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Abstract 
 

We combine powder neutron diffraction, magnetometry and 57Fe Mössbauer spectrometry to determine the 

nuclear and magnetic structures of a strongly interacting weberite-type inorganic-organic hybrid fluoride, 

Fe2F5(Htaz). In this structure, Fe2+ and Fe3+ cations form magnetically frustrated hexagonal tungsten bronze 

(HTB) layers of corner sharing octahedra. Our powder neutron diffraction data reveal that, unlike its purely 

inorganic fluoride weberite counterparts which adopt a centrosymmetric Imma structure, the room-

temperature nuclear structure of Fe2F5(Htaz) is best described by a non-centrosymmetric Ima2 model with 

refined lattice parameters a = 9.1467(2) Å, b = 9.4641(2) Å and c = 7.4829(2) Å. Magnetic susceptibility and 

magnetisation measurements reveal that strong antiferromagnetic exchange interactions prevail in Fe2F5(Htaz) 

leading to a magnetic ordering transition at TN = 93 K. Analysis of low-temperature powder neutron 

diffraction data indicates that below TN, the Fe2+ sublattice is ferromagnetic, with a moment of 4.1(1) µB per Fe2+ 

at 2 K, but that an antiferromagnetic component of 0.6(3) µB cants the main ferromagnetic component of Fe3+, 

which aligns antiferromagnetically to the Fe2+ sublattice. The zero-field and in-field Mössbauer spectra give 

clear evidence of an excess of high-spin Fe3+ species within the structure and a non-collinear magnetic 

structure. 

 

 

Introduction 
 

Inorganic fluorides are increasingly recognised for their unique physical properties,1 including intriguing 

magnetic behaviours,2 multiferroicity,3 and ionic conductivity.4 Even so, inorganic fluorides and fluoride 

minerals tend to remain relatively understudied in comparison to their oxide counterparts. In particular, 
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regarding their magnetic properties, a common preconception is that the extreme electronegativity of the 

fluoride anion leads to less pronounced magnetic interactions in metal fluorides than in analogous metal 

oxides. However, the superexchange coupling of ~ 1000 K in the Ag2+ fluoride, KAgF3, certainly challenges this 

traditional notion, and far exceeds the typical energy scales of magnetic exchange in most inorganic oxides.5 

 

Of course, another widely celebrated class of materials that has emerged in recent years are inorganic-organic 

hybrid coordination frameworks, such as metal-organic frameworks (MOFs). These extended solids of metal 

ion centres connected via organic linker molecules result in porous structures with cavities in which cations, 

solvated species or gas molecules can be inserted. Numerous useful properties result from these features, 

including catalysis,6 gas storage or separation,7 and drug delivery.8 However, the magnetic properties of such 

coordination frameworks also tend to be less well-explored, again, arguably due to the generalisation that 

their less dense crystal structures disfavour the cooperative magnetic phenomena inherent to conventional 

inorganic solids. Excitingly, a growing number of research groups are working to dispel this idea, with a rich 

diversity of magnetic behaviours in coordination frameworks now beginning to capture the imagination of the 

magnetism community more widely.9-12 For instance, there are a few cases of inorganic-organic hybrid 

framework materials that have sufficiently dense structures that the magnetic ordering of their paramagnetic 

metal ion centres occurs above liquid nitrogen temperatures. Several prime examples are to be found within 

an extensive series of weberite-type inorganic-organic hybrid fluorides, M2+M3+F5(Htaz), where M2+ = Mn, Fe, 

Co, Ni, Cu, Zn, M3+ = Ti, V, Mn, Fe, Ga and Htaz is the organic linker 1,2,4-triazole.13,14 These hybrid 

frameworks, isostructural with ZnAlF5(Htaz),15 were recently reported by us to adopt an orthorhombic Imma 

structure at room temperature, closely related to that of the fluoride mineral weberite, Na2M2+M3+F7,16-18 and 

Fe2F5(H2O)2.19,20 The weberite structure is composed of intersecting and almost perpendicular hexagonal 

tungsten bronze (HTB) layers (Figure 1a), characterised by triangles of corner-sharing M2+ and M3+ octahedra 

(Figure 1b). More specifically, each of the cation triangles within the HTB layers is occupied by two M3+ 

cations and one M2+ cation such that each M3+ and M2+ cation belongs to four and two triangles, respectively. 

