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ABSTRACT 

A one-dimensional (1D) chain compound [Fe(en)3]3(FeSe2)4Cl2 (en = ethylenediamine), 
featuring tetrahedral FeSe2 chains separated by [Fe(en)3]2+ cations and Cl– anions, has been 
synthesized by a low temperature solvothermal method using simple starting materials. The degree 
of distortion in the Fe-Se backbone is similar to previously reported compounds with isolated 1D 
FeSe2 chains. 57Fe Mössbauer spectroscopy reveals the mixed-valent nature of 
[Fe(en)3]3(FeSe2)4Cl2 with Fe3+ centers in the [FeSe2]‒ chains and Fe2+ centers in the [Fe(en)3]2+ 
complexes. SQUID magnetometry indicates that [Fe(en)3]3(FeSe2)4Cl2 is paramagnetic with a 
reduced average effective magnetic moment, μeff, of 9.51 μB per formula, and a negative Weiss 
constant, θ,  −10.9(4) K, indicating antiferromagnetic (AFM) nearest neighbor interactions within 
the [FeSe2]‒ chains. Weak antiferromagnetic coupling between chains, combined with rather 
strong intrachain AFM coupling leads to spin-glass behavior at low temperatures, as indicated by 
a frequency shift of the peak observed at 3 K in AC magnetic measurements. A combination of 
[Fe(en)3]2+ and Cl‒ ions is also capable of stabilizing mixed-valent 2D Fe-Se puckered layers in 
the crystal structure of [Fe(en)3]4(Fe14Se21)Cl2, where Fe14Se21 layers have a unique topology with 
large open pores. Property measurements of [Fe(en)3]4(Fe14Se21)Cl2 could not be performed due 
to the inability to either grow large crystals or synthesize this material in single-phase form.  
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INTRODUCTION 

Low-dimensional transition metal chalcogenides have been intensively investigated in the 
past decade due to their vast structural diversity resulting in interesting superconducting and 
magnetic properties. Binary tetragonal iron sulfide and selenide exhibit superconducting properties 
with critical temperatures (Tc) below 10 K.1–4 The layered structure makes these compounds 
suitable candidates for intercalation of guest species which helps tune their properties. Many 
researchers have explored layered binary iron chalcogenides as parent compounds to understand 
their intercalation chemistry and structure-properties relationships.5–7 Increasing the interlayer 
distance and valence electron concentration by the introduction of electropositive cations such as 
Li+, Na+, K+, Ca2+, Sr2+ or Ba2+ raises the Tc to 30-46 K.8–10 Intercalation of LiFe(OH) layers 
between FeSe layers gives rise to layered materials with magnetic ordering at ~12 K.11 
Superconducting critical temperatures exceeding 40 K have been achieved by displacing Fe atoms 
from the LiFe(OH) layers to occupy Fe site vacancies in the selenide layers.12,13 While 
superconducting phases containing alkali metals and ammonia have been reported,14 there are few 
detailed structural reports for such compounds. Clarke et al. reported the first reliable crystal 
structure determination of Li-ammonia intercalate in FeSe with Tc as high as 43 K,7  as well as in 
situ characterization of the reactions of Li/NH3 with FeSe using X-ray and neutron diffraction.15 
Insertion of transition metal coordination complexes with bulky ligands between the Fe 
chalcogenide layers allows further expansion of the interlayer space16,17 and contributes in tuning 
interactions of Fe-amine complexes with chalcogenide fragments.18–20 Ethylenediamine (en) has 
been widely used as both a bidentate ligand and a solvent in the synthesis of such materials due to 
its versatility, high tendency to coordinate with transition metals and compatibility with Fe-based 
chalcogenides.20–22  

