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Abstract: The crystal structure of ﬁbroferrite, Fe(OH)SO4·5H2O, was studied by means of single-crystal X-ray diffraction and
vibrational (FTIR and Raman) spectroscopies. The new diffraction data allowed to successfully locate eleven H positions and to
completely deﬁne the H bond system that ensures the cohesion of the Fe-O-S chains in the ﬁbroferrite structure. Infrared and Raman
spectra are presented for the ﬁrst time for this compound and commented on the basis of the crystal structure and literature data for
sulfate minerals. Both FTIR and Raman spectra show, in the fundamental water stretching region, a very broad absorption extending
from 3600 to 2600 cm−1; peaks at 3522, 3411 and 3140 cm−1 can be resolved in the Raman pattern. The bands present in the lowwavenumber (<1300 cm−1) region are assigned on the basis of the literature data for similar substances, and the observed
multiplicity is in agreement with a symmetry reduction of the sulfate ion in the structure of ﬁbroferrite.
Key-words: ﬁbroferrite; iron sulfate; crystal-structure; hydrogen bond system; FTIR; Raman.

Introduction

information about iron-bearing sulfate compounds for a
wide variety of ﬁelds of interest. The use of a multimethodological approach, combining vibrational spectroscopy, in
addition to X-ray diffraction (XRD), makes it possible to
achieve a thorough understanding of these materials.
Vibrational spectroscopies, in particular, are extremely useful having the capability to quickly identify unknown samples in different contexts, and requiring only small amounts
of material, both as powders and single-crystals.
Although ﬁbroferrite, Fe(OH)SO4·5H2O, has been
studied from a mineralogical and chemical point of view
by several authors since the ﬁrst half of the 20th century
(Palache et al., 1951; Rossman, 1976; Scordari, 1981;
Sabelli & Santucci, 1987), spectroscopic and structural
investigations are limited. Rossman (1976) reported optical
absorption and magnetic susceptibility data for all iron
hydroxyl sulfate minerals with chemical compositions
close to Fe(OH)SO4·nH2O, and concluded that ﬁbroferrite
had physical and structural characters quite different from
the other examined members of the series. Scordari
(1981)
–
solved the crystal structure in space group R3, based on
a three-dimensional Patterson synthesis. He determined
all non-hydrogen atoms, whereas the geometry and
positions of the hydrogen bonds were only inferred. A
more recent investigation (Lombardo, 2010) addressed several samples of ﬁbroferrite of different occurrences using
X-ray powder diffraction and electron microprobe techniques, concluding that cation replacements occur to very

Iron-bearing sulfates have attracted much attention in many
multidisciplinary research ﬁelds (such as environmental
science, catalysis, organic-bio and inorganic synthesis, electrochemistry, mineralogy and soil science). They are indeed
known to be a product of the acid mine drainage (AMD)
and the acid rock drainage (ARD) processes (Majzlan &
Myneni, 2005; Kaksonen et al., 2008; Murray et al., 2014)
as well as responsible of acid sulfate soil (ASS,Fanning,
2002; Fitzpatrick et al., 2009). For this reason, they are
important indicators of environmental conditions such as
pH, relative humidity, oxygen activity and sulfate activity
(Nordstrom, 1982; Nordstrom & Alpers, 1999; Nordstrom
et al., 2000; Hudson, 2003). These compounds are also
largely studied as an indicator for the presence of water, and
possibly biological life, on Mars (Roush, 1996;
Klingelhofer et al., 2004; Johnson et al., 2007; Vicenzi
et al., 2007; Lane et al., 2008).
In addition, iron sulfates are used for many technological
applications and are studied for the development of novel
electrode materials for lithium-ion batteries, for instance the
hydroxysulfate (Gomez et al., 2013) and the oxysulfate
(Sun et al., 2014), which exhibit a high iron redox potential
with respect to phosphate compounds. Moreover they are
currently used in many catalytic and organic–inorganic
processes (Gorman et al., 1996). Therefore, it is of particular interest to maintain an extensive database of
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minor extents in this compound. However no single crystals
suitable for structure reﬁnement were found (Lombardo,
2010).
The present study aims at providing a new singlecrystal X-ray reﬁnement to improve the whole structural
model, including the location of hydrogen positions and
the description of the hydrogen bond network. Vibrational
(FTIR and Raman) data are presented for the ﬁrst time for
this compound, and interpreted on the basis of the
improved structural model. This paper contributes to our
ongoing research on hydrated sulfates (Della Ventura
et al., 2013; Ventruti et al., 2015a) characterized by complex hydrogen bond systems.

