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ABSTRACT 

We report two solvothermal pathways towards intercalated iron-sulfide, 

[Fe8S10]Fe(en)3·en0.5 (en = ethylenediamine), featuring [Fe8S10]2– layers stacked by [Fe(en)3]2+ 

cations and free ethylenediamine molecules. [Fe8S10]Fe(en)3·en0.5 is synthesized in a simple 

single-step method from Fe and S in ethylenediamine with addition of NH4Cl mineralizer as well 

as from solvothermal treatment of mackinawite, tetragonal FeS. In situ synchrotron powder X-ray 

diffraction experiments reveal a clear transformation of tetragonal FeS into [Fe8S10]Fe(en)3·en0.5 

upon reaction with ethylenediamine. In-house control synthetic experiments confirmed the 

chemical process, whereby ethylenediamine leaches iron solely from the tetragonal Fe-S layers to 

form [Fe(en)3]2+ complexes and thereby oxidizing the intralayer iron to Fe2.25+. Our report 

emphasizes that, in layered iron-chalcogenides, diamines can intercalate as charged coordination 

complexes in tandem with neutral diamine molecules. 
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INTRODUCTION 

Intercalation into tetragonal iron chalcogenides has been of high interest to understand the 

interplay of superconductivity and magnetism with structural and compositional variations. The 

parent compounds, tetragonal iron sulfide (mackinawite FeS) and selenide (β-FeSe), exhibit 

superconductivity below 5 K and 8 K, respectively.1-4 In these parent compounds iron atoms are 

arranged in a square net, tetrahedrally coordinated by a chalcogen (Ch) atoms to make neutral Fe-

Ch layers. The layers are stacked via van der Waals interactions making them ideal candidates for 

intercalation.5 As such, a variety of novel intercalates such as alkali metal hydroxides,6 alkali metal 

amides,7 and diamines8-10 have been reported to enhance the superconductivity onset (Tc) up to 45 

K.5  

Intercalation from liquid ammonia as well as hydrothermal intercalation of alkali 

hydroxides have produced notable structures. Numerous studies on Li0.6(NH2)y(NH3)1-yFe2Se2 

showed ammonia could facilitate alkali metal insertion, and could also participate in the 

intercalation itself as both a molecular spacer and in reacting to form LiNH2 units.7, 11-12  In the 

case of the (LiOH)FeSe system, it was shown that intercalation can result in antisite defects where 

Li and Fe can be interchanged in the hydroxide layer.6, 13 

The current report describes a dual-role diamine intercalate of the simplest example, 

ethylenediamine. We demonstrate its ability to intercalate as free ligand and as coordinating 

species analogous to the liquid ammonia system, as well as its ability to extract iron from the FeCh 

layer into the interlayer space like the LiOH system.  

While van der Waals stacking allows for a variety of intercalates, full structural 

characterization of the intercalation products is a challenge due to weak interlayer interactions, 

often resulting in a high degree of twinning, stacking faults, and gradients of intercalate 

concentration. This leads to low crystal quality and substantial non-uniform broadening of the 
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diffraction peaks. As such many reports have had to rely on refinement of moderate quality powder 

diffraction data to model the crystal structure.8-9, 14-15 Intercalations with diamines can increase the 

complexity for modeling. The structure within the Fe-Ch layers, composed of the strongest X-ray 

scatterers in the compound, can generally be modeled with a high degree of confidence because of 

its inherent rigidity and regularity. The intercalates on the other hand are made up of weakly 

scattering lighter atoms (C, N, and H), which makes the intercalates composition and structure 

contributions near negligible towards diffraction peak intensities and refinement statistics. In the 

case of ammonia intercalation, neutron diffraction proved crucial to fully determine the structure.7 

However, deuteration of diamine samples is extremely cost prohibitive. For example, this report 

features [Fe8S10]Fe(en)3·en0.5 which would cost over $200,000 in commercial sources of 

deuterated d8-ethylenediamine to synthesize enough sample for a neutron powder diffraction 

experiment. 

Furthermore, diamine intercalates demonstrate a high degree of structural flexibility due to 

the reactivity of diamines, which have a high propensity to chelate transition metals, including 

Fe.16-17 This propensity for iron can not only leach Fe from the Fe-Ch layers but also produce in 

situ new intercalating species, Fe-diamine chelation complexes. Iron migration from Fe-Ch layers 

to the interlayer space adds a particular challenge when finding the composition by spectroscopic 

methods like energy dispersive X-ray spectroscopy. Even when disregarding potential depletion 

of crystals with chalcogen upon electron irradiation, an experimentally observed ratio of Fe to Ch 

as Fe1Ch1 may actually correspond to an Fe-vacancy layer combined with Fe-intercalate, [Fe1– 

xCh][Fex(diamine)]. 

