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Abstract The single-crystal of humboldtine [Fe2+(C2O4) �
2H2O] was first synthesized and the crystal structure has

been refined. Single-crystal X-ray diffraction data were

collected using an imaging-plate diffractometer system and

graphite-monochromatized MoKa radiation. The crystal

structure of humboldtine was refined to an agreement index

(R1) of 3.22% calculated for 595 unique observed reflec-

tions. The mineral crystallizes in the monoclinic system,

space group C2/c, with unit cell dimensions of a = 12.011

(11), b = 5.557 (5), c = 9.920 (9) Å, b = 128.53 (3)̊,

V = 518.0 (8) Å3, and Z = 4. In this crystal structure, the

alternation of oxalate anions [(C2O4)2-] and Fe2+ ions forms

one-dimensional chain structure parallel to [010]; water

molecules (H2O)0 create hydrogen bonds to link the chains,

where (H2O)0 is essentially part of the crystal structure. The

water molecules with the two lone electron pairs (LEPs) on

their oxygen atom are tied obliquely to the chains, because

the one lone electron pair is considered to participate in

the chemical bonds with Fe2+ ions. Humboldtine includ-

ing hydrogen bonds is isotypic with lindbergite

[Mn2+(C2O4) � 2H2O]. The donor–acceptor separations of

the hydrogen bonds in humboldtine are slightly shorter than

those in lindbergite, which suggests that the hydrogen bonds

in the former are stronger than those in the latter. The infrared

and Raman spectra of single-crystals of humboldtine and

lindbergite confirmed the differences in hydrogen-bond

geometry. In addition, Fe2+–O stretching band of humbold-

tine was split and broadened in the observed Raman

spectrum, owing to the Jahn–Teller effect of Fe2+ ion. These

interpretations were also discussed in terms of bond-valence

theory.
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Introduction

Humboldtine [Fe2+(C2O4) � 2H2O] and lindbergite

[Mn2+(C2O4) � 2H2O] are oxalate dihydrate minerals con-

taining transition metal cations (Gaines et al. 1997; Atencio

et al. 2004). The former was found naturally in brown coal

(Manasse 1911), lignite (Garavelli 1955) and pegmatite

fracture (Matioli et al. 1997) and the latter was discovered

in the Lecht Mines, Banffshire, Scotland (Wilson and Jones

1984) and the Lavra da Boca Rica granite pegmatite

(Atencio et al. 2004); these two minerals are considered to

occur as secondary minerals.

Many structural analyses of humboldtine and lindbergite

were reported (humboldtine: Mazzi and Garavelli 1957,

1959; Caric 1959; Deyrieux and Peneloux 1969; Śledzińska

et al. 1986, lindbergite: Deyrieux et al. 1973; Śledzińska

et al. 1987). However, considerable difficulties are faced in

preparing single-crystals of the oxalate complexes con-

taining transition metals (Kitagawa et al. 1995) because

stacking faults commonly occur in their crystal structures

(Pezerat et al. 1968; Lagier et al. 1969; Dubernat and Pez-

erat 1974). Hence the structure refinement of humboldtine

based on the single-crystal X-ray diffraction data has not
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been successfully made, although that of lindbergite has

been recently done by Soleimannejad et al. (2007). Detailed

crystal-chemical analyses using single-crystals may provide

structural insight into the oxalate minerals.

Here, we present the result of X-ray diffraction structure

analysis of the synthetic single-crystals of humboldtine.

In addition, micro-infrared absorption and micro-Raman

scattering analyses using single-crystals of humboldtine

and lindbergite were performed to compare with each other

in terms of hydrogen bond geometries in their crystal

structures. Their crystal chemical characteristics including

Jahn–Teller effect of Fe2+ ion (Benarafa et al. 2000; Fritsch

et al. 2004), hydrogen bond geometries, and the role of

lone electron pairs (LEPs) of water molecules will come up

for detailed discussion.