was implemented with eleven H atoms; O–H distances
were ﬁxed by soft constraints at 0.89(4) Å. The isotropic
atom displacement parameters of hydrogen atoms were
evaluated as 1.2*Ueq of the parent oxygen atom.
The crystal data, data-collection information and
reﬁnement details are listed in Table 1, atomic positions
and isotropic displacement parameters are compiled in
Table 2, anisotropic displacement parameters are given
in Table 3, while the relevant bond length distances are
provided in Table 4.
Room temperature (RT) powder FTIR spectra were collected at Università Roma Tre, on a Nicolet iS50 FTIR
spectrometer equipped with a deuterated triglycine sulfate
(DTGS) detector and a KBr beamsplitter. Approximately

Experimental procedure

Table 1. Reﬁned cell parameters and data-collection parameters for
the ﬁbroferrite sample studied by single-crystal XRD.

The crystals investigated here were hand-picked under a
binocular microscope from the same rock specimen from
the dumps of the ancient lead and zinc mine of Saint Felix
de Paillères (France) as studied by Scordari (1981).
Fibroferrite forms as an alteration product of melanterite,
as a consequence of an oxidation of Fe2+, and is associated
with copiapite, melanterite, pyrite, and gypsum. Fibroferrite
appears as ﬁbrous crystals forming parts of radiating aggregates, pale yellow or pale greenish gray in color with silky
luster. Thin ﬁbers of ﬁbroferrite extend along the c axis,
showing perfect cleavage parallel to the c axis. Its chemical
composition is inferred to be that given by Scordari (1981),
i.e. close to the nominal stoichiometry Fe(OH)SO4·5H2O.
A single crystal with good diffraction behavior was
selected for X-ray data collection on a Bruker AXS
APEXII diffractometer with K-geometry installed at
University of Bari, using monochromatized MoKαradiation and a charge-coupled device (CCD) detector,
model 1K SMART. A sphere of three-dimensional data
was explored by optimizing the collection strategy by the
Apex program suite (Bruker, 2008) combining several ω
and φ rotation sets with 0.5° frame width with 30 s acquisition time for each frame at a crystal-to-detector distance of
4 cm. Data reduction, including intensity integration, correction for Lorentz and polarization effects, was done using
the software SAINT-IRIX. Empirical absorption corrections
were applied to all data on the basis of the intensities of
equivalent reﬂections by means of the multi-scan method
implemented in SADABS (Blessing, 1995). Subsequent
analysis of the intensity data by XPREP (Sheldrick, 2003)
indicated the centrosymmetric distribution of the normalized structure factors, and reﬂection conditions
allowed
–
assignment of the unique space group R3. The structure
reﬁnement was performed using the program CRYSTALS
(Betteridge et al., 2003) starting from the atomic parameters
of Scordari (1981). Reﬂections with I >3σ(I) were used for
the structure reﬁnement. Reﬁned parameters were: atomic
positions, anisotropic atom displacement parameters and
the overall scale factor. The ﬁnal stages of the reﬁnement
did not indicate the need of an extinction correction. After
convergence, a difference Fourier map was calculated in
order to locate the H atom positions. The structure model

Crystal dimensions (mm3)
Space group
Unit-cell dimension a (Å)
c (Å)
V (Å3)
θ range for data collection (°)
Index range

0.04
x 0.07 x 0.32
–
R3
24.199(3)
7.6476(9)
3878.4(8)
5.0 to 31.0
−34≤ h,k ≤34
−10≤ l ≤9
11639/2616
1136 with I > 3σ(I)
142
1.130
0.0621/0.1560
−0.85/1.28

Reﬂections collected/independent
Reﬂections used
No. of reﬁned parameters
Goof a
R1b (on F)/ wR2b (on F2)
Δρmin/ Δρmax(e/Å3)

Notes: a: [Σ [w(Fo2 –Fc2 )2]/(n–p)]0.5, with n=number of reﬂections, p=number
of parameters reﬁned; b: R1=Σ[|Fo| – |Fc|]/Σ|Fo, wR2=[Σ[w(Fo2–Fc2)2]
/Σ[w(Fo2)2]]1/2.

