~19.9% up to 350 °C, which
matches well with a calculated amount of ethylenediamine
molecules (20.3%). Post TG structure analysis indicated FeoSq
as a major phase in the residue after being heated to 500 °C
(Fig. S3%). The optical band gap of [Fe(en)s],-[Fe;6S,0]-enH,
was estimated from the room temperature diffuse reflectance
spectrum. The values, ~0.6-0.8 eV, suggest that the compound
is a low band gap semiconductor.

Thermal conductivity of [Fe(en)s],[FejsS0l-enH, was
measured on a pellet made by cold-pressing the powder under
a pressure of 2500 atm. The thermal conductivity was
determined by measuring the density, specific heat and thermal
diffusivity separately (Fig. S4-SS, ESIf{). The result of
the thermal conductivity measurements is shown in Fig. 3.
Compared to the thermal conductivity of FeS, (pyrite) and
FeS (pyrrhotite), which are about 23 and 3.5 W/mK at 35 °C,
respectively,® the title compound shows a considerably
lower value of about 0.5-0.6 W/mK in the temperature range
25-100 °C.

In summary, a new type of iron sulfide hybrid material
containing unique 2D [Fe;¢S,]® layers has been successfully
synthesized and characterized. The compound is a low
band gap semiconductor with an estimated band gap of
~0.6-0.8 eV. The X-ray absorption study confirmed mixed
valances of iron. In comparison with FeS binary phases, a
significantly reduced thermal conductivity is achieved in
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Fig. 3 Thermal conductivity of [Fe(en)s]-[Fej¢Sy0]-enH, as a
function of temperature.

this compound, as a result of creating an organic—inorganic
interface.
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