All fluoride weberites with paramagnetic M2+ and M3+ cations are known to exhibit dominant 

antiferromagnetic exchange interactions and, as such, an inherent geometric frustration of the magnetic 

interactions within the HTB layers of such systems is expected.21 

 

In our previous publication, we demonstrated – by magnetometry measurements and 57Fe Mössbauer 

spectrometry – that four compounds within this series of weberite-type inorganic-organic hybrid fluorides 

with three-dimensional magnetic connectivity order magnetically at temperatures significantly higher than is 

typical of magnetic coordination frameworks.13 Those based on cation groups of Fe2+/Fe3+/Ga3+, Co2+/Fe3+, 

Mn2+/Fe3+ and Mn2+/Fe2+/Fe3+ order magnetically at 80 K, 82 K, 100 K and 102 K, respectively, each with a net 

ferrimagnetic behaviour below TN. In the hybrid frameworks based on cations with strong magnetocrystalline 

anisotropy – Co2+ and Fe2+ – the direction of the magnetisation was observed to switch depending on the 

thermal and magnetic history of the sample. Interestingly, this behaviour is not seen in the fluoride mineral 

weberites, Na2M2+M3+F7, based on the same cation couples,22 and so appears unique to the hybrid framework 

analogues. As such, further investigation of the cooperative magnetic properties of this family of strongly 

interacting hybrid coordination frameworks, and a careful comparison of their features to those of their 

inorganic fluoride counterparts are worthwhile pursuits. Here, we exploit the sensitivity of neutrons to the 

light elements within the structure of these hybrid coordination frameworks, carbon, nitrogen and particularly 

hydrogen, as well as to the presence of an electronic moment of metal cations, to accurately determine the 

nuclear structure of the Fe2F5(Htaz) member of this series and follow the evolution of magnetic order below 

TN. In addition, we correlate the nuclear and magnetic structures of Fe2F5(Htaz) determined by variable 

temperature powder neutron diffraction with the results of the magnetometry measurements and 57Fe 

Mössbauer spectrometry. 

 



3 

 

 

 

 

Phil. Trans. R. Soc. A. 

 

 

 

Experimental Methods 
 

Phase pure, polycrystalline Fe2F5(Htaz) was synthesised by a microwave-assisted solvothermal method in 

ethanol from FeF2, FeF3, 4 % aqueous HF and 1,2,4-triazole (Htaz) at 160°C. We note that it was not necessary 

to deuterate our polycrystalline sample and that even with a hydrogen-containing material, we were able to 

obtain powder neutron diffraction data of sufficiently good quality for our analysis. Magnetometry 

measurements were performed on a Quantum Design SQUID Magnetic Properties Measurement System 

(MPMS) in applied fields of 0.1, 1 and 5 T. Susceptibility data were recorded over the temperature range 2 – 

300 K in zero field cooled (ZFC) and field cooled (FC) conditions. Magnetic hysteresis cycles were taken 

between –7 and +7 T. The molar diamagnetic contribution to the data was corrected by applying Pascal's 

constants, and the contribution of the sample holder has been removed from the data. 57Fe Mössbauer 

spectroscopy experiments were performed in transmission geometry with a 925 MBq γ-source of 57Co/Rh 

mounted on a conventional constant acceleration drive. The spectra were recorded between 10 – 300 K using 

either a bath cryostat or a cryomagnetic device generating an applied field parallel to the γ-beam. Data were 

analysed in the MOSFIT program, fitting quadrupolar and magnetic components of Lorentzian profile lines. 

α-Fe was used as a reference standard and the isomer shift values are quoted to that of α-Fe. Powder neutron 

diffraction data were collected on the GEM diffractometer at the ISIS Neutron and Muon Facility. 1 g of 

polycrystalline sample was packed into a 6 mm vanadium can and loaded into a He cryostat. Data were 

collected on warming in the range of 1.5 – 300 K, counting for approximately 2 hours per temperature. Data 

were analysed in multi-bank refinements using the GSAS software. For each diffraction pattern, the 

background was modelled by a shifted Chebyshev polynomial function. The DIFA diffractometer constant 

was refined (except for Bank 1, where it was kept fixed), along with profile parameters σ1 and γ1 of pseudo-

Voigt time-of-flight peak shape function. The time-of-flight absorption correction model in GSAS was also 

applied during the data analysis. 