Table 2. Atom fractional coordinates and equivalent isotropic
displacement parameters (Å2) in ﬁbroferrite.
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Atom

x

y

z

Uiso/equiv

Fe
S
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
H5
H61
H62
H71
H72
H81
H82
H91
H92
H101
H102

0.34177(6)
0.40143(10)
0.3553(3)
0.3676(4)
0.4559(3)
0.2498(3)
0.3710(3)
0.3127(3)
0.4321(3)
0.3336(4)
0.3454(4)
0.2348(4)
0.371(5)
0.272(2)
0.320(5)
0.462(4)
0.441(5)
0.334(6)
0.362(5)
0.340(6)
0.376(5)
0.269(4)
0.235(6)

0.39786(6)
0.46280(10)
0.4423(3)
0.4631(3)
0.5251(3)
0.3408(3)
0.3427(3)
0.4607(3)
0.4634(3)
0.5616(4)
0.5681(4)
0.4343(4)
0.318(4)
0.449(5)
0.495(4)
0.453(5)
0.502(3)
0.564(6)
0.601(3)
0.530(3)
0.607(3)
0.431(6)
0.438(6)

0.71546(16)
0.3335(3)
0.4823(7)
0.1790(8)
0.3643(10)
0.6465(8)
0.6177(7)
0.7956(9)
0.7836(9)
0.6059(12)
0.2310(13)
0.3747(11)
0.704(10)
0.821(14)
0.731(13)
0.771(14)
0.824(14)
0.491(5)
0.634(16)
0.211(19)
0.194(17)
0.374(17)
0.258(5)

0.0148(6)
0.0164(11)
0.0204(4)
0.0298(4)
0.0285(4)
0.0223(3)
0.0187(4)
0.0264(4)
0.0273(4)
0.0382(5)
0.0465(5)
0.0432(5)
0.023
0.032
0.032
0.034
0.034
0.046
0.046
0.055
0.055
0.050
0.050
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Table 3. Anisotropic displacement parameters (Å2) for the crystal structure of ﬁbroferrite.
Atom

U11

U22

U33

U23

U13

U12

Fe
S
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10

0.0156(7)
0.0163(11)
0.031(4)
0.049(5)
0.019(4)
0.014(3)
0.026(4)
0.029(4)
0.010(3)
0.038(5)
0.029(4)
0.021(4)

0.0146(7)
0.0147(11)
0.029(4)
0.039(4)
0.019(4)
0.019(3)
0.024(4)
0.024(4)
0.028(4)
0.020(4)
0.028(4)
0.061(6)

0.0127(5)
0.0159(10)
0.009(3)
0.011(3)
0.038(4)
0.028(3)
0.011(3)
0.029(4)
0.031(4)
0.053(5)
0.075(6)
0.047(5)

0.0001(5)
0.0024(8)
0.009 (3)
–0.001(3)
–0.003(3)
0.003(3)
–0.001(3)
0.005(3)
–0.004(3)
0.008(4)
0.009(5)
0.020(4)

0.0017(5)
0.0018(8)
0.010(3)
–0.004(3)
0.005(3)
–0.003(3)
0.000(3)
0.010(3)
0.004(3)
0.004(4)
0.003(4)
0.003(4)

0.0066(6)
0.0062(9)
0.021(3)
0.029(4)
0.002(3)
0.004(3)
0.016(3)
0.015(3)
0.000(3)
0.012(4)
0.008(4)
0.021(4)

scans for both sample and background, with 4 cm−1 spectral
resolution. Transmission near infrared (NIR) spectra were
collected on a single ﬁber, around 20 μm thick, using a
Bruker Hyperion 3000 microscope equipped with an MCT
detector connected to the Bruker Vertex V66 optical bench at
INFN (Frascati, Rome), in the 7000–650 cm−1 range by coadding 128 scans with 4 cm−1 spectral resolution at INFN
(Frascati, Rome).
Single-crystal Raman spectra were collected at
University of Bari using a confocal Horiba Jobin Yvon
Labram HR Evolution spectrometer equipped with an
Olympus optical microscope and a multichannel aircooled CCD detector. Raman spectra were excited with
the He-Ne 632.8 nm line. The laser power was decreased
to ~1 mW to avoid potential local heating effects due to
heavy light absorption. After the analysis, the sample was
carefully inspected optically for any laser damage, and
none was observed. The wavenumber accuracy was
±0.5 cm−1, and the spectral resolution was < 1 cm−1.