In addition to layered chalcogenides, low-dimensional 1D hybrid metal chalcogenides are 
accessible by a solvothermal approach. For example, Goldberger et al. succeeded in the 
dimensional reduction of 2D TiQ2  (Q = S, Se) into hybrid 1D structures.23–25 We have shown that 
antiferromagnetic 1D [FeSe2]⁻ chains can be connected by [Fe(en)2]2+ units into a 3D framework 
in the crystal structure of [Fe(en)2](FeSe2)2.26 Using tridentate diethylenetriamine (dien), another 
quasi-1D compound, [Fe(dien)2](FeSe2)2 was obtained, where [FeSe2]⁻ chains are completely 
isolated and only weak N–H…Se hydrogen bonding interactions are present between [FeSe2]⁻ 
chains and [Fe(dien)2]2+ complexes.27 Purely inorganic compounds with antiferromagnetic [FeS2]⁻ 
or [FeSe2]⁻ 1D chains separated by alkali metal cations are also known, such as AFeQ2 (A = K, Rb, 
Cs; Q = S, Se).28–30 Recently, Johrendt et al. reported the synthesis of [Fe(en)3](FeSe2)2 which 
contains [FeSe2]‒ chains separated by non-covalently connected [Fe(en)3]2+ fragments, showing 
overall paramagnetic behavior.31 In all hybrid compounds with [FeSe2]⁻ chains, the nature of the 
amine ligand determines the connectivity and properties of the Fe-chalcogenide fragments. 

In this work, we used a combination of two spacer species, [Fe(en)3]2+ cations and Cl⁻ 
anions. In the crystal structures of [Fe(en)3]3(FeSe2)4Cl2 and [Fe(en)3]4(Fe14Se21)Cl2, cationic and 
anionic species co-exist between infinite Fe-Se components, stabilizing 1D and novel 2D Fe-Se 
fragments. There are no covalent connections between the three components which are held 
together by hydrogen bonding, ionic, and van der Waals interactions. Synthesis and crystal 
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structures of [Fe(en)3]3(FeSe2)4Cl2 and [Fe(en)3]4(Fe14Se21)Cl2, together with magnetic, 
Mӧssbauer, and vibrational properties of [Fe(en)3]3(FeSe2)4Cl2, are reported here. 

EXPERIMENTAL SECTION 

Synthesis 

Warning: Solvothermal reactions generate high pressures may produce various gaseous 
species, leading to the generation of extremely high pressures. Suitable high-strength reaction 
vessels are required to minimize the risk of an explosion. 

Phase-pure [Fe(en)3]3(FeSe2)4Cl2 was prepared by a solvothermal method. Stoichiometric 
amounts of iron (II) chloride tetra-hydrate (1 mmol ) and selenium powder (1 mmol) were placed 
in a Teflon liner (liner volume 23 mL) which was subsequently filled with 10 mL of 
ethylenediamine up to a ~ 43% filling fraction. The liner was placed in a stainless-steel autoclave 
and sealed. The reaction vessel was then placed in the furnace and dwelled at 433 K for 5-7 days, 
taken out of the furnace and naturally cooled to room temperature in the fumehood. The products 
were filtered and washed with 200 proof ethanol and allowed to dry on air. The resulting sample 
consists of black shiny needles. For characterization and property measurements, 
[Fe(en)3]3(FeSe2)4Cl2 samples synthesized using anhydrous iron (II) chloride and dry 
ethylenediamine under air-free conditions of Ar-filled glovebox were used.  

A sample of reference compound, [Fe(en)3]Cl2, was synthesized under air-free conditions 
in the glovebox as described above by the reaction of anhydrous iron (II) chloride (1 mmol) with 
10 mL of dry ethylenediamine and dwelling at 453 K for 2 days. Filtration with dry ethanol in the 
glovebox yielded an off-white powder which was assumed to be the target phase based on the 
resemblance of the powder X-ray diffraction (PXRD) pattern of the produced sample to that of 
[Co(en)3]Cl2 (Fig. S1).  

 [Fe(en)3]4(Fe14Se21)Cl2 crystals were selected from the products of a reaction containing 
iron, selenium, ammonium chloride, 1,10-phenanthroline in an excess of ethylenediamine. 
Synthesis of single-phase samples of this phase was unsuccessful, but we observed the formation 
of  an analogous phase in small quantities by PXRD as one of the products in 1,10-phenanthroline 
-free conditions, namely in a solvothermal reaction of elemental iron with selenium in the presence 
of ammonium bromide in a solvent mixture of ethylenediamine and glycerol at 443 K.  

More experimental details about the synthesis of both title compounds are provided in the 
Supporting Information. 