 

Results and Discussion 
 

Nuclear Structure of Fe2F5(Htaz) 

The powder neutron diffraction data of Fe2F5(Htaz) were collected on all six detector banks of the GEM 

diffractometer at 300 K (Figure 2). At this temperature, the diffraction data can be indexed in the 

centrosymmetric orthorhombic space group Imma, and Rietveld analysis of the Imma structural model 

determined previously from X-ray diffraction yields a good fit to the powder neutron diffraction data with a 

total weighted R-factor, Rwp = 1.37 %. However, within this model, the isotropic thermal displacement of the 

hydrogen atoms at the H1 site of Htaz linker molecules are unusually large at 300 K (Table 1), and, 

unexpectedly, increase upon cooling from 150 K (H1 Uiso = 0.063(2) Å2) to 100 K (H1 Uiso = 0.075(4) Å). In an 

attempt to account for this anomalous behaviour, we subsequently applied an anisotropic treatment of the 

thermal displacements of the Htaz atoms within the Imma structure at 300 K. Not only was the refinement 

stable, but it also gave a significant improvement in the quality of the overall fit, with Rwp = 1.11 %. In this 

model, we maintain isotropic thermal displacements for the Fe and F sites, however, as we find a physically 

reasonable temperature variation for these parameters. Interestingly, what this anisotropic model refinement 

reveals is a large elongation of the thermal ellipsoids of the Htaz atoms along the b-axis of the Imma unit cell 

and significant displacement of the linker atoms out of the (010) mirror plane. Consequently, the loss of this 

symmetry element leads to a distortion of the Imma structure to the non-standard and non-centrosymmetric 

Im2a space group. As such, by inversion of the b- and c-axes and a shift of the atomic positions of the non-

standard setting, we can arrive at a model for the distorted structure in the standard space group setting, Ima2. 

By comparison, it is worth noting that the inversion symmetry of inorganic fluoride weberites, Na2NiFeF7 and 

Na2NiAlF7,23,24 and M2+FeF5(H2O)2 (M2+ = Mn, Fe, Zn),25,26 was also questioned in the early literature, with initial 
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proposals for the weberite structure in both centrosymmetric Imma and non-centrosymmetric Imm2 space 

groups. However, it was subsequently confirmed that, when observed, (hk0) reflections with h(k)  2n that led 

to the Imm2 space group assignment were only present due to a double diffraction Renninger effect.23 

 

In the present case, on the other hand, not only does Rietveld fitting the isotropic Ima2 model to the 300 K data 

(Figure 2) allow for a modest improvement of the refinement reliability over the isotropic Imma model (total 

Rwp = 1.26 %) but, more importantly, all isotropic thermal displacement values are now acceptable (Table 2). 

This nuclear structure refinement result is also confirmed for Fe2F5(Htaz) at 150 K (Rwp = 1.53 %) and 100 K (Rwp 

= 2.40 %) with isotropic thermal parameters of the hydrogen atom at the H1 site of Uiso = 0.024(2) Å2 and Uiso = 

0.015(3) Å2, respectively. A projection of the Ima2 crystal structure appears in Figure 1, with a list of selected 

bond distances and angles taken from the model refinement to data at 300 K given in Table 3. The mean Fe1-F 

and Fe2-F distances are consistent with Fe3+-F and Fe2+-F distances in FeF3 and FeF2, respectively,27,28 and the 

Fe-F-Fe angles – which ultimately govern the nature of magnetic interactions – are close to 145 °. Bond 

distance calculations indicate that the N2-H2…F1 hydrogen bonds are fairly strong with N…F distances of 

2.843(3) Å and N-H…F angles of 155.8(9) °. Conversely, the C-H…F hydrogen bonds are weak, with a bond 

length of 3.204(7) Å and a C-H…F bond angle of 168.7(2) °. 

 

Magnetometry 

Having determined the nuclear structure of Fe2F5(Htaz) in the non-centrosymmetric space group Ima2, we 

now turn to characterise the magnetic properties of this inorganic-organic hybrid coordination framework. 

Figure 3a shows the magnetic and inverse susceptibilities of Fe2F5(Htaz) measured in an applied field of 0.1 T. 