Table 4. Selected interatomic distances (Å)
in the crystal structure of ﬁbroferrite.
Fe-O1
Fe-O4
Fe-O5*
Fe-O5
Fe-O6
Fe-O7
<Fe-O>
S-O1
S-O2
S-O3
S-O4
<S-O>

2.023(6)
2.017(6)
1.956(6)
1.944(6)
2.062(7)
2.024(6)
2.004
1.494(6)
1.440(7)
1.441(7)
1.477(7)
1.463

Notes: Symmetry code for equivalent position:
*=2/3y,1/3x-y, 1/3z

0.5 mg of sample powder were mixed in 150 mg of KBr and
pressed to a transparent pellet; spectra were collected in the
range 400–4000 cm−1, averaging 64 scans for both sample
and background and with a 4 cm−1 nominal resolution. The
powder spectrum at 77 K was obtained on the same pellet
with a liquid-He cooled cryostat installed on a Bruker
Hyperion 3000 microscope equipped with a mercurycadmium-telluride (MCT) detector at beamline B22
(Diamond Light Source, Didcot, UK), by co-adding 128

Structure description
The crystal structure of ﬁbroferrite is based on chains
consisting of vertex-sharing Fe3+O6 octahedra and SO4
tetrahedra, running parallel to the c axis (Fig. 1). The

Fig. 1. (a) Structure of ﬁbroferrite viewed along [001]. Zeolitic water groups are shown as blue spheres; (b) chains of cis corner-sharing
octahedra decorated with SO4 tetrahedra running along the [001] direction; (c) linear chain of Fe-octahedra linked via trans OH vertices in
FeOHSO4, parabutlerite and butlerite. (online version in colour)
eschweizerbart_xxx
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Fe3+ coordination polyhedra are of the [Fe3+(OH)2
(H2O)2O2] type and interlink via cis octahedral vertices
giving rise to helical chains (Fig. 1b). The mean Fe–O
distance is 2.004 Å, similar to that found in other hydrated
Fe-sulfates (Scordari et al., 2004; Scordari & Ventruti,
2009; Ventruti et al., 2010; Yang et al., 2015). The FeO6
octahedra are signiﬁcantly distorted due to the different
nature of the corners (O, OH, H2O). The longest distances
are observed for the Fe–O6 bonds to the H2O molecules
(2.024 Å), intermediate values (2.023 and 2.017 Å)
involve the oxygen atoms shared with sulfur, whereas
the Fe–OH bonds are the shortest (1.944 Å). The Fe3+–
O bond angles range from 83.9 to 97.1°.
In the structure, there is one four-fold coordinated,
sulfur atom at a general position. The SO4 tetrahedra are
bidentate-bridged (Fig. 1). The non-bridging terminal S–O
bonds within the tetrahedron are shorter than the bridging
S–O bonds and are involved in hydrogen bonds. The
average S–O distances, 1.463(7) Å, fall in the range
found in most hydrated sulfates (Palmer et al., 1972;
Hawthorne et al., 2000). The SO4-tetrahedron is less distorted than the FeO6-octahedron with Δ(SOmax –SOmin)
about 0.04 Å. Each sulfate tetrahedron shares two oxygen
corners with Fe3+O6 octahedra providing further intrachain linkages. The H2O molecules occur both as “zeolitic” water (lying in the channels among the chains) and
non-zeolitic water of FeO6 octahedra. Adjacent chains link
both directly by hydrogen bond involving the OH group
and non zeolitic H2O, and by a hydrogen-bonding network involving zeolitic water groups distributed along the
channels between the Fe-S-O chains.
Although ﬁbroferrite is chemically related to the series
of basic iron sulfates characterized by the general chemical formula Fe(OH)SO4·nH2O, its structure is fundamentally different from that of other members in the series. In
the iron hydroxysulfate Fe(OH)SO4 (Scordari et al.,
2004), each Fe3+ is bridged by trans hydroxyl groups to
form chains of 7 Å periodicity, and these are further
interconnected through sulfate groups. Also in butlerite
(Fanfani et al., 1971) (Fig. 1c) and parabutlerite (Borene,
1970), two polymorphic modiﬁcations of the same compound Fe(OH)SO4·2H2O, the Fe-S-O chains link trough
trans octahedral vertices; the coordination around the iron
atom is completed by water molecules, and the chains are
not cross-linked by sulfate tetrahedra.

