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ABSTRACT: Solvothermal synthesis was used to create a
low-dimensional iron(II) chloride formate compound,
NH4FeCl2(HCOO), that exhibits interesting magnetic proper-
ties. NH4FeCl2(HCOO) crystallizes in the monoclinic space
group C2/c (No. 15) with a = 7.888(1) Å, b = 11.156(2) Å, c =
6.920(2) Å, and β = 108.066(2)°. The crystal structure consists
of infinite zigzag chains of distorted Fe2+-centered octahedra
linked by μ2-Cl and syn-syn formate bridges, with interchain
hydrogen bonding through NH4

+ cations holding the chains
together. The unique Fe2+ site is coordinated by four equatorial
chlorides at a distance of 2.50 Å and two axial oxygens at a
distance of 2.08 Å. Magnetic measurements performed on
powder and oriented single-crystal samples show complex
anisotropic magnetic behavior dominated by antiferromagnetic interactions (TN = 6 K) with a small ferromagnetic component in
the direction of chain propagation. An anisotropic metamagnetic transition was observed in the ordered state at 2 K in an applied
magnetic field of 0.85−3 T. 57Fe Mössbauer spectroscopy reveals mixed hyperfine interactions below the ordering temperature,
with strong electric field gradients and complex noncollinear arrangement of the magnetic moments.

■ INTRODUCTION

The anisotropy inherent in low-dimensional (1-D) solid-state
compounds leads to a variety of interesting magnetic,
electronic, and optical properties, with applications including
single-chain magnets for data storage,1 multiferroics for
bifunctional materials,2,3 and nonlinear optical materials for
second harmonic generation.4,5 Certain types of 1-D materials
containing isolated chains exhibit nearly ideal magnetic
properties, acting as experimental models for Ising and
Heisenberg spin chains, furthering our understanding of
magnetic exchange in highly correlated systems.6 One of the
strategies for building these 1-D magnetic materials is to
incorporate small one- or three-atom linkers between magnetic
centers to facilitate exchange along the chains or networks.7,8

Many of these compounds are known, but very few have been
created using iron centers, and most rely on relatively large
bridging ligands to separate the magnetically coupled
components within the structure. Presented here is the novel
compound NH4FeCl2(HCOO), containing infinite chains of
Fe2+-centered octahedra connected in a zigzag pattern by μ2-Cl
and syn-syn formate bridging ligands. We have characterized
this compound with single-crystal and powder X-ray diffraction,
direct current (DC) superconducting quantum interference
device (SQUID) magnetometry, and 57Fe Mössbauer spectros-
copy, revealing antiferromagnetic ordering at 6 K, strong
electric field gradients, complex noncollinear antiferromagnetic
coupling within the chains, and anisotropic metamagnetic
behavior in the ordered state.

■ EXPERIMENTAL SECTION
Synthesis. Warning: Solvothermal reactions generate high pressures,

and those involving iron and formic acid are capable of producing hydrogen
gas, which may result in an explosion. All reactions should be performed in
suitable high-strength vessels, and the concentration of formic acid should
be kept to a minimum.

Single-phase samples of NH4FeCl2(HCOO) were prepared using a
solvothermal method. Iron(II) chloride tetrahydrate (Alfa Aesar,
98%), ammonium chloride (Alfa Aesar, >99.5%), formic acid (Acros
Organics, 99%), and ethanol (Koptec, >99.5%) were used as received.
To produce the largest single crystals, FeCl2·4H2O (0.5 g, 2.5 mmol),
NH4Cl (0.3 g, 5.6 mmol), and HCOOH (7.5 mL, 0.2 mol) were
mixed well in a 45 mL poly(tetrafluoroethylene) (PTFE)-lined
stainless steel acid digestion vessel (Parr Instrument Company).
Ethanol (22.5 mL) was added to achieve a filling fraction of 67%. The
vessel was sealed tightly and heated for 2 d; the temperature was held
at 200 °C for the first 24 h, followed by slow cooling to room
temperature at a rate of ∼8 °C per hour. The products were filtered
and washed with ethanol, yielding large pale-yellow needle-like crystals
up to 0.6 × 0.3 × 30 mm3 (Figure 1 inset). Polycrystalline samples of
NH4FeCl2(HCOO) can be produced by stirring an identical reaction
mixture in a flask at room temperature and ambient pressure; a pale-
yellow solid precipitates from the solution within 10 min.