Characterization 

Samples of [Fe(en)3]3(FeSe2)4Cl2 were stored and prepared for property measurements 
under argon. PXRD was performed on a bench top Rigaku 600 Miniflex with Cu-Kα radiation (λ 
= 1.54185 Å) and a Ni-Kβ filter. Comparison of calculated and experimental patterns show a slight 
inconsistency in peak intensities due to preferred orientation of needle-like crystals (Fig. S2). The 
high background in the experimental pattern is due to fluorescence of Fe atoms in the sample upon 
exposure to incident Cu-Kα radiation. 
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 Phase-pure [Fe(en)3]3(FeSe2)4Cl2 sample was also characterized by in-situ synchrotron 
PXRD at beamline 17-BM-B (λ = 0.24153 Å) at the Advanced Photon Source located at Argonne 
National Laboratory, single crystal  X-ray diffraction (SCXRD), 57Fe Mössbauer spectroscopy, 
SQUID magnetometry, Energy Dispersive X-ray Spectroscopy (EDS), and Fourier Transform 
Infrared spectroscopy (FTIR) techniques. More information about the characterization techniques 
is given in the Supporting Information. 

RESULTS AND DISCUSSION 

Synthesis of (FeSe2)4[Fe(en)3]3Cl2 

[Fe(en)3]3(FeSe2)4Cl2 was first synthesized as a byproduct while attempting to synthesize 
Fe selenides using 2,2’-bipyridine (bpy) as a ligand at 473 K. At first, it was assumed that bpy is 
required as a template to help this phase grow (Table S1). Later, however, reactions were 
conducted using FeCl2⋅4H2O in an excess of ethylenediamine at a lower temperature of 433 K. 
With an excess of the soluble iron salt, [Fe(en)3]3(FeSe2)4Cl2 was obtained as the major product 
along with [Fe(en)3]Cl2. Synthesis using FeCl2⋅4H2O and Se in a 1:1 molar ratio and longer 7-day 
treatment  produced an almost phase-pure sample of [Fe(en)3]3(FeSe2)4Cl2 with unknown trace 
admixtures. Hence, bpy is not needed as a template for this phase to form. Here, all preparations 
and treatments of the starting materials were carried out on the bench top at ambient temperatures 
and humidity.  

The use of NH4Cl as a mineralizer to drive the reaction to completion and ensure 
crystallinity of the final product was not followed in the synthesis of [Fe(en)3]3(FeSe2)4Cl2. This 
is quite different from our previous works3,26,27 where the Fe starting material was in powdered 
metal form. In the current reactions, iron (II) chloride reacts with elemental Se to give the desired 
product without the need for additional reducing agents to form Se2– ions. Use of iron (III) chloride 
and elemental Se as the starting materials in ethylenediamine solvent yields [Fe(en)3](FeSe2)2 or 
[Fe(en)2](FeSe2)2 as the main products. This clearly indicates that the oxidation of Fe2+/Fe3+ (0.77 
V) cannot solely cause a reduction of Se0/Se2- (–0.92 V).32 It is hypothesized that ethylenediamine 
assists in this process as an unconventional reducing agent.21 In fact, it was shown that S or Se can 
be reduced by ethylenediamine at solvothermal conditions.33,34 

According to reactions conducted in the laboratory, [Fe(en)3]3(FeSe2)4Cl2 is stable up to 
473 K but forms with byproducts at elevated temperatures. 433 K was found to be the optimal 
temperature to synthesize this phase (Table S1). Starting from elemental Fe powder instead of iron 
chloride resulted in the formation of target phase but in the form of fine powders, even if an excess 
of NH4Cl was used. Crystal growth is only favored in the presence of an excess of Cl– in the 
reaction medium, from the dissolution of FeCl2⋅4H2O, and above 423 K. An excess of selenium in 
the reaction mixture results in [Fe(en)3]Se3 admixtures, while 1-3 day thermal treatment gives FeSe 
and FeSe2 byproducts.  

The same optimized reaction was conducted in an argon-filled glovebox in an oxygen and 
moisture-free environment using dry ethylenediamine and anhydrous iron chloride, which resulted 
in the targeted phase with no admixtures (Table S1). This observation indicates that moisture does 
not play a role in the synthesis of [Fe(en)3]3(FeSe2)4Cl2. However, regardless of the synthetic 
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Figure 1. Top: Schematic of in-situ PXRD set-up for solvothermal systems at 17 BM-B. Bottom: 
Contour plot of the in-situ reaction of FeCl2⋅4H2O + Se in ethylenediamine in an open capillary 
under 500 psi pressurized nitrogen. 