Table 5. Hydrogen-bond lengths in ﬁbroferrite.
D–H···A
O5 – H5···O2‡
O6 – H61···O3†
O6 – H62···O8
O7 – H71···O3*
O7 – H72···O10**
O8 – H81···O9
O8 – H82···O8†
O9 – H91···O2
O9 – H92···O9†
O10 – H101···O1
O10 – H102···O3†

D–H (Å)

H···A (Å)

D···A (Å)

0.88(4)
0.89(4)
0.90(4)
0.88(4)
0.90(4)
0.88(4)
0.88(4)
0.88(4)
0.90(4)
0.88(4)
0.90(4)

2.00
2.04
1.77
2.06
1.73
2.01
1.88
2.05
1.84
2.13
2.42

2.756
2.861
2.663
2.819
2.605
2.877
2.710
2.874
2.729
2.942
3.240

Notes: Symmetry code for equivalent positions:
‡
=1/3-x+y, 2/3-x, 2/3+z; † =-1/3+y, 1/3-x+y, 1/3-z; * =-x,-y,-z; **=2/3+x-y,
1/3+x, 1/3-z.

Inspection of Table 5 shows that all H atoms are
involved in hydrogen bonds, which can be considered
as weak because most of the measured donor–acceptor
(OD…OA) distances exceed 2.70 Å. The strongest H
linkages are O6-H62 … O8 and O7-H72 … O10, the
weakest are O10-H101 … O1 and O10-H102 … O3.
The oxygen atoms O5, O9 and O10 form hydrogen
bonds with O2, one of the two non-bridging corners
of the SO4 tetrahedra, whereas O6 and O7 form one
hydrogen bond with the remaining corner of the tetrahedron, i.e., with O3 of an adjacent helical chain. The
hydrogen bonds involving the interaction of the structural water molecules O6 and O7 with the zeolitic water
molecules O8 and O9 contribute to further connecting
adjacent helical chains in a three-dimensional
framework.
Bond-valence sums were calculated using the electrostatic strength function of Brown & Altermatt (1985) and
the bond-valence parameters of Breese & O’Keeffe
(1991) for all the non-H atoms reﬁned in this study.
Table 6 shows that, excluding the contribution of the
hydrogen atoms, the bond-valence sums for O2, O3,
O5, O6 and O7 are signiﬁcantly lower than the ideal
value of 2 valence units (vu). When the hydrogen bond
contributions are included in these calculations, on the
basis of the OD…OA computed distances (Ferraris &
Ivaldi, 1988), the bond valence sums closely approach
the ideal values. This observation conﬁrms that: 1) O2,
O3, O5, O6 and O7 are indeed the acceptor atoms for the
hydrogen bonds, where O2 and O3 are non-bridging
oxygen atoms of the SO4 tetrahedron, O5 is part of the
hydroxyl group linking the Fe chains, and O6, O7 belong
to the water groups coordinated by the Fe3+ cation; 2) the
interstitial water molecules at O8, O9, and O10 act
simultaneously as donors and acceptors, and thus act as
bridging water groups among the chains; 3) the reﬁned
model as well as the locations of the hydrogen atoms are
correct. The ﬁnal hydrogen-bonding scheme is illustrated
in Fig. 2.

Hydrogen bonding network
Although the ﬁnal R1 value was not substantially
improved with respect to the previous work (Scordari,
1981) due to the single-crystal quality, the new data
allowed to identify and reﬁne all the hydrogen positions.
Reﬁned hydrogen-atom positions (Table 2) conﬁrm that
O6 and O7 oxygen atoms are indeed part of non-zeolitic
water molecules linked to Fe3+ ions, whereas the O8, O9,
and O10 oxygen atoms belong to interstitial water molecules, i.e. zeolitic water molecules.
eschweizerbart_xxx
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Table 6. Bond-valence analysis for the crystal structure of ﬁbroferrite.
O1
Fe

0.489

S
∑v
H5
H61
H62
H71
H72
H81
H82
H91
H92
H101
H102
∑H

1.421
1.910

O2

1.644
1.644
0.160

O3

1.639
1.639

O4

O5

O6

O7

0.498

0.587
0.606

0.441

0.488

1.193
0.840

0.441

0.488

1.487
1.985

O8

O9

0.848
0.782

0.177

3.109

0.218
0.852
0.769

0.231
0.842
0.1880.812

0.150

0.158
0.850
0.1980.802

0.135
1.954

0.078
2.046

1.985

∑

6.191

0.152

2.045

O10

2.033

2.071

Fig. 2. Hydrogen bonding network of ﬁbroferrite, viewed approximately along the c axis. (online version in colour)

2.109

2.060

2.008

0.865
0.922
2.018

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

Fig. 3. Comparison of the room-temperature FTIR powder (top) and
Raman spectra (down) of ﬁbroferrite in the O-H stretching region.
Raman spectra were collected on a ﬁber oriented parallel and
perpendicular to the laser polarization.