Characterization. Single Crystal X-ray Diffraction. Data were
collected at 90 K using a Bruker Apex Duo diffractometer with
graphite-monochromated Mo Kα (λ = 0.71073 Å) radiation. The data
set was recorded as ω-scans (0.3° frame width) and integrated with the
Bruker SAINT software package, indexed in a C-centered monoclinic
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unit cell. Analytical absorption correction was applied from the face-
indexing of the crystal. The solution and refinement were carried out
using the SHELX suite of programs.9 The structure was solved in
space group C2/c (no. 15), with the final refinement performed using
anisotropic atomic displacement parameters for all atoms except
hydrogen, which were refined isotropically. Pertinent information
relating to data collection, unit cell parameters, and structure
refinement is summarized in Table 1, and selected interatomic
distances and angles are provided in Table 2.

X-ray Powder Diffraction. Samples were characterized by powder
X-ray diffraction (PXRD) in the range 5° < 2θ < 120° using an Inel
diffractometer employing Co Kα radiation (λ = 1.7902 Å). Unit cell
refinement was performed with WinCSD Version 08.11,10 using a
rutile TiO2 internal standard (NBS SRM 674); least-squares
refinement of the room-temperature data yielded lattice parameters:
a = 7.894(1) Å, b = 11.235(6) Å, c = 6.936(5) Å, and β = 108.53(3)°.

Magnetic Properties. Temperature-dependent magnetic suscepti-
bility (2−300 K, 0.01 T applied field) and isothermal magnetization (2
K, 0−5 T applied field) were measured with a Quantum Design
MPMS-XL SQUID magnetometer. Measurements were performed on
an oriented single crystal (0.5 × 0.2 × 5.0 mm3, 1.0 mg), which was
face-indexed using a single-crystal X-ray diffractometer. The
morphology of the crystal allowed for the application of the magnetic
field in three mutually orthogonal directions: parallel to the [001]
direction, perpendicular to the (110) plane, and simultaneously
parallel to (110) and perpendicular to [001]. Measurements were also
performed on a sample of single crystals ground into a fine powder,
affixed to a long piece of Kapton tape to minimize diamagnetic sample
holder contributions.

Mössbauer Spectroscopy. 57Fe Mössbauer spectra were collected
with a conventional constant-acceleration spectrometer equipped with
a 57Co/Rh source held at room temperature. Spectra were collected at
room temperature and at 5 K for a sample consisting of numerous
single crystals with the [001] direction held perpendicular to the
incident γ-radiation. Least-squares fitting of the spectra was performed
using the Recoil software package,11 and all centroid shifts (δ) are
given with respect to metallic α-iron at room temperature.