  

To investigate the formation of [Fe(en)3]3(FeSe2)4Cl2, in-situ studies were done at the 17 
BM-B beamline at the Advanced Photon Source at Argonne National Laboratory. The sample was 
contained in a capillary filled with solvent and subjected to 500 psi pressure of N2 gas. Formation 
of [Fe(en)3]Cl2 by the reaction of FeCl2⋅4H2O with ethylenediamine was observed at room 
temperature (Fig. 1). Under a slow heating rate of 3 K/min, [Fe(en)3]Cl2 completely dissolved at 
~373 K, followed by the formation of tetragonal β-FeSe (P4/nmm). This binary phase went into 
solution or amorphized at ~433 K and sustaining that temperature for 10 minutes did not show any 
sign of formation of the target phase, [Fe(en)3]3(FeSe2)4Cl2. Only selenium diffraction peaks were 
observed until around its melting point of 493 K. Upon further heating, no crystalline diffraction 
peaks showed up in the 493-523 K range. Above 523 K, orthorhombic FeSe2 (Pnnm) formed. 
Afterwards, no traces of the target phase were observed up to 623 K. The experiment was repeated 
with identical results, indicating that kinetic factors affect the reaction, which cannot be probed by 
short (2-4 hour) synchrotron experiments. To gain further insight into kinetic effects, laboratory 
reactions were conducted with short dwelling periods (0.5-2 hour), which yielded a mixture of 
compounds including [Fe(en)3]Se3 with no binary selenides or the target phase 
[Fe(en)3]3(FeSe2)4Cl2 (Fig. S6). Therefore, it is evident that the reaction mixture should be 
subjected to longer in-furnace thermal treatment to form [Fe(en)3]3(FeSe2)4Cl2. This assumption is 
supported with presence of binary FeSe and the target phase in the products of 1-3 days long 
reactions. Concentration effects may also play a role: for laboratory experiments, reactants were 
loaded in 20 mg/mL concentrations, while for synchrotron experiments, the volume is limited, and 
much larger concentrations of 5000 mg/mL were used.   

Crystal Structure 

[Fe(en)3]3(FeSe2)4Cl2 crystallizes in the monoclinic space group C2/c (No. 15), with cell 
parameters of a = 23.212(4) Å, b = 11.277(2) Å, c = 19.767(4) Å, and β = 90.124(2)° and consists 
of [FeSe2]⁻ chains that propagate along the [010] direction. The chains are separated by [Fe(en)3]2+ 
cations and charge-balancing chloride anions (Fig. 2A). There are two different types of Fe atoms 
in the crystal structure. Fe1 and Fe2 atoms are coordinated by four Se atoms each, forming FeSe4 
tetrahedra, which share opposite edges to form the [FeSe2]⁻ chains (Fig. 2B). The FeSe4 tetrahedra 
are distorted, with an average Fe-Se distance of 2.385(5) Å. The shortest Fecomplex-Fechain distance 
is 5.275(7) Å, which is much longer than the shortest intrachain Fe-Fe distance of 2.903(1) Å, 
while the shortest Se-Se distance is 3.678(1) Å. The Fe3 and Fe4 atoms are octahedrally 
coordinated by three bidentate en ligands (Figs. 2B and 2C). The anionic chains and cationic 
complexes are not covalently connected (Fig. 2D). The average Fe-N distance is 2.204(7) Å, which 
is indicative of the high spin Fe2+ ion, because low-spin Fe2+ or any Fe3+ typically exhibit shorter 
Fe-N distances of ≤ 2.0 Å.35–37 Charge-balancing Cl‒ ions occupy 4e sites in the structure and are 
surrounded by [Fe(en)3]2+ complexes (Figs. 2B and 2D), forming N-H⋯Cl hydrogen bonding at 
distances of 2.42 – 2.71 Å for H⋯Cl. The Cl‒ anions are arranged in channels along the [111] 
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Table 1. Selected properties for [FeSe2]⁻ chains found in different compounds. 