Above 160 K, the inverse susceptibility follows a linear Curie-Weiss behaviour from which we extract a Curie 

constant, C = 8.91 emu K mol–1, and a Weiss temperature, θ = –375(5) K. The effective paramagnetic moment 

extracted from the Curie constant, 8.44 µB per formula unit, compares well with that expected for a spin-only 

moment for Fe3+ but a significant orbital contribution to the Fe2+ moment. Crucially, the large and negative 

value of the Weiss temperature indicates that strong antiferromagnetic exchange interactions dominate. Upon 

cooling below 100 K, the magnetic susceptibility in Figure 3a exhibits a sharp increase, indicating the onset of 

long-range magnetic order at TN = 93 K. The ratio between the energy scale for antiferromagnetic exchange, set 

by the Weiss temperature, and the Néel temperature gives a frustration index, f = |θ|/TN ≈ 4, which reflects a 

modest frustration of the spin interactions within the triangular HTB layers. Below TN, the ZFC and FC 

magnetic susceptibilities follow almost equal and opposite trends about either side of a compensation 

temperature, T* = 34 K, at which point the susceptibilities pass through zero. Such behaviour is common in 

ferrimagnetic materials, arising from distinct temperature dependences of ordered moments on different 

magnetic sublattices.29,30 The field dependence of the magnetisation, shown in Figure 3b, reveals that a 

ferromagnetic component exists in Fe2F5(Htaz) above and below T*, with a moment size of 0.07 µB mol–1 at 

both 4 K and 50 K. However, the coercive field increases from 0.22 T at 4 K to 0.41 T at 50 K. 

 

Figures 3c and 3d show the temperature dependence of the magnetic susceptibility measured in an applied 

field of 1 T and 5 T, respectively. At 5 T, the negative magnetic susceptibility observed in weaker applied 

magnetic fields between T* and TN in the ZFC curve, and below T* in the FC curve, has disappeared. Similar 

field variation of the magnetic response has been reported for other ferrimagnetic inorganic-organic hybrid 

coordination frameworks, including AFe2+Fe3+(C2O4)3 (where A is an organic cation),31 and the metal formate 

dihydrate, M2+(HCOO)2.2H2O.32,33 In the latter case, the observed behaviour was understood to arise from the 

antiferromagnetic coupling of two ferromagnetic M2+ sublattices. Here, we propose that in Fe2F5(Htaz) the 

ferromagnetic Fe2+ and Fe3+ sublattices are antiferromagnetically coupled, which we confirm below through 

our analysis of low-temperature powder neutron diffraction data. The magnetisation of the ferromagnetic 

sublattices must evolve independently with temperature to allow for the compensation point, T*, at which the 

ferromagnetic components on each of the sublattices exactly cancel.    
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Mössbauer Spectrometry  

Figure 4 compares the 57Fe Mössbauer spectra collected at 12 K in zero field and under an applied field of 8 T. 

As with previous measurements at 77 and 300 K on this and other related samples within the M2+M3+F5(Htaz) 

series, the hyperfine data characteristic of Fe2F5(Htaz) at 12 K are consistent with a Fe2+/Fe3+ ratio less than 

one.13 This implies a small excess of Fe3+ ions within the structure, substituted on the Fe2+ 4c sites, which may 

be charge balanced by the deprotonation of the same fraction of Htaz linker molecules. In the present case, the 

Mössbauer data indicate that the substitution of Fe3+ for Fe2+ is on the order of 4 %, such that the precise 

chemical composition is (Fe0.96
2+ Fe0.04

3+ )Fe3+F5(Htaz)0.96(taz)0.04. However, as we concluded above, structural 

models of the idealised composition, Fe2F5(Htaz), can be used to fit correctly the powder neutron diffraction 

data of our sample well.     

 

In addition, the low-temperature Mössbauer spectrum of Fe2F5(Htaz) measured in an 8 T field (Figure 4) is 

related to that of other fluoride weberites, such as Fe2F5(H2O)2.34 In particular, the outer lines of the Fe3+ 

component are large and asymmetric. Such line shape broadening typically results from a distribution in the θ 

angle between the applied field and the hyperfine field, which is opposite to the magnetic moment. The 

asymmetry appears similar to that expected of a system with a sperimagnetic structure,35 and in this case is 

consistent with a mean orientation of Fe3+ moments in Fe2F5(Htaz) oriented in the opposite direction to the 

applied magnetic field. Such a structure differs from that observed in Fe2F5(H2O)2,34 but, at this stage, one does 

consider how the application of an external magnetic field and the cooling conditions affect the hyperfine 

structure of Fe2F5(Htaz). Indeed, the difference between zero field cooling and field cooling Mössbauer spectra 

result from the competition between the external magnetic field and the magnetic anisotropies, as it will be 

discussed in a forthcoming paper. 