■ RESULTS AND DISCUSSION

Synthesis. Solvothermal synthesis is a versatile technique
that grants access to many solid-state materials and has been
successfully applied to a wide variety of systems. The first
member of the new iron chloride formate family of compounds
was discovered during an attempt to synthesize binary iron
selenides under solvothermal conditions. The reaction utilized
elemental iron and selenium powders, ammonium chloride as a
mineralizing agent, and formic acid to further assist in the
dissolution of the iron. Under these conditions, formate and
chloride anions strongly coordinate iron in a variety of bridging
modes, leading to several 1-D structures (Caution! This reaction
also produced a small quantity of highly toxic H2Se gas).
Performing the reaction in the absence of selenium produced
NH4FeCl2(HCOO), though in a relatively low yield and with a
significant admixture of α-Fe2O3. Optimization of the reaction
conditions revealed that the use of FeCl2·4H2O as an iron
source led to single-phase samples containing higher yields of
much larger crystals. Additionally, it was determined that an
excess of both formic acid and ammonium chloride are required
for the formation of the target compound; reactions with
reduced volumes of formic acid produced significant quantities
of α-Fe2O3 impurities, and any less than a 2-fold molar excess
of ammonium chloride produced only α-Fe2O3. Syntheses were
also attempted using ammonium formate instead of ammonium
chloride and formic acid, but these reactions also led to the
complete oxidation of the iron. It was also discovered that
polycrystalline samples can be prepared from similar reaction
mixtures under ambient conditions, as the product precipitates
from the solution as a pale-yellow solid after 10 min of stirring.
The phase purity of solvothermally grown crystals and
polycrystalline products was confirmed with PXRD, with all
experimental peaks closely matching the calculated pattern
(Figure 1). While single crystals of the target compound can be
produced solvothermally in as little as 18 h (6 h at 200 °C,
followed by cooling to room temperature over 12 h), it was

Figure 1. Room-temperature powder X-ray diffraction pattern for
powdered single crystals of NH4FeCl2(HCOO), λ = 1.7902 Å (Co
Kα); experimental data: black circles; calculated peaks (>2% total
intensity): red lines. (inset) Single crystals on a 1 mm grid.

Table 1. Single Crystal Data Collection and Structure
Refinement Parameters for NH4FeCl2(HCOO)a

space group C2/c (no. 15) θ (deg) 3.27 < θ < 32.49
temp. (K) 90(2) Z 4
a (Å) 7.888(1) ρ (g cm−3) 2.178
b (Å) 11.156(2) μ (mm−1) 3.417
c (Å) 6.920(2) data/param 1021/44
β (deg) 108.066(2) R1 0.015
V (Å3) 578.9(2) wR2 0.040
λ (Å) 0.71073 (Mo Kα) goodness-of-fit 1.086

aFurther details may be obtained from the Cambridge Crystallo-
graphic Data Centre by quoting the depository number CCDC-
978883.

Table 2. Selected Interatomic Distances and Angles for
NH4FeCl2(HCOO)

atoms distance (Å) atoms angle (deg)

Fe−Cla.c 2.5003(5) Cla−Fe−Clb 87.47(2)
Fe−Clb.d 2.4996(4) Clb−Fe−Clc 92.53(2)
Fe−O 2.0791(8) O−Fe−Cla 90.82(2)

O−Fe−Clb 88.96(2)
N−H···O 2.879(1) N−H−O 172.5(2)
H···O 1.987(2)
N−H···Cl 3.385(1) N−H−Cl 152.3(2)
H···Cl 2.58(2)
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found that slow cooling over a period of 2−5 d results in the
largest, highest quality crystals (Figure 1 inset). Most crystals
contain a very small black inclusion at one end, suggesting that
nucleation occurs on an iron oxide impurity, though these
inclusions may be carefully trimmed off. Reducing the reaction
temperature to 150 °C virtually eliminated the formation of
iron oxide, but also resulted in much smaller crystals.
Crystal Structure. The structure of NH4FeCl2(HCOO)

consists of infinite linear chains of distorted edge-sharing
octahedra propagating along the crystallographic c direction, as
shown in Figure 2, with the needle-like crystals growing along