Infrared and Raman spectroscopy
In the infrared pattern, a very broad and poorly resolved
absorption, extending from 3600 to 2600 cm−1 (Fig. 3) is
observed; its maximum occurs at ~3400 cm−1 with a
second band at ~3526 cm−1 and two shoulders at ~3561
and ~3192 cm−1. This broad feature is evidently caused by
the contribution of several overlapping components,
including the resonance-enhanced overtone of the H2O
bending mode (2ν2) expected around 3200 cm−1. At
77 K the resolution was slightly improved (Fig. 4); at
this temperature the previously described bands are well
resolved (at 3546 and 3410 cm−1). Several shoulders are
also resolved at 3477, 3443, 3370 and 3135 cm−1 (Fig. 4).

Characterization of the vibrational behavior of H2O/OH
for these highly hydrated minerals requires the combination of data from different spectral regions and different
sample preparations (powder vs single-crystal). Figure 3
compares the powder FTIR and single-crystal Raman
spectra in the O–H stretching region (4000–2000 cm−1).
Measured band positions are listed in Table 7, showing
band assignments based on literature data for similar
materials (Omori & Kerr, 1963; Adler & Kerr, 1965;
Ross, 1974; Bishop et al., 2004; Cloutis et al., 2006;
Lane, 2007; Della Ventura et al., 2013).
eschweizerbart_xxx
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Table 7 Positions (cm−1) and proposed assignment for peaks
observed in the RT FTIR and Raman spectra of ﬁbroferrite.
FTIR
5180, 4487, 4234
3590, 3561, 3526,
3192
3400
2427, 2175
1662, 1612
1426
1221, 1134, 1081
1038, 998
659, 625, 600,
508, 475

Raman
3590, 3522, 3140
3411

Assignment
H2O/OH [(υ1, υ3) + υ2]
υ1, υ3 H2O, 2υ2(H2O)
υ OH
2υ3(SO4)
υ2(H2O)
Overtone(?), δ Fe-OH (?)
υ3(SO4) + (?)

1175, 1135, 1097,
1073
1031, 998
υ1(SO4) + γ, δ Fe-OH
613, 590, 523, 488 υ4(SO4) + υ FeO6

427, 390
υ2(SO4)
297, 287, 272, 256, (Fe-O,OH), lattice modes
219, 187, 173,
Fig. 5. FTIR spectrum of ﬁbroferrite collected at room-temperature
133, 114
with unpolarized light on a single ﬁbrous crystal. In addition the
combination bands in the NIR region are magniﬁed. Due to the
sample thickness intense bands are truncated.

plane for a complete polarization scheme. In the unpolarized NIR spectrum collected on a ﬁber (Fig. 5), the
broad H2O/OH absorption observed in the
3800–2500 cm−1 range collected on the KBr disk
(Fig. 3) is evidently out of scale, although a well deﬁned
peak, missing in the powder pattern, is resolved at
3590 cm−1. In the (ν3 + ν2) H2O combination region,
one broad component is present at 5180 cm −1 (inset in
Fig. 4) with an asymmetric tail toward lower frequencies. No evident bands are observed in the
4000–4500 cm−1 range, where the combination (ν + δ)
modes of the hydroxyl groups occur (Della Ventura
et al., 2013; Ventruti et al., 2015a), except for two
broad and poorly resolved bands at 4487 and
4234 cm−1. The H2O bending mode, which is resolved
as a single broad peak centered around 1635 cm−1 in the
powder spectrum, splits into two absorption bands at
1662 and 1612 cm−1 (Fig. 5). The totally symmetric ν2
(H2O) mode is nondegenerate, thus it is unaffected by
site-group splitting; the presence of multiple ν2(H2O)
peaks hence can be interpreted as the result of structurally distinct water molecules. Additional components
resolved at 2427 and 2175 cm−1 are probably due to
overtone modes of the sulfate group, while the
1426 cm−1 peak (Fig. 5) could be assigned to multiphonon modes of the Fe-OH bond (Cejka et al., 2011)
or to vibrational coupling between water-related peaks
(Grodzicki & Piszczek, 1998).
According to the data of Table 5, in the ﬁbroferrite
structure the different O-H … O donor–acceptor bond
lengths vary in the range 2.605–3.240 Å, indicative of
strong to very weak hydrogen bond connections.
Considering the empirical OD…OA distance–frequency
correlation of Libowitzky (1999), bands covering a
broad range of frequency are thus expected, between
about 3590 and 2800 cm−1, and this is what we actually

Fig. 4. FTIR powder spectra of ﬁbroferrite collected at 77 K (top)
and room temperature (down).