Structure 
[reference] 

∠ Fe-Fe-
Fe (°) 

∠ Fe-Se-
Fe (°) 

Se planes 
dihedral 
∠ (°) 

Fe-Fe bond 
distance (Å) 

Type of 
magnetic 
exchange 

Calculated 
BVS of chain 

Fe atoms  
[Fe(tren)](FeSe2)2 
[27] 

157.82 70.55 – 
72.89 

170.29 2.73 – 2.79 FM Fe6 +3.11 
Fe7 +3.19 

[Fe(en)3]3(FeSe2)4Cl2 
[current work] 

160.89(3) 73.98(4) – 
76.64 (4) 

176.68(7) 2.904(1) – 
2.932(1)  

AFM Fe1 +3.01 
Fe2 +3.02 

[Fe(en)3](FeSe2)2 [31] 164.41 77.49 – 
77.51 

180.0 2.95 – 2.98 AFM Fe1 +3.03 
Fe2 +3.09 

[Fe(dien)2](FeSe2)2 
[27] 

169.16 75.23 – 
75.31 

178.28 2.91 – 2.92 AFM Fe1 +3.01 

[Fe(en)2](FeSe2)2 [26] 176.41 74.99 – 
76.22 

170.07 2.87 – 2.94 AFM Fe1 +3.13 

KFeSe2 [29] 177.00 73.02  180.0 2.82  AFM Fe1 +3.17 
 

FTIR spectroscopy 

Fourier Transform Infrared (FTIR) spectra of [Fe(en)3]3(FeSe2)4Cl2 and [Fe(en)3]Cl2 were 
measured in the 400 – 4000 cm-1 range to compare bonding vibrational modes of the complexes 
(Fig. 4). The spectrum of solution-phase ethylenediamine was obtained from the NIST Chemistry 
WebBook, SRD 69.39 [Fe(en)3]Cl2 is expected to have isolated tris-en complexes surrounded by 
Cl- anions in analogy to [Co(en)3]Cl2.40 A comparison of the spectra for [Fe(en)3]3(FeSe2)4Cl2 and 
[Fe(en)3]Cl2 shows a significant restructuring of the N-H stretching region centered ~3250 cm-1 

and a red shift in the N-H stretching and rocking bands of the [Fe(en)3]3(FeSe2)4Cl2 spectrum, 
probably due to weak N-H⋯Se hydrogen bonding.41 The low-frequency FTIR spectrum (Fig. S7) 
obtained in the 30-500 cm-1 range shows the [Fe(en)3]2+ chelate ring deformation and Fe-N 
vibrational modes appearing below 500 cm-1.42 According to Thornton et al. all the N-Fe-N 
bending frequencies show up in the ~100 – 300 cm-1 range.43 Fe-Se lattice vibrations are expected 
to give bands below 100 cm-1 (Figure S7: inset), but we have insufficient experimental data for 
complete interpretation of  those bands with certainty. 



10 
 



11 
 

293 K match those of the room temperature Mössbauer spectrum of RbFeSe2.46 The higher δ and 
∆ΕQ values of the Q2 component are similar to those (δ = 0.88 mm/s and ∆ΕQ = 0.86 mm/s) reported 
for [Fe(en)2](FeSe2)2, which contains Fe2+ in a distorted octahedral environment of 4 N and 2 
remote Se atoms.26 As seen in Table 2, the δ values decrease with increasing temperature for both 
components, in accordance with the temperature-dependent contribution to the centroid shift 
caused by the second order Doppler effect. The relative intensity of the first component increases 
with temperature, while the relative intensity of the second component decreases. This indicates a 
rapid decrease in the recoil free fraction of the second component, which results in the 
redistribution of relative intensities.47 Comparison of the spectra at three different temperatures 
shows how the ∆ΕQ value for the second component decreases from 1.80 mm/s at 6 K to 0.60 
mm/s at 293 K. This decrease in ∆ΕQ, most likely stems from a change in the electron density 
distribution over asymmetrically occupied degenerate orbital states of Fe2+ that is temperature 
sensitive.48  

 

Figure 5. 57Fe Mössbauer spectra for [Fe(en)3]3(FeSe2)4Cl2 measured at various temperatures. 
Experimental data: red; calculated spectrum: black dots; Fe3+: blue; Fe2+: green. 

Table 2. Summary of refined Mössbauer parameters for [Fe(en)3]3(FeSe2)4Cl2, measured at 6 K, 
100 K, and 293 K: centroid shift, δ, quadrupole splitting, ∆ΕQ, full-width at half-maximum, Γ, and 
intensity, I, of the different components, Q1, first row, and Q2, second row. Estimated standard 
deviations are I ± 2%, δ and ∆ΕQ ± 0.005 mm/s, and Γ ± 0.05 mm/s. 