the direction of chain propagation. Each octahedron is centered
on an iron atom that is coordinated by four chlorides in
equatorial positions and two oxygens from separate formate
ligands in axial positions (Figure 2a). These octahedra cannot
be approximated as having regular local m3m (Oh) symmetry,
as several distortions lower the symmetry to 222 (D2). A Jahn−
Teller distortion appears as a flattening of the octahedra along
the axial direction due to the length difference between Fe−Cl
(2.50 Å) and Fe−O (2.08 Å) bonds, reducing the symmetry to
4/mmm (D4h). Furthermore, the ideally square-planar FeCl4
moiety is elongated into a rectangle; along the shared edges
within the chain, the angle ∠Cla−Fe−Clb is 87.5°, whereas on
the unshared edges the angle ∠Clb−Fe−Clc is 92.5°. Addition-
ally, the formate anions are rotated 2.6° with respect to the
chains, such that the angle ∠O−Fe−Cla is 90.8° and the angle
∠O−Fe−Clb is 89.0°, resulting in a 222 (D2) local symmetry.
Formate ligands bridge the axial positions of adjacent

octahedra in a syn-syn geometry, causing them to tilt toward
each other in a zigzag pattern (Figure 2c). The dihedral angle

between the equatorial planes in adjacent octahedra is 146.4°,
leaving an arrangement of alternating gaps on either side of the
chain. These spaces are occupied by ammonium cations, which
form a hydrogen bonding network that holds the chains
together. The first coordination sphere of the ammonium
cations (Figure 2b) can be approximated as a strongly distorted
tetrahedron. The primary interactions are strong hydrogen
bonds with formate oxygens, with a N−H···O bond of 2.88 Å
and an angle ∠N−H−O of 172.6°. This accounts for two of the
four ammonium hydrogens, and plays the largest role in
orienting the cation with respect to the chain. The remaining
hydrogens interact more weakly with chlorides of two
additional chains, with a shortest N−H···Cl distance of 3.39
Å and an angle ∠N−H−Cl of 152.3°. These interactions
position the chains relative to each other, resulting in the
overall packing shown in Figure 2d.
The linear chains in NH4FeCl2(HCOO) resemble those

found in a number of previously reported structures
incorporating iron, chloride, or formate, but never the
combination of the three, as shown in Figure 3. The simplest
related structure is that of FeCl2·2H2O

12 (Figure 3a), in which
the octahedral coordination of Fe2+ is completed by oxygen
from water instead of formate, and the ammonium counterion
is absent. In this structure the iron octahedra are more
symmetric, but still somewhat distorted; there are two sets of
Fe−Cl distances (2.46 and 2.50 Å), and intrachain angles
∠Cla−Fe-Clb are similarly reduced from the ideal 90° to 87°,
though the angle ∠O−Fe−Cl remains 90°. A step closer to the
present compound is FeCl2(phen),

13 in which 1,10-phenan-
throline (phen) is employed as a coordinating ligand in place of
formate anions (Figure 3b). However, its bulky nature prevents
it from bridging adjacent octahedra, and as such it occupies two
positions for each Fe2+. This leads to a similar zigzag
arrangement but with only the μ2-Cl bridges. A different
type of structure is known for compounds with only formate
linkers, as the variety of modes with which the formate anion
can bind leads to extended three-dimensional frameworks.14−17

Figure 3c shows one of the chains present in [Fe(HCOO)2]·
(1/3)HCOOH,18 with interchain linkages omitted for clarity.
In this compound, one of the formate ligands bridges the axial
pos it ions of the iron octahedra , as is seen in
NH4FeCl2(HCOO), but two additional formates replace the
μ2-Cl bridges; as only one of the formate oxygens acts as a μ2-
bridge, the other is free to interact with adjacent chains, linking
them in three dimensions.
Mixed-bridge chains similar to those in NH4FeCl2(HCOO)

have been observed in a number of previously reported
compounds, though very few incorporate iron and most are
constructed from larger carboxylate bridges.4,5,19−21 The two
most closely related compounds are NH4MnCl2(OAc)

22 and
[Fe(N3)2(HCOO)][(CH3)2NH2].