Experimental

Preparation of single-crystals of humboldtine

and lindbergite

Single-crystals of humboldtine and lindbergite were syn-

thesized by reactions of oxalic acid ester with iron sulfate

hexahydrate (Fe2+SO4 � 6H2O) and manganese chloride

tetrahydrate (Mn2+Cl2 � 4H2O), respectively. The prepara-

tion of humboldtine was carried out under hydrothermal

conditions in Teflon-lined stainless steel autoclaves with

autogeneous pressure (ca. 0.5 MPa). The mixture of aqueous

solution of diethyl oxalate (C6H10O4) with an aqueous

solution of iron sulfate hexahydrate in a stoichiometric pro-

portion was prepared. The Teflon vessel was filled to 40% of

its inner volume by the mixture solution and was then heated

to 393 K, kept at this temperature for 72 h, and slowly cooled

to room temperature overnight. Consequently, yellow prism

crystals of humboldtine, with maximum length of approxi-

mately 5 mm, were obtained. On the other hand, lindbergite

crystals were synthesized by reaction of aqueous solution of

dimethyl oxalate (C4H6O4) with an aqueous solution of

manganese chloride tetrahydrate in a stoichiometric propor-

tion at room temperature (296 K). The reaction was induced

in a glass cup for 14 weeks and the products deposited in the

bottom of the cup were colorless and single-crystals of

lindbergite up to 2-mm long. Both of the precipitates were

washed with distilled water, filtered and dried. Each product

was confirmed by X-ray powder diffraction analysis to con-

sist only of humboldtine and lindbergite, respectively.

Single-crystal X-ray crystal structure analysis

of humboldtine

Single-crystal of humboldtine was chosen under a stereo-

microscope and a polarizing microscope, and then single-

crystal X-ray diffraction dataset was collected with an

imaging-plate diffractometer system (Rigaku RAXIS-

RAPID, MoKa radiation, graphite monochromator).

Intensity data were corrected for Lorenz and polarization

effects. Empirical absorption correction (Higashi 1995)

was used. Selected crystallographic and experimental data

together with the refinement details are given in Table 1.

Structure solution and refinement have been carried out by

direct method (SIR97: Altomare et al. 1999). Positions of

hydrogen atoms were determined on a 3-D difference-

Fourier map (Beurskens et al. 1999) around the associated

oxygen atoms under the restrictions on O–H bond distances

(0.98 ± 0.02 Å). The full-matrix least-squares refinements

on F2 were done using the SHELXL-97 program (Sheldrick

1997) with anisotropic displacement parameters for non-

hydrogen atoms and isotropic ones for hydrogen atoms.

Bond-valence analysis

Bond-valence analyses were performed for humboldtine and

lindbergite; the former analysis was made based on the bond

lengths obtained from the present structure refinement and

the latter was according to Soleimannejad et al. (2007). The

calculations were carried out with the program VALENCE

(Brown 1996). However, bond-valences of hydrogen bonds

Table 1 Summarized crystal data and details of refinement

parameters

Chemical formula Fe2+ (C2O4) � 2H2O

Crystal dimensions 0.15 9 0.05 9 0.05 mm

Temperature 293 K

Lattice parameters

a 12.011 (11) Å

b 5.557 (5) Å

c 9.920 (9) Å

b 128.53 (3)�
V 518.0 (8) Å3

Z 4

Dcalc 2.307 g/cm3

Space group C2/c

F000 360.00

l (MoKa) 28.624 cm-1

Measured reflections 2,405

Independent reflections, Rint 595, 3.2%

R1, wR2 (All data) 3.74%, 9.31%

Observed refractions [Io [ 2r(Io)] 595

Parameters used in the refinement 51

Reflection/parameter ratio 11.67

R1 [Io [ 2r(Io)] 3.22%

Goodness of fit indicator 1.387

Max. peak in fnal diff. map 0.64 e/Å3

Min. peak in final diff. map -0.66 e/Å3
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were assigned according to Hawthorne (1992a, b; 1997),

since the O–H distances are restricted as mentioned above

and bond-valence calculations depend primarily upon the

corresponding bond-distances (Brown 1981, 2002).

Infrared and Raman spectroscopic analyses

Single-crystal infrared spectra were obtained using a

Janssen-type micro-FTIR spectrometer (JASCO corp.).