 

Magnetic Structure of Fe2F5(Htaz) 

To rationalise the observed temperature and field dependent responses of Fe2F5(Htaz) detailed above, and to 

correlate those behaviours with the underlying structure of the hybrid coordination framework, we finally 

outline our low-temperature powder neutron diffraction data and magnetic structure refinement. Figure 5 

shows that upon cooling below TN = 93 K, a significant increase in the intensities of several Bragg peaks at long 

d-spacing is observed in the powder neutron diffraction data of Fe2F5(Htaz). This is consistent with the onset of 

long-range magnetic order. As the diffraction data measured below TN can still be indexed by the nuclear I-

centred cell, the propagation vector that describes the magnetic structure in Fe2F5(Htaz) is k = (0, 0, 0). As has 

been previously reported for other fluoride weberites, M2+M3+F5(H2O)2, the macroscopic theory of Bertaut can 

be employed to determine the possible magnetic modes for Fe2F5(Htaz) that are compatible with the symmetry 

of its Ima2 nuclear structure and k = (0, 0, 0).36 In this case, four possible linear combinations of the magnetic 

moments can be defined in each cation sublattice, shown in Table 4. However, the C and A configurations can 

be ruled out directly, since they are not compatible with the I-centred nuclear cell. Treating the symmetry 

elements of the Ima2 space group independently, and taking Ri and Si (i = 1 – 4) as the magnetic moments Mi of 

the Fe3+ and Fe2+ ions, respectively, one can show that the basis vectors in the irreducible representation of the 

nuclear space group leads to four magnetic modes, Γi, that are compatible with a magnetisation on both 

sublattices. These are listed in Table 5. The existence of a ferromagnetic component in the magnetisation of 

Fe2F5(Htaz) implies that the Γ4 mode, which is purely antiferromagnetic, can be excluded as a possible 

description of the magnetic structure.  

 

Rietveld refinement of the Γ1, Γ2 and Γ3 modes against the powder neutron diffraction data collected at 2 K on 

GEM Bank 3 gave quality of fit parameters Rwp = 2.86 %, 3.57 % and 3.50 %, respectively. Figure 6 shows a plot 

of the best fit of the Γ1 mode against the GEM Bank 3 data at 2 K, where the magnetic diffraction is most 

prominent. The quality of this fit indicates that Fe2+ sublattice is purely ferromagnetic, with a moment of 4.1(1) 

µB per Fe2+. A small antiferromagnetic component, 0.6(3) µB, adds to the main ferromagnetic component of 



6 
 

 

 

Phil. Trans. R. Soc. A.  

 

 

 

Fe3+, which aligns antiferromagnetically to the Fe2+ sublattice, as shown in Figure 7. The small size of the 

ferrimagnetic moment (0.07 µB mol–1 at 4 K from M vs H data) implies that the ferromagnetic Fz components of 

the Fe2+ and Fe3+ sublattices must be almost equal in magnitude and opposite in sign. In our initial treatment of 

the data, the ferromagnetic components of Fe3+ and Fe2+ were refined independently. However, the 

refinements were unstable and did not converge correctly, even when constrained to account for the observed 

compensation point at T* = 34 K in the magnetic susceptibility data by fixing a difference of +0.07 µB and –0.07 

µB between the magnitudes of the ferromagnetic Fz components of Fe3+ and Fe2+ sublattices at 2 K and 50 K, 

respectively. As a consequence, we have simply constrained the size of these components on each ion to be 

equal. This yields a magnetic moment of 4.3(1) µB for Fe3+ at 2 K, which is reduced from the full ordered 

moment of µsat = 2S = 5 µB, but we note that such a moment reduction is observed in other frustrated spin 

systems. One pertinent example in the case is the Fe3+-based fluoride FeF3, which at 2 K has an ordered 

moment of 3.32 B and 4.07 B per Fe3+ in its pyrochlore and HTB phases, respectively.37   

 

The successful refinement of the Γ1 mode to the low temperature powder neutron diffraction data of 

Fe2F5(Htaz) confirms that the Fe2+–F–Fe3+ superexchange interactions are antiferromagnetic while the Fe3+–F–