23 NH4MnCl2(OAc) shares
the μ2-Cl bridges, though the relatively bulky methyl
constituent of the acetyl linker (in place of the formate
hydrogen) is repulsed by the ammonium cations, causing each
to be pushed to one side of the chain, whereas in the present
compound the ammonium and formate moieties are coplanar.
Despite this difference, the local coordination of the metal and
the zigzag nature of the chains are similar, with comparable
metal-chloride distances (Fe−Cl = 2.50 Å, Mn−Cl = 2.52−2.63
Å) and octahedral angles (∠Cl−Fe−Cl = 87.5/92.5°, ∠Cl−
Mn−Cl = 86.3−96.2°; ∠Cl−Fe−O = 89−91°, ∠Cl−Mn−O =
87.8−91.6°), though the MnCl4O2 octahedra are more
distorted. [Fe(N3)2(HCOO)][(CH3)2NH2] is one of the few

Figure 2. Crystal structure of NH4FeCl2(HCOO). (a) Local
coordination of Fe2+. (b) Local coordination of NH4

+. (c) Linear
chain. (d) General view. Fe: magenta; Cl: yellow; O: red; N: blue; C:
black; H: white.
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known compounds containing isolated linear chains of
octahedrally coordinated iron, and has the same syn-syn
formate bridges, but the μ2-Cl bridges are replaced by end-on
azido ligands. The Fe−N bonds (2.16−2.17 Å) are significantly
shorter than the Fe−Cl bonds (2.50 Å) in NH4FeCl2(HCOO),
and the added bulk of the azido ligands increases the distance
between chains, such that the structures of the two compounds
are not directly comparable. 1-D compounds containing linear
chains exhibit a variety of interesting magnetic properties:
FeCl2·2H2O exhibits three magnetic phases with metamagnetic
transitions between them,24 NH4MnCl2(OAc) orders as a one-
dimensional Heisenberg antiferromagnet,22 and [Fe(N3)2-
(HCOO)][(CH3)2NH2] is a metamagnetic material charac-
terized by ferromagnetic intrachain coupling with weak
antiferromagnetic interchain interactions.23 NH4FeCl2-
(HCOO), though structurally very similar to these compounds,
exhibits fascinatingly different magnetic properties.
Magnetism. The 1-D nature of the chains in NH4FeCl2-

(HCOO) leads to highly anisotropic magnetic properties, and
the presence of iron allows for further characterization through
57Fe Mössbauer spectroscopy. Figure 4 shows (a) the
temperature dependence of magnetic susceptibility, (b) the
reduced magnetic susceptibility, and (c) the field dependence
of magnetization for a finely ground powder sample and a
single crystal oriented in three mutually orthogonal directions
with respect to the magnetic field. These directions are shown
with reference to one of the linear chains in (d), and include H
∥ [001], H ⊥ (110), and H ∥ (110) and ⊥ [001].
In all four measurements, clear antiferromagnetic ordering

was observed with a Neél temperature of 6 K. The ordering
temperature is expected to be low, as the zigzag nature of the
chains strongly deviates from the linear arrangement necessary
for optimal superexchange through the chloride bridges. The
peak magnetic susceptibility in an applied magnetic field of 0.01
T varied slightly between the samples, with the H ∥ [001]