Two Raman spectra were collected with the ﬁber
aligned at 0° and 90° to the polarization of the laser
beam. These spectra are indeed much better resolved
than the room-temperature FTIR patterns (Fig. 3) and
show a very sharp peak at 3522 cm−1 and two welldeﬁned absorption bands at 3411 and 3140 cm−1; a weak
peak is ﬁnally resolved at 3590 cm−1 (Fig. 3).
Interestingly, the intensity of the resolved bands is extremely sensitive to the polarization direction of the beam,
however we cannot draw any deﬁnitive conclusion from
these spectra because, although we know that the ﬁber
elongation coincides with the c crystallographic direction, it was impossible to orient the samples on the a-b
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however, a low-symmetry S site and thus irregular
arrangement of the surrounding cations may cause distortion of the SO4 polyhedron away from the ideal Td
conﬁguration (Adler & Kerr, 1965; Ross, 1974; Della
Ventura et al., 2013). As a consequence, in the
IR/Raman pattern we typically observe a shift of the
absorption bands to different energies, the removal of
degeneracy (band splitting), and modiﬁcation in the
spectral activity (appearance of ideally non active
IR/Raman modes). Therefore, the degree of splitting of
the ν2, ν3 and ν4 vibrational SO4 peaks is related to its
site symmetry and coordination geometry.
In the structure of ﬁbroferrite one non-symmetric
(C1) SO42- ion is present (Table 4), therefore, 3 IR +
3 Raman bands are expected as both ν3 and ν4 modes,
whereas 2 IR + 2 Raman and 1 IR + 1 Raman bands are
expected as ν2 and ν1 modes, respectively. Examination
of Fig. 6 and Table 7 shows that the expected bands are
indeed present in the spectra: in particular in the FTIR
pattern, three intense bands are observed in the
antisymmetric stretching region at 1221, 1134 and
1081 cm−1. In the Raman spectrum, three relatively
weak bands at 1175, 1135 and 1073 cm−1, respectively,
are observed; a fourth component at 1097 cm−1 is also
present, whose assignment is uncertain. Two intense
peaks at 1038 and 998 cm−1 (1031, 998 cm−1 in the
Raman pattern, Table 7) occur in the range were ν1
modes are expected (Adler & Kerr, 1965; Ross, 1974).
The symmetric stretching mode for the (SO42-) group is
non degenerate (Adler & Kerr, 1965), thus, based on the
structure reﬁnement one peak only is expected, however
there are two peaks in both the IR and the Raman
spectra. Based on the literature data we thus assign
one of these peaks to the Fe-OH libration, as observed
in several metal sulfates (Bishop et al., 2004; Cloutis
et al., 2006; Lane, 2007; Cejka et al., 2011). The antisymmetric bending modes (ν4) have medium intensity in
both IR and Raman patterns; the band at 523 cm−1 in the
Raman spectrum is strongly polarized (Fig. 6). The measured Raman range extends to very low wavenumbers
(<100 cm−1) allowing the observation of ν2 (SO42-),
Fe-O, H2O and lattice modes, which overlap signiﬁcantly
and are thus difﬁcult to identify. Following the assignments from previous studies in the literature on sulfates
(Ross, 1974; Knittle et al., 2001; Murphy et al., 2009;
Frost et al., 2013), and considering factor-group analysis
considerations, the doublet at 427–390 cm−1 (Fig. 6) can
be assigned to the ν2 (SO42-) mode, while bands at wavenumbers < 300 cm−1 could be broadly assigned to Fe-O,
OH or lattice modes (Murphy et al., 2009; Frost et al.,
2013).