Fe3+ interactions must be predominantly ferromagnetic. It is interesting, therefore, to compare this 

configuration with those found in the inorganic fluoride weberite Na2NiFeF7 below TN = 88 K,23 and in the 

magnetic structures of Fe2F5(H2O)2.21 In the case of Na2NiFeF7, there is no antiferromagnetic component in the 

ordered ground state, but the system adopts a similar collinear ferrimagnetic model. In Fe2F5(H2O)2, on the 

other hand,  a relatively larger antiferromagnetic component of 1.6 µB exists on the Fe2+ sublattice, with 

ferromagnetic components aligned perpendicular to the Fe3+ chains below TN = 46 K. However, Fe2F5(H2O)2 

displays a more complex temperature evolution than is the case for Fe2F5(Htaz), as it undergoes a second 

magnetic phase transition below 26 K in which the Fe3+–F–Fe3+ coupling induces a pronounced canting of the 

Fe3+ moments. In the case Fe2F5(Htaz), it is likely too that the interactions between the Fe3+ cations in the ∞[Fe3+ 

F5] chains become increasingly antiferromagnetic as the system is cooled, causing the Fe3+ moments to be 

canted in a similar mechanism to that observed in Fe2F5(H2O)2.20 

 

 

Conclusions 
 

In summary, we have shown that the inorganic-organic hybrid fluoride Fe2F5(Htaz) adopts a weberite-type 

structure with HTB layers of six-fold coordinate Fe2+ and Fe3+ cations. Contrary to our previous understanding 

from X-ray diffraction data, our powder neutron diffraction study reveals that the structure of Fe2F5(Htaz) is 

best described in the non-centrosymmetric orthorhombic space group Ima2 at room temperature, rather than 

in the centrosymmetric Imma space group that represents the structure of related Fe2F5(H2O)2. 57Fe Mössbauer 

spectrometry shows that the Fe2+/Fe3+ ratio is ~ 0.92, which is likely charge balanced by the deprotonation of 

the Htaz linker molecules within the hybrid framework, and as such, Fe2F5(Htaz) represents the idealised 

formula of the title compound. Our magnetic susceptibility measurements reveal that strong 

antiferromagnetic interactions dominate in Fe2F5(Htaz), with a Weiss temperature θ = –375(5) K, leading to a 

magnetic ordering transition at TN = 93 K. Magnetisation data indicate that a small ferrimagnetic component 

exists below TN which results from the vector sum of the antiparallel ferromagnetic components oriented 

along the c-axis of the Fe2+ and Fe3+ sublattices, as our low-temperature powder neutron diffraction data 

suggest. Under an applied field of 0.1 T, the orientation of the ferrimagnetic component inverts at T* ~ 34 K, 

giving rise to a negative magnetic susceptibility. Increasing the applied magnetic field strength suppresses this 

negative susceptibility, such that it is almost completely removed under a field of 1 T. The existence of the 

compensation point in the magnetic susceptibility of Fe2F5(Htaz) is a common feature of ferrimagnetic solids, 

which in this case arises due to the different temperature evolution of Fe2+ and Fe3+ sublattice magnetisations 

and the anisotropy of the Fe2+ ions that restricts the orientation of its magnetic moment. The successful 
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refinement of the Γ1 magnetic mode to describe the magnetic ordering on both magnetic sublattices in 

Fe2F5(Htaz) implies that the 180°-type antiferromagnetic superexchange interactions between Fe2+ and Fe3+ are 

satisfied but that the 180°-type Fe3+–F–Fe3+ interactions are predominantly ferromagnetic. Only a small 

antiferromagnetic component appears for Fe3+ along the b-axis, and we suggest these unusual features are a 

key manifestation of the frustrated nature of the magnetic interactions in the HTB layers of Fe2F5(Htaz). In 

addition, one can imagine that the cationic disorder in the system – as revealed by 57Fe Mössbauer 

spectrometry – combined with the inherent frustration of the HTB-type lattice of the weberite structure may 

lead to spin-glass like behaviour in Fe2F5(Htaz). While this is not immediately apparent in our current 

investigation, future AC susceptibility measurements, or local magnetic structure probes such as muon 

spectroscopy and magnetic diffuse neutron scattering could perhaps reveal glassy dynamics around the 

magnetic ordering transition in Fe2F5(Htaz). 