attaining the highest value, followed by the powder sample,
then H ⊥ (110), and finally H ∥ (110) and ⊥ [001]. The
reduced magnetic susceptibility demonstrates that this
compound deviates slightly from classical antiferromagnetic
behavior; in an ideal system the reduced magnetic susceptibility
of a single crystal approaches zero for the easy direction of
magnetization and remains at a constant maximum value of 1
for the hard direction, while the value for a powder sample
approaches 2/3 at 0 K.25,26 It is apparent that H ∥ [001] is the
easiest direction of those observed, but as it does not approach
zero, it cannot be the true easy direction; H ⊥ (110) is slightly
less favored, and behaves similarly to the powder sample, both
of which approach values around 0.4 at 2 K, significantly less
than the ideal 0.67. The direction H ∥ (110) and ⊥ [001]
appears to be the hardest direction observed, but again it does
not behave as the true hard direction for a classical
antiferromagnet as its susceptibility also decreases below the
ordering temperature. Curie−Weiss fitting of the high-temper-
ature (100−300 K) portion of the data (Figure 4a inset) yields
effective magnetic moments ranging from 4.2 to 5.1 μB for the
oriented single crystal and 5.8 μB for the powder sample; these
values are typical for high-spin Fe2+ (5D4) with a contribution
from spin−orbit coupling.18,26 The calculated asymptotic Curie
temperatures, θ, also reflect significant anisotropy, with values
ranging from +18 K for H ∥ [001] to −16 K for the powder
sample. The powder sample may have partially oxidized upon
pulverization, but the other measurements were performed on
the same crystal in the same sample holder. Differing signs of θ
between these measurements indicate that even at room
temperature NH4FeCl2(HCOO) does not behave as an
isotropic paramagnet. Data from the powder sample show
that the dominant nearest-neighbor interactions in the
compound are antiferromagnetic (−θ), and the H ∥ [001]
measurement shows a minor ferromagnetic component (+θ)
parallel to the c axis, along the direction of chain propagation.

Figure 3. Iron-centered octahedral chains in (a) FeCl2·2H2O,
12 (b) FeCl2(phen),

13 (c) [Fe(HCOO)2]·(1/3)HCOOH,18 and (d)
NH4FeCl2(HCOO) (this Work). Fe, magenta; Cl, yellow; O, red; N, blue; C, black; H, white.
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This places the magnetic properties of NH4FeCl2(HCOO)
closer to [Fe(N3)2(HCOO)][(CH3)2NH2], which has an
antiferromagnetic ground state with strong ferromagnetic
interactions within the chains.
The field-dependent magnetization curves at 2 K (Figure 4c)

show similar anisotropic behavior, and also reveal metamag-
netic transitions in applied fields from 0.85 to 3 T, implying
nontrivial magnetic ordering. These fields are significantly
higher than the transition observed at 0.2 T in [Fe-
(N3)2(HCOO)][(CH3)2NH2].

23 The measurement with H ∥
[001] shows the sharpest transition, while H ⊥ (001) occurs
more gradually, though both orientations have critical fields of
1.1 T and saturate at 3.1 and 3.0 μB, respectively. This is likely
to arise from the same magnetic transition, with H ∥ [001]
closer to the easy axis; however, the transition in the powder

sample began at 0.85 T and saturated at 3.46 μB, further
supporting that none of the measured orientations are the true
easy direction. The final orientation, with H ∥ (110) and ⊥
[001], exhibits a much smaller and broader transition between
2 and 3 T; there is a small jump at 2.5 T, and at the highest
applied field the moment only reaches 2.2 μB, indicating that
this orientation is the closest to the hard direction. The
magnetization data can also provide some information about
the oxidation and spin state of the iron, as the fully saturated
magnetic moments should reflect the number of unpaired
electrons in each magnetic center. From a simple charge-
balance perspective, the formula of the compound could be
written as (NH4

+)(Fe2+)(Cl−)2(HCOO
−), which places iron in

the ferrous state. Ligand-field theory predicts that Fe2+ in an
octahedral environment of relatively weak-field Cl− and
HCOO− ligands should have a small ΔO and therefore exist
in the high spin (S = 2) state, which would result in a saturated
magnetic moment of 4 μB. The fact that none of the samples
attained this value suggests that the iron centers are more likely
to be high-spin Fe2+ than Fe3+, and that true collinear ordering
cannot be achieved at the measured field strengths and
directions.

57Fe Mössbauer spectroscopy was used to further clarify the
oxidation and spin state of the iron centers and gain a better
understanding of the magnetic ordering in this compound. To
examine the properties of both the paramagnetic and
antiferromagnetic states, spectra were recorded at room
temperature and at 5 K (Figure 5); the fitting results are
summarized in Table 3.