 

 

 

 

 

 

 

 Temperature 6 K 100 K 293 K 
Component Q1 
HS-Fe3+ 

δ1 (mm/s) 
∆ΕQ1 (mm/s) 
Γ1 (mm/s) 
I1 (%) 

0.358 
0.432 
0.37 
44 

0.358 
0.398 
0.27 
53 

0.264 
0.350 
0.28 
65 

Component  Q2 
HS-Fe2+ 

δ2 (mm/s) 
∆ΕQ2 (mm/s) 
Γ2 (mm/s) 
I2 (%) 

1.126 
1.801 
0.49 
56 

1.080 
1.503 
0.42 
47 

0.958 
0.601 
0.42 
35 
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Magnetic properties 

[Fe(en)3]3(FeSe2)4Cl2 exhibits paramagnetic behavior without signs of magnetic ordering 
down to 1.8 K (Fig. 6). The FC and ZFC magnetic susceptibility (χ) curves coincide at high 
temperatures and show a small divergence at lower temperatures (Fig. 6). A modified Curie-Weiss 
fit, 1/χ = 1/(χₒ + C/(T–θ)), which accounts for a temperature-independent paramagnetic 
contribution, χₒ, gave the best-fit values of  χₒ = 0.065(2) emu/mol, C = 11.3(7) emu⋅K/mol and θ 
= −10.9(4) K. The negative value of the asymptotic Weiss temperature indicates antiferromagnetic 
(AFM) interactions between the nearest-neighbor Fe3+ ions within the [FeSe2]⁻ chains. The 
intrachain Fe--Fe exchange interaction is affected by a combination of several factors including 
Fe-Fe distances, Fe-Fe-Fe angles and Fe-Se-Fe angles in the chains.  

For [Fe(en)3]3(FeSe2)4Cl2, the average Fe-Fe distance is ~2.9 Å, while the Fe-Se-Fe angles 
vary from 73.98(4)° – 76.64(4)° (Table 1). The AFM interactions in [Fe(en)3]3(FeSe2)4Cl2 are 
significantly weaker than those in the previously reported [Fe(en)2](FeSe2)2 with θ = −105(8) K.26 
The stronger exchange in [Fe(en)2](FeSe2)2 can be explained by the minimal distortion from linear 
chains resulting from complex-chain covalent bonding and slightly shorter Fe-Fe distances of 2.87 
Å (Table 1). On the contrary, [Fe(tren)](FeSe2)2, which has two covalent bonds from [Fe(tren)]2+ 
to Se atoms in the same chain, has the highest degree of distortion and shows strong ferromagnetic 
nearest-neighbor interactions (θ = +145 K).27 A change in the type of exchange may have been 
caused by the bending of chains and shortening of Fe-Fe distances to 2.73 – 2.79 Å in 
[Fe(tren)](FeSe2)2. Therefore, the type of Fe-Fe magnetic interactions in [FeSe2]– chains is 
sensitive to the bending of the chain and, correspondingly, to the Fe-Fe interatomic distances. In 
the absence of covalent interactions between [FeSe2]– chains and amine complexes, chain 
distortion was observed without significant shortening of the Fe-Fe distances (Table 1) resulting 
in weaker AFM interactions in the crystal structures of [Fe(en)3](FeSe2)2 (θ = −6.4 K)31 and 
[Fe(dien)2](FeSe2)2 (θ = −5.2 K).27 The novel compound [Fe(en)3]3(FeSe2)4Cl2 exhibits 
intermediate Fe-Se chain distortion with relatively long Fe-Fe distances, comparable to those in 
[Fe(en)3](FeSe2)2 and [Fe(dien)2](FeSe2)2, and thus the observed magnetic nearest neighbor 
interactions are similar for the three compounds with non-covalent bonding between Fe-Se chains 
and Fe amine complexes. 

An effective magnetic moment, μeff, obtained from the modified Curie-Weiss fit is 9.51 μB, 
corresponding to χT of 11.3 emu⋅K/mol, per formula unit, which is lower than the expected value 
of μeff = 14.57 μB, corresponding to χT of 26.5 emu⋅K/mol, resulting from the presence of four 
high-spin Fe3+ ions (5.92 μB, S = 5/2) and three high-spin Fe2+ ions (4.90 μB, S = 2) in 
[Fe(en)3]3(FeSe2)4Cl2. A similar reduced moment was observed for other compounds with [FeSe2]‒ 
chains.26,27,29,31 One possible explanation for this is the partial quenching of the Fe3+ magnetic 
moment due to the covalency of the Fe-Se bonds.  
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Table 3. Volumes of FeSe4 tetrahedra and bond valence sum (BVS)38 for all Fe atoms in the 
Fe14Se21 layer in the crystal structure of [Fe(en)3]4(Fe14Se21)Cl2. Fe4 connects parallel and 
perpendicular fragments.  