 

Finally, it is important to consider the extent to which the structure-function analogies one can draw between 

this strongly interacting hybrid framework material and purely inorganic solids have helped us in 

understanding the properties of this new material. Certainly, Fe2F5(Htaz) stands out as a novel hybrid system 

that acts to dispel the notion that magnetic interactions in framework materials are necessarily weak, as it 

mimics the cooperative magnetic phenomena typical of inorganic solids on a comparable energy scale. And 

indeed, prior knowledge of the magnetic ordering in the related inorganic compounds has aided our ability to 

rationalise the observed behaviour in Fe2F5(Htaz) as they are similar, but crucially, they are not the same. As 

such, Fe2F5(Htaz) also serves as a useful illustration of the additional flexibility that can be bestowed upon a 

hybrid framework, in comparison to its inorganic counterparts, through its organic linker molecules that can 

give rise to new structural features or functionality. In the case of Fe2F5(Htaz), the arrangement of the Htaz 

linkers gives rise to a previously unreported non-centrosymmetric structure. This furthermore highlights the 

unique insight afforded by neutron diffraction for the study of hybrid materials, which in the case of the 

structure solution of Fe2F5(Htaz), was critical. As hybrid materials continue to be at the fore of materials 

research for their remarkable photovoltaic, catalytic and magnetic properties, it perhaps noteworthy to the 

wider community that such valuable information can still be extracted from powder neutron diffraction data 

of inorganic-organic frameworks without the need for costly deuteration when the relative number of 

hydrogen atoms is small.  
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Figure 1. (a) A projection of the refined Ima2 structure of Fe2F5(Htaz) showing the nearly orthogonal HTB layers 

in the (110) and (11̅0) type planes (b) that contain a triangular network of Fe3+ (site 4b) and Fe2+ (site 4a) cations 

connected via fluoride anions. 
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Figure 2. Rietveld refinement of the isotropic Ima2 structural model of Fe2F5(Htaz) to powder neutron diffraction 

data collected on each of the six detector banks on the GEM diffractometer at 300 K with a total Rwp = 1.26 %. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

 

 

 

Phil. Trans. R. Soc. A. 

 

 

 

Table 1. Isotropic (Rwp = 1.37 %) and anisotropic (Rwp = 1.11 %) Imma structural models refined to the powder 

neutron diffraction data collected at 300 K for Fe2F5(Htaz). Refined lattice parameters for the centrosymmetric 

orthorhombic unit cell are a = 9.1469(2) Å, b = 7.4828(1) Å and c = 9.4640(2) Å. 

 
Atom Position x y z Uiso / Å2 U11 / Å2 U22 / Å2 U33 / Å2 U12 / Å2 U13 / Å2 U33 / Å2 

Fe1 4a ½ ½ ½ 0.0040(3) – – – – – – 

Fe2 4c ¾ ¾ ¾ 0.0088(4) – – – – – – 

F2 4e ½ ¾ 0.4328(2) 0.0117(6) – – – – – – 

F2 16j 0.6467(1) 0.5514(2) 0.6367(1) 0.0138(3) – – – – – – 

N1 8i 0.9255(1) ¾ 0.5869(1) 0.0155(4) 0.0111(5) 0.0262(8) 0.0095(6) 0.00 0.0034(4) 0.00 

N2 4e 0 ¾ 0.3706(1) 0.0222(6) 0.021(1) 0.048(8) 0.0045(8) 0.00 0.00 0.00 

C1 8i 0.8853(2) ¾ 0.4550(1) 0.0191(6) 0.0065(9) 0.071(2) 0.0069(9) 0.00 –0.0057(6) 0.00 

H1 8i 0.7706(4) ¾ 0.4184(4) 0.066(2) 0.0030(2) 0.227(6) 0.031(3) 0.00 –0.007(2) 0.00 

H2 4e 0 ¾ 0.2597(5) 0.048(2) 0.038(4) 0.168(2) 0.015(3) 0.00 0.00 0.00 
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Table 2. Isotropic (Rwp = 1.26 %) Ima2 structural model refined to the powder neutron diffraction data collected 

at 300 K for Fe2F5(Htaz). Refined lattice parameters for the non-centrosymmetric orthorhombic unit cell are a = 

9.1467(2) Å, b = 9.4641(2) Å and c = 7.4829(2) Å. The z-coordinate of the Fe2 site has been fixed to define the unit 

cell origin. 