The room-temperature spectrum can be described by two
components: Q1 and Q2. Q1 describes the main feature of the
spectrum, a doublet that accounts for 93% of the overall
intensity, while Q2 represents an impurity phase, appearing as a
much smaller doublet (7%). The main doublet has a centroid
shift (δ) of 1.147 mm/s and an electric quadrupole splitting
(ΔEQ) of 2.60 mm/s. The centroid shift is typical for high-spin

Figure 4. Magnetic measurements for powder and an oriented single
crystal of NH4FeCl2(HCOO). (a) Temperature-dependent magnetic
susceptibility at 0.01 T; inset: parameters calculated from Curie−Weiss
fit of high-temperature data; (b) normalized magnetic susceptibility;
(c) isothermal magnetization at 2 K; (d) diagram showing applied
magnetic field directions. Powder: magenta circle; H ∥ [001]: blue
triangle; H ⊥ (110): red triangle; H ∥ (110), ⊥ [001]: black triangle.

Figure 5. 57Fe Mössbauer spectra of NH4FeCl2(HCOO) collected at
(a) 300 K and (b) 5 K. Experimental data: black circles; calculated
spectrum: black line; NH4FeCl2(HCOO) components: blue and
orange lines; admixture component: green line.
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Fe2+,27,28 consistent with magnetic measurements, and the large
quadrupole splitting is an indication of a very high electric field
gradient (EFG), likely caused by the significant Jahn−Teller
distortion of the iron-centered octahedra. The impurity doublet
has a centroid shift (δ) of 0.35 mm/s and an electric
quadrupole splitting (ΔEQ) of 0.67 mm/s, values typical for
Fe3+ in a high-spin iron oxide, present as small inclusions in the
crystals.
The 5 K spectrum is magnetically split, confirming an

ordering temperature of 6 K, but the peak positions and
intensities indicate that the spectrum is a result of mixed
hyperfine interactions, as the high EFG causes quadrupole
splitting of roughly the same magnitude as the magnetic
hyperfine interaction. In this scenario ΔEQ can no longer be
treated as a perturbation, and a full static Hamiltonian analysis
is required.28,29 This model has been successfully applied to the
analysis of similarly split quasi-two-dimensional materials30 and

three-dimensional frameworks containing iron formate
chains;18 in addition to δ, parameters in this model include
magnetic hyperfine field (Bhf), line width (Γ) and intensity (I),
the EFG interaction (e2qQ/2) and asymmetry (η) parameters,
and the azimuthal (φHq) and polar (θHq) angles of Bhf with
respect to the principal coordinate axes of the EFG. The
corresponding angles φgq and θgq between the EFG axes and
the incident γ-rays can be calculated, but because of the nature
of the sample preparation ([001] held parallel, but a and b axes
oriented randomly) these angles average out and cannot be
determined. The signal from the high-spin iron oxide impurity
seen in the room-temperature spectrum was magnetically split
such that the most intense peaks fell far outside the range of
interest for our compound, and any peaks present in the same
range were of negligible intensity; the remaining discussion is
based solely on the signal that corresponds to NH4FeCl2-
(HCOO). Unexpectedly, the only satisfactory least-squares fit
with mixed hyperfine interactions can be achieved with two
components of equal intensities, Q1A and Q1B. The centroid
shift is the same for each component and is consistent with Q1
from the room-temperature spectrum, with a slightly larger
value due to a second-order Doppler shift. However, the values
of the other parameters differ, suggesting that there is more
than one unique magnetic center. The hyperfine magnetic field
is similar for both components, with values of 25.4 T for Q1A
and 24.7 T for Q1B, both of which are notably larger than values
of 5−15 T reported for a three-dimensional formate framework
containing octahedrally coordinated high-spin Fe2+ magnetic
centers.18 The EFG interaction parameter shows the greatest
difference between the two components, with a value of 2.28
mm/s for Q1A and 2.73 mm/s for Q1B, suggesting that a
structural distortion occurs at some temperature below 90 K,
causing a difference in the electric field gradient around half of
the iron sites.
The model also reveals the relative orientation of the

magnetic moments with respect to the EFG; assuming that the
shorter Fe−O distance contributes more to the EFG than the
longer Fe−Cl bonds, the z axis (the principal coordinate axis of
the EFG) will be oriented along the Fe−O bond, and the y axis