Single-crystals of humboldtine and lindbergite (*5-lm

thick) were chosen under a stereomicroscope and placed on

a KBr plate. The spectra were measured in the region of

4,000–650 cm-1, with 1 cm-1 resolution and 400 scans

were performed at room temperature in air.

Raman scattering measurements were carried out using

a micro-Raman spectrometer (Photon-Design Mars)

equipped with a monochromator (JOBIN YVON HR-320)

and a CCD detector (ANDOR DU-401). Approximately

100 mW of power at 514.5 nm wavelength from an Ar

laser (Spectra Physics Stabilite 2017) was used to excite

the samples. The measurements were made in air at room

temperature.

Results

Structure description

The crystal structure of humboldtine was finally refined to

R = 3.22% for the 595 unique observed [Io [ 2r (Io)]

reflections (Table 1). The final positional parameters and

displacement parameters are given in Table 2. Selected

bond distances, angles, and hydrogen bonds geometry are

shown in Table 3. Interatomic distances listed in Table 3

agree closely with the previous result obtained from neu-

tron powder diffraction method (Śledzińska et al. 1986),

though the present structure analysis is more convergent.

Bond-valence distribution is shown in Table 4.

Table 2 Atomic coordinates and displacement parameters (Å2) for humboldtine

Atom x y z Beq occ. U11 U22 U33 U12 U13 U23

Fe 0 0.1704 (15) 1/4 1.44 (2) 1/2 0.0248 (4) 0.0097 (3) 0.0162 (4) 0 0.0107 (3) 0

C 0.0499 (3) 0.6684 (7) 0.3511 (4) 1.27 (5) 1 0.0255 (14) 0.0153 (14) 0.0133 (12) 0.0018 (12) 0.0078 (11) 0.0013 (11)

O(1) 0.0848 (3) 0.4694 (5) 0.4227 (3) 1.66 (5) 1 0.0330 (16) 0.0126 (14) 0.0148 (12) -0.0010 (12) 0.0111 (12) -0.0018 (11)

O(2) 0.0863 (3) 0.8716 (5) 0.4236 (3) 1.80 (5) 1 0.0272 (15) 0.0336 (17) 0.0183 (13) 0.0050 (15) 0.0126 (12) 0.0036 (14)

O(3) 0.1797 (3) 0.1777 (6) 0.2573 (3) 2.17 (5) 1 0.0172 (17) 0.0152 (17) 0.0137 (17) -0.0001 (16) 0.0086 (15) -0.0003 (16)

H(1) 0.263 (5) 0.091 (12) 0.349 (7) 8.2 (23) 1

H(2) 0.167 (5) 0.130 (10) 0.156 (4) 3.5 (12) 1

Table 3 Selected bond lengths (Å) and angles (�) for humboldtine

Iron polyhedron Oxalate anion

Fe–O(1) 2.135 (2) Å C–O(1) 1.238 (4) Å

Fe–O(2) 2.139 (2) C–O(2) 1.261 (4)

Fe–O(3) 2.114 (4) Mean 1.250

Mean 2.129 C–C 1.570 (4) Å

Polyhedral volumea 12.59 Å3

BLD valueb 0.48%

O(1)–C–C 116.7 (3)�
Water molecule O(2)–C–C 116.5 (3)

O(3)–H(1) 0.96 (5) Å Mean 116.6

O(3)–H(2) 0.95 (5) Å O(1)–C–O(2) 126.8 (3)�
H(1)–O(3)–H(2) 104 (2)�

Hydrogen bonds

H(1)���O(1) 1.85 (4) Å H(2)���O(2) 1.87 (4) Å

O(3)���O(1) 2.749 (3) Å O(3)���O(2) 2.769 (5) Å

O(3)–H(1)���O(1) 154 (6)� O(3)–H(2)���O(2) 157 (5)�
a Calculated using CrystalMaker program (CrystalMaker Software 2007)
b BLD boud length distortionð Þ ¼ 100