 
Atom Position x y z Uiso / Å2 

Fe1 4b ¼  0.2525 (6) 0.2529(9) 0.0037(4) 

Fe2 4a 0 0 0 0.0088(4) 

F1 4b ¼  0.3191(3) 0.0036(13) 0.0138(7) 

F2 8c 0.1013(7) 0.1128(6) 0.2024(9) 0.0076(9) 

F3 8c 0.1045(7) 0.3863(8) 0.3049(9) 0.0240(13) 

N1 8c 0.1757(1) -0.1625(1) 0.0120(8) 0.0145(4) 

N2 4b ¼  0.6194(2) 0.0175(9) 0.0180(6) 

C1 8c 0.1329(2) 0.7058(2) –0.0184(9) 0.0120(6) 

H1 8c 0.0224(5) 0.6679(4) –0.0351(9) 0.0377(17) 

H2 4b ¼  0.5103(6) –0.0254(15) 0.0372(20) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 

 

 

 

 

Phil. Trans. R. Soc. A. 

 

 

 

Table 3. Selected bond distances and angles taken from the refinement of the Ima2 structural model to powder 

neutron diffraction data collected for Fe2F5(Htaz) at 300 K. 

 

Bond Bond length / Å Bond Bond length / Å 

Fe1-F2 × 2 1.934(9) Fe2-F2 × 2 2.072(6) 

Fe1-F3 × 2 1.877(9) Fe2-F3 × 2 2.050(7) 

Fe1-F1 × 1 1.969(10) Fe2-N1 × 2 2.226(1) 

Fe1-F1 × 1 1.995(10) <Fe2-F> 2.116 

<Fe1-F> 1.931   

X-H…F (X = N, C) X-H / Å H…F / Å X…F / Å 

N2-H2…F1 1.081(8) 1.822(7) 2.843(3) 

C1-H1…F3 1.080(6) 2.326(7) 3.204(7) 

Bond Angle / ° 

Fe1-F1-Fe1 141.4(1) 

Fe1-F2-Fe2 144.0(3) 

Fe1-F3-Fe2 146.3(3) 

N2-H2…F1 155.8(9) 

C1-H1…F3 168.7(2) 
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Figure 3. (a) Temperature dependence of the zero-field cooled (ZFC) and field cooled (FC) susceptibilities of 

Fe2F5(Htaz) at 0.1 T, the inset shows Curie-Weiss behaviour in the high-temperature inverse susceptibility. (b) 

Magnetisation vs. field loops measured at 4 K, 50 K and 100 K, the inset shows an enlargement of the data at 

low fields. Temperature dependence of the ZFC and FC susceptibilities measured in fields of (c) 1 T and (d) 5 T.  
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Figure 4. 57Fe Mössbauer spectra of Fe2F5(Htaz) at 12 K in (bottom) zero field and (top) an applied field of 8 T. 

The blue and red lines correspond to Fe3+ and Fe2+ magnetic components, respectively. 
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Figure 5. Variation in the normalised Bragg peak intensity measured in GEM Bank 3 upon cooling through TN 

= 93 K. Tick marks show the nuclear allowed reflection positions for the Ima2 cell.  
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Table 4. Ferromagnetic and antiferromagnetic configurations of the magnetic moments. 

 

F = M1 + M2 + M3 + M4 

G = M1 – M2 + M3 – M4 

C = M1 + M2 – M3 – M4 

A = M1 – M2 – M3 + M4 
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Table 5. Coordinates of the magnetic ions Si (Fe2+) and Ri (Fe3+) in Fe2F5(Htaz) and their irreducible 

representations in the nuclear space group Ima2. 

 

 Fe3+  Fe2+ 

R1 ¼ ¼ ¼ S1 0 0 0 

R2 ¾ ¾ ¼ S2 ½ 0 0 

R3 ¾ ¾ ¾ S3 ½ ½ ½ 

R4 ¼ ¼ ¾ S4 0 ½ ½ 

Mode x y z  x y z 

Γ1  Gy Fz    Fz 

Γ2  Fy Gz  Gx Fy  

Γ3 Fx    Fx Gy  

Γ4 Gx      Gz 
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Figure 6. Rietveld refinement of the Γ1 magnetic mode to powder neutron diffraction data collected on Bank 3 

of the GEM diffractometer at 2 K to describe the magnetic ordering of the Fe2+ and Fe3+ sublattices in the Ima2 

nuclear space group. Rwp = 2.86 %, a = 9.1199(9) Å, b = 9.4499(9) Å, c = 7.4775(5) Å. The inset shows the temperature 

evolution of the magnitude of the refined total magnetic moments on the Fe3+ and Fe2+ sublattices below TN = 93 

K, from the model in which their ferromagnetic components are constrained to be equal. 
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Figure 7. Magnetic modes of Fe2F5(Htaz) represented on the HTB layer in the (11̅0) plane and projected along 

the [100] direction. 

 