observe in Fig. 3. In particular, the O10-H102….O3 distance of 3.240 Å (Table 5) corresponds to 3585 cm−1, thus
the relatively sharp peaks observed at this wavenumber in
both the IR (Fig. 5) and Raman (Fig. 3) spectra can be
assigned to one of the O–H bonds in the O10 water
molecule, while the O10-H101…O1 distance of 2.942 Å
(Table 5) corresponds to the sharp peak at 3522 cm−1
which is present in the Raman spectrum, and 3526 cm−1
in the FTIR spectrum (Fig. 3), that can be thus assigned to
the second hydrogen bond of the same water molecule.
The spectroscopic band position of the O5-H hydroxyl
group is calculated by the Libowitzky (1999) relationship
at much lower wavenumbers, i.e. around 3350–3400 cm−1
based on the data of Table 5. Possibly, the sharp peak
at 3411 cm−1 in the Raman spectrum, observed at
~3400 cm−1as the most intense peak in the IR pattern
(Fig. 3), could be caused by this hydroxyl group.
The powder FTIR spectrum in the low-frequency
1400–400 cm−1 range is displayed in Fig. 6, in comparison with the Raman spectra, collected down to 10 cm−1
at the same orientations as in Fig. 3. It is well known
(Adler & Kerr, 1965; Ross, 1974) that a free SO42- ion
with ideal Td symmetry has 9 degrees of freedom but
only four modes of vibration: the non-degenerate symmetric stretching ν1(A1) at 983 cm−1 (Raman-active), the
double degenerate symmetric in-plane bending ν2(E) at
450 cm−1 (Raman-active), the triple degenerate antisymmetric stretching ν3(F2) at 1105 cm−1 and the triple
degenerate out-of-plane bending ν4(F2) at 611 cm−1
(both IR- and Raman-active). In a solid sulfate structure,

Discussion
There is a signiﬁcant interest in the scientiﬁc community for Fe sulfates for several reasons, including their
importance in planetary mineralogy (e.g. Johnson
et al., 2007; Lane et al., 2008), in environmental

Fig. 6. The room-temperature FTIR powder spectrum (up) of ﬁbroferrite in the low-wavenumber region compared with the Raman
spectra (below) collected on a ﬁber oriented parallel and perpendicular to the laser polarization.
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studies (Kaksonen et al., 2008; Murray et al., 2014)
and in technology (Gomez et al., 2013). This being the
case, there is increasing need for new crystal-chemical
data based on modern analytical techniques, and for
fast and reliable methods for their identiﬁcation. In this
paper, we provided FTIR and Raman data not available
in literature, to be used as reference data for the iron
sulfate ﬁbroferrite, Fe(OH)SO4·5H2O. This compound
in fact occurs typically as small and ﬁbrous crystals,
frequently in multiphase associations. The studied
sample was fully characterized by modern single-crystal X-ray reﬁnement, allowing to locate the hydrogen
positions and describe the hydrogen-bonding scheme.
The structure of ﬁbroferrite is based on unusual helical
chains of corner-sharing Fe octahedra, decorated on
both sides by S tetrahedra. The reason for this chain
conformation arises from the link through cis octahedral vertices, and it is also found in some synthetic
compounds (e.g., Du, 1997; Filaterov et al., 2002). In
these structures similar helical chains are oriented parallel to [001] and the difference in chemical composition of octahedra determines the variation in unit-cell
dimensions along the chain. The butlerite, parabutlerite
and FeOHSO4 structures are distinguished by the octahedral linkage through trans octahedral vertices. The
linear chain of this type has been also detected in the
structure of uklonskovite (Sabelli, 1985) and a number
of synthetic compounds (Gurzhii et al., 2009).
Fibroferrite provides the opportunity to investigate
the H-bond conﬁguration of coexisting hydroxyl
group and H2O molecules present as zeolitic, i.e.
lying in the channels among the chains, and H2O
molecules bonded to Fe, by combining single-crystal
diffraction and vibrational spectroscopy analysis. The
vibrational data could thus be interpreted on the basis
of this improved structural model. The presence of
Raman and IR bands at signiﬁcantly different frequencies reﬂects the different role of the H bonds in the
ﬁbroferrite structure The present work, which is part of
an ongoing project on a multidisciplinary crystalchemical study of iron-sulfates, shows that spectroscopic methods are indeed valuable tools for the
study of these minerals (e.g. Della Ventura et al.,
2013; Ventruti et al., 2015a), and for monitoring their
transformations as a function of temperature (Ventruti
et al., 2013, 2015b).

has received funding from the European Community’s
Seventh Framework Programme (FP7/2007-2013) under
the grant agreement nº 226716. E. Libowitzky (Wien) and
an anonymous referee gave helpful comments that
improved the manuscript.
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