We focused on the simplest diamine intercalation system, Fe-S-en, (en = ethylenediamine). 

This report details the synthetic method and complex crystal structure of [Fe8S10]Fe(en)3·en0.5 and 
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demonstrates how this compound can be formed in situ by the reaction of tetragonal FeS and en. 

We have chosen to highlight [Fe8S10]Fe(en)3·en0.5 because it brings up crucial aspects of diamine 

intercalated iron-chalcogenides. Our report shows that ethylenediamine can not only intercalate 

between Fe-S layers as a free ligand and as an iron-diamine coordination complex in the same 

compound but also can in situ leach Fe from the tetragonal Fe-S layers. 

RESULTS & DISCUSSION 

[Fe8S10]Fe(en)3·en0.5 was first reported by Jing Li et al. in 2010.18 Single crystal X-ray 

diffraction from our sample confirms it crystallizes in the monoclinic space group P21/c (No. 14) 

and is composed of [Fe8S10]2– square tetrahedral layers intercalated by [Fe(en)3]2+ octahedral 

complexes as well as free ethylenediamine molecules (a = 8.3633(5) Å, b = 33.225(2) Å, c = 

20.543(1) Å, β = 90.111(1)°). The average Fe–N distance of 2.22(2) Å indicates a high spin Fe2+ 

ion in the [Fe(en)3]2+ octahedral complex.16, 19 The layers themselves are like those in mackinawite 

FeS, but with one fifth of the sites vacant in an ordered motif (Figure 1), resulting in a √5 × 4√5 

superstructure in the plane of the Fe-S layer and a ca. 5.2 Å increase in the interlayer spacing. The 

vacancies originate to partially balance the charge of the intercalated [Fe(en)3]2+ species. In 

mackinawite iron atoms form a perfect square net on the (001) plane, whereas in 

[Fe8S10]Fe(en)3·en0.5 they form a puckered sheet due to the Fe atoms displacement by 0.5 Å from 

the (001) plane. The ordered vacancies and puckered layers result in the distortion of the FeS4 

tetrahedra with ∠S-Fe-S ranging 99-123°. [Fe(en)3]2+ octahedra of the same chirality intercalate 

each layer leading to alternating planes of Λ and Δ isomers in ABAB fashion.  
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[Fe8S10]Fe(en)3en0.5 was synthesized via a solvothermal method by combining elemental 

iron and sulfur powders in ethylenediamine used as both solvent and reagent, with the addition of 

ammonium chloride as a mineralizer. This highly reproducible synthesis produces 

[Fe8S10]Fe(en)3·en0.5 as dark brown platelets, ca. 0.5 x 0.5 x 0.001 mm3, and a byproduct of 

Fe(en)3Cl2 as white chunks. Subsequent washing with ethanol leaves clean [Fe8S10]Fe(en)3·en0.5, 

as determined by benchtop powder X-ray diffraction (PXRD).  Further characterization by high 

resolution synchrotron PXRD verified sample homogeneity (Figure S3). Thermal gravimetric 

analysis shows the as prepared sample is stable up to 200 °C, at which point, a significant weight 

loss is observed indicating decomposition. Details of the synthetic methods and synchrotron PXRD 

analysis are provided in the SI. 

Based on our synthetic attempts we hypothesized that ethylenediamine can in situ leach Fe 

from Fe-S layers of mackinawite leading to an oxidation of intralayer iron form Fe2+ in neutral 

FeS layers to Fe2.25+ in [Fe8S10]2– layers. The precursor, mackinawite, was prepared solvothermally 

from Fe and S in dimethylformamide at 150 °C for one day. PXRD analysis of the products reveals 

a black powder with mackinawite, tetragonal FeS, as the major phase along with admixtures of 

hexagonal Fe1-xS and elemental Fe. Solvothermal treatment of that mixture with excess of 

ethylenediamine in presence of NH4Cl mineralizer yielded [Fe8S10]Fe(en)3·en0.5. As opposed to 

the synthesis from elements, where [Fe8S10]Fe(en)3·en0.5 crystals grew as large platelets, synthesis 

from mackinawite resulted in a fine black powder indicating that transformation of finely ground 

mackinawite to [Fe8S10]Fe(en)3·en0.5 is topotactic. 

In situ synchrotron PXRD experiments conducted at beamline 17-BM-B at the Advanced 

Photon Source at Argonne National Laboratory were used to further investigate the structural 

transformation from FeS (mackinawite) to [Fe8S10]Fe(en)3·en0.5. Full details of the in situ 
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synchrotron PXRD setup specific to solvothermal samples are described elsewhere.16 A few 

milligrams of FeS starting material were added to a silica capillary which was subsequently filled 

with ethylenediamine and pressurized with He to simulate solvothermal conditions. The sample 

was then heated from 25 °C to 240 °C with a hot air blower at a constant rate of 3 °C/min. For 

cooling, heaters were switched off and data was collected until the sample reached 30 °C. 