 Atom Volume of FeSe4 
(Å3) 

Calculated BVS Tentative 
oxidation state 

Parallel segment Fe1 6.97 +2.99 +3 
Fe2 6.92 +3.06 +3 
Fe3 7.03 +2.94 +2 

 Fe4 6.99 +2.90 +2 
Perpendicular segment Fe5 6.86 +3.08 +3 

Fe6 7.05 +2.56 +2 
Fe7 6.98 +2.95 +3 

The volume of Fe2+Se4 tetrahedra in β-FeSe is 6.93 Å3 and that of Fe3+Se4 tetrahedra in 
[Fe(en)2](FeSe2)2 is 6.76 Å3, which indicates the expected shrinking in tetrahedral volume as the 
charge on the Fe atoms increase. However, the Fe3+Se4 tetrahedra in [Fe(en)3](FeSe2)2 have a 
volume of 6.78 – 6.83 Å3 due to distortion in the FeSe2 chains.31 In [Fe(en)3]4(Fe14Se21)Cl2, the 
Fe3+Se4 tetrahedra have volumes varying from 6.86 – 7.05 Å3 (Table 3). The bond-valence sum 
analysis gives oxidation states for Fe ranging from +2.56 to +3.08 (Table 3). Fe6 has the largest 
tetrahedral volume and the lowest BVS of +2.56, indicating a +2 oxidation state. Fe5 and Fe2 have 
the smallest tetrahedral volumes and the largest BVS and can be assigned a +3 oxidation state. The 
other four Fe atoms have similar volumes and BVS, so the assignment of their oxidation states is 
speculative and solely based on the electron balanced assumption. This means that the Fe14Se21 
layers may not have tetrahedral Fe atoms with stable oxidation states of +2 or +3, but instead the 
Fe atoms may have an intermediate oxidation state due to delocalized electron density. Another 
possibility is that the Fe14Se21 layers are not charge balanced and have metallic properties. 
Unfortunately, Mössbauer spectroscopy or resistivity studies could not be performed to confirm 
the oxidation states, due to the inability to synthesize phase-pure bulk samples.  

CONCLUSIONS 

Two new compounds with infinite Fe-Se tetrahedral components are reported. Using two 
types of counter-ions, positively charged tris-ethylenediamine complexes and negatively charged 
chloride anions allowed us to stabilize new arrangements of linear FeSe2 tetrahedral chains in the 
crystal structure of [Fe(en)3]3(FeSe2)4Cl2 and novel 2D puckered Fe14Se21 layers in the crystal 
structure of [Fe(en)3]4(Fe14Se21)Cl2. Both compounds are mixed-valent. For [Fe(en)3]3(FeSe2)4Cl2, 
Mössbauer spectroscopy confirmed a +2 oxidation state for Fe in the tris-ethylenediamine complex 
and a +3 oxidation state for Fe in the tetrahedral chains. Magnetic characterizations indicate 
antiferromagnetic interactions within FeSe2 tetrahedral chains, but no long-range magnetic 
ordering was detected down to 1.8 K. Weak interchain AFM correlations mediated by the  
[Fe(en)3]2+ cations causes magnetic frustration, giving rise to a spin glass state. The more complex 
crystal structure of [Fe(en)3]4(Fe14Se21)Cl2 is expected to have mixed valent +2/+3 Fe atoms within 
the Fe14Se21 layers. The stabilization of novel structural fragments reveals the potential to use a 
cation/anion combination to produce novel magnetic Fe chalcogenides.  
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Novel low-dimensional mixed-valent compounds, 1D [Fe(en)3]3(FeSe2)4Cl2 (en = 
ethylenediamine) and 2D [Fe(en)3]4(Fe14Se21)Cl2 have been synthesized by solvothermal methods. 
In both compounds, Fe-Se fragments, either tetrahedral chains or unique puckered layers, are 
stabilized by two types of ions, [Fe(en)3]2+ cations and Cl⁻ anions. Weak interchain 
antiferromagnetic correlations in [Fe(en)3]3(FeSe2)4Cl2, give rise to a spin glass state. This work 
reveals the potential of using cation/anion combinations to stabilize novel iron-based magnetic 
chalcogenides. 

 

 