Table 3. Summary of Refined Mössbauer Parameters for 300
and 5 K Spectra

T = 300 K

components

parameters Q1 Q2

δ (mm/s) 1.1470(5) 0.35(2)
ΔEQ (mm/s) 2.6008(9) 0.67(3)
Γ (mm/s) 0.242(2) 0.38(4)
I (%) 93(1) 7(1)

T = 5 K

Q1A Q1B

δ (mm/s) 1.278(1) 1.279(1)
Bhf (T) 25.42(1) 24.65(1)
e2qQ/2 (mm/s) 2.280(2) 2.727(3)
η 0.361(4) 0.392(5)
Γ (mm/s) 0.261(2) 0.313(2)
φHq (deg) 45.3(1) 47.0(2)
θHq (deg) 79.2(1) 80.1(1)
I (%) 50(1) 50(1)

Figure 6. Side, top, and general views of a zigzag chain in two simple magnetic models of NH4FeCl2(HCOO). (a) Moments aligned transverse to
the chain. (b) Moments aligned along the chain. Magnetic moments shown in blue.
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(defined as the next highest contributor) is oriented along one
of the Fe−Cl bonds, making the FeCl4 equatorial plane the xy
plane of the EFG. As the iron centers are in an approximately
octahedral environment, the φHq and θHq parameters reveal that
the magnetic moments are oriented roughly 45° from one of
the Fe−Cl bonds and 80° from the Fe−O bonds. There are
two simple antiferromagnetic models that can be drawn from
these angles, as shown in Figure 6. In the first case, the
moments are oriented transverse to the direction of the chain,
with moments alternating as shown in Figure 6a to maintain a
net moment of zero, while in the second case the moments are
oriented along the chains, and a more complex arrangement
(shown in Figure 6b) is required to maintain antiferromagnetic
behavior. Between these two models, the second case is more
likely, as it is in better agreement with the magnetization data;
the first model would not show a sharp transition when
magnetized along the [001] direction, whereas it would be
expected of the second model. However, the second model
does not predict the drastic difference between the H ⊥ (110)
and the H ∥ (110) and ⊥ [001] measurements, showing that
the actual arrangement of magnetic moments is more complex.
Additionally, given the sample morphology and preparation, the
magnetic moments in the second model should lead to a
significantly different pattern in the relative intensity of the first
two Mössbauer peaks, while the observed intensities are those
expected of a randomly oriented (powder) sample. Finally,
neither of these models takes into account any interchain
interactions that may occur, nor can they treat the as yet
unidentified structural distortion that splits the single crystallo-
graphic iron position into two distinct magnetic centers. To
fully understand the magnetic ordering in NH4FeCl2(HCOO),
a technique such as low-temperature neutron diffraction is
necessary to resolve both the ordered magnetic structure and
any magnetostructural distortions that arise with it.

■ CONCLUSION
In conclusion, we have presented the synthesis, structure, and
magnetic properties of a new 1-D magnetic material containing
zigzag chains of high-spin Fe2+-centered octahedra bridged by
μ2-Cl and syn-syn formate ligands. This compound exhibits
complex magnetic ordering that is dominated by antiferro-
magnetic interactions, as well as anisotropic metamagnetic
transitions. 57Fe Mössbauer spectroscopy reveals mixed hyper-
fine interactions in the ordered state and suggests that a
structural distortion occurs at low temperature to create two
crystallographically inequivalent iron positions. The highly
anisotropic magnetic properties of NH4FeCl2(HCOO) are
intriguing, and further studies of this and related compounds
are currently underway.
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