As shown in Figure 2, FeS (mackinawite), and minor amounts of Fe1-xS (hexagonal) and 

elemental Fe are the starting materials. At about 70 °C a new peak begins to form at 0.6 Å-1 (d ~ 

10.4 Å) concurrent  with shifting of the peak at 1.25 Å-1 to 1.21 Å-1 (d ~ 5.2 Å), corresponding to 

the most intense (002) and (004) peaks of [Fe8S10]Fe(en)3·en0.5. As the sample is heated, 

[Fe8S10]Fe(en)3·en0.5 peaks continue to grow along with a commensurate loss of intensity of 

mackinawite peaks. Beyond 210 °C there is no further evidence of crystalline mackinawite. 

[Fe8S10]Fe(en)3·en0.5 peaks continue to sharpen as the sample reaches 240 °C. No substantial 

transformations, besides temperature-induced unit cell contraction, are observed upon cooling. 

The final pattern shows [Fe8S10]Fe(en)3·en0.5 as the major phase with Fe1-xS (hexagonal) and 

elemental Fe remaining. 
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To ensure elemental Fe or hexagonal Fe1-xS are not required to transform mackinawite into 

intercalated [Fe8S10]Fe(en)3·en0.5, several control experiments were performed. First, a strong 

permanent magnet was used to mechanically remove elemental Fe, resulting in a sample of 

mackinawite (~62% wt.) with hexagonal Fe1-xS as the only detectable crystalline impurity (Figure 

S4). Once again, the transition from mackinawite to [Fe8S10]Fe(en)3·en0.5 was reproduced 

successfully in a laboratory experiment (Figure S5). Second, a sample of single-phase hexagonal 

Fe1-xS was reacted with ethylenediamine in the presence of NH4Cl for 3 days at identical 

solvothermal conditions and no changes in the starting Fe1-xS were found (Figure S5). Thus, the 

only component which is chemically modified by the reaction with ethylenediamine and the only 

source of Fe for chelating tris-en complexes is mackinawite. 

As depicted in Figure 3, we propose that solvothermal treatment of mackinawite allows 

ethylenediamine to not only intercalate the Fe-S layers but also create intralayer Fe vacancies. 

Ethylenediamine’s strong affinity to chelate Fe results in penetration of the tetragonal FeS layers 

to bond with Fe, producing stable [Fe(en)3]2+ cations. Starting from an Fe10S10 layer, two Fe atoms 

must be leached, forming an [Fe8S10]2– layer and two [Fe(en)3]2+ cations. One cation, along with 

uncoordinated ethylenediamine, pack the interlayer space producing [Fe8S10]Fe(en)3·en0.5, while 

the remaining [Fe(en)3]2+ is presumed to stay in solution and ultimately crystallize as the byproduct 

Fe(en)3Cl2. The process results in an oxidation of the intralayer Fe because the average oxidation 

state is changing from +2 in the neutral FeS layer of mackinawite to +2.25 in the negatively 

charged layer of  [Fe8S10]2–. The conversion of FeS to [Fe8S10]Fe(en)3·en0.5 was reproduced with 

handling chemicals and solvents and loading and opening autoclaves in the Ar-filled glovebox 

under air-free conditions, thus excluding oxygen as oxidizer. Ethylenediamine is known to exhibit 

substantial red/ox activity in the solvothermal synthesis of metal chalcogenides,16, 27 and we 
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three calculated powder patterns are plotted in Figure 4, with an experimental high-resolution 

synchrotron PXRD pattern [Fe8S10]Fe(en)3·en0.5 for comparison. One can see that removal of either 

Fe or all ethylenediamine species from the interlayer space only slightly affects the idealized 

PXRD patterns. On top of that, potential stacking defects and imperfections due to compositional 

gradients may produce misleading results of Rietveld refinement. Although the rich chemistry of 

diamine intercalation can add complexity, that inherent complexity opens a multitude of pathways 

to modify the composition, structure, and properties of intercalated phases via soft chemical 

methods. 

 

Figure 4. High resolution synchrotron PXRD pattern (black) plotted against its calculated pattern 

[Fe8S10]Fe(en)3·en0.5 (red) and hypothetical patterns with all ethylenediamine removed (blue) and 

all interlayer Fe removed (magenta) from [Fe8S10]Fe(en)3·en0.5. Inset highlights the Q region (9.0 

Å ≥ d ≥ 5.7) with the most pronounced differences.  
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