n

Pn
i¼1 X � Oð Þi � \X � O [ð Þ

� ��
\X � O [ð Þ

� �
; where n = number of bonds, (X–O)i = central cat-

ion–oxygen length and \X - O[ = average cation–oxygen bond length (Renner and Lehmann 1986)
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As seen in Fig. 1, the three-dimensional structure of

humboldtine consists of linear infinite chains along [010],

linked together by the hydrogen bonds. The hydrogen bonds

are formed between the oxygen atoms of the water mole-

cules (O3) and those of the oxalate ions (O1 and O2)

belonging to adjacent chains. In the oxalate minerals, the

alternation of oxalate anions [(C2O4)2-] and Fe2+ ions cre-

ates the 1D chain structure parallel to [010]; water molecules

(H2O)0 between the chains form hydrogen bonds, with

which they are linked together (Fig. 1). Therefore (H2O)0 is

essentially part of the crystal structure. Additionally, the

water molecules are tied at a slight tilt to the chains (Fig. 1).

Humboldtine including hydrogen bonds is isotypic with

lindbergite reported by Soleimannejad et al. (2007).

Bond-valence calculations

Calculations of bond-valence for humboldtine and lind-

bergite were carried out, and their results are given in

Tables 4 and 5, respectively. The sums of the bond-

valences around the iron atom and manganese atom are

2.062 and 2.075 valence unit (v.u.), respectively, which are

in good agreement with the expected value (2.000) for each

atom. Similarly, the sums of the valences around the Fe-

coordinated oxygen atoms and the Mn-coordinated oxygen

atoms lie in the range 1.939–2.034 (average value,

1.991 v.u.) and 1.955–2.000 (average value, 1.980 v.u.),

respectively. Both of them are also in accordance with the

expected value (2.000) for oxygen atom. Calculations of

such bond-valences show that the valence sum rule (Brown

1981, 2002) is obeyed not only within the Fe-polyhedra

and Mn-polyhedra, but also around the polyhedra. The

bond-valence analyses ensured the reliability of these two

crystal structures; the crystal-chemical relationship

between humboldtine and lindbergite will be discussed in

detail later.

Infrared spectroscopy

The IR spectra for humboldtine and lindbergite are shown

in Fig. 2. The former is closely parallel to the latter

throughout the range of their observed IR spectra. In the

O–H stretching frequency regions of humboldtine and

lindbergite (2,600–3,400 cm-1: Nakamoto 1997), each

prominent band is present at 3,300 cm-1 (Fig. 2a) and

3312 cm-1 (Fig. 2b), respectively. Both of the bands have

six shoulders; the former shoulders were observed at 3,167,

3,104, 2,978, 2,944, 2,820 and 2,773 cm-1 (Fig. 2a) and

the latter ones at 3,155, 3,089, 2,977, 2,935, 2,820 and

2,770 cm-1 (Fig. 2b). O–H bending bands (Nakamoto

1997) are centered at 1,656 cm-1 in the spectrum of hum-

boldtine (Fig. 2a) and at 1,655 cm-1 in that of lindbergite

(Fig. 2b). The shoulder bands observed at 1,600 cm-1 for

humboldtine (Fig. 2a) and 1,604 cm-1 for lindbergite

(Fig. 2b) are assigned to O–C–O antisymmetric stretching

bands (Silverstein et al. 1991). In addition, O–C–O sym-

metric stretching bands (Silverstein et al. 1991) are

recognized at 1,357 and 1,313 cm-1 in the spectrum of

humboldtine (Fig. 2a) and at 1,359 and 1,310 cm-1 in that

of lindbergite (Fig. 2b).

Table 4 Bond-valences (v.u.) and their sums for humboldtine

Fe C H(1)a H(2)a Sum

O(1) 0.338 x2; 1.516 0.179 2.034

O(2) 0.335 x2; 1.425 0.179 1.939

O(3) 0.358 x2; 0.821 0.821 2.000

C 0.973

Sum 2.062 3.914 1.000 1.000

a Bond-valences of hydrogen bonds were determined by assuming

that the valence sum is 1.000 v.u.

Table 5 Bond-valences (v.u.) and their sums for lindbergite

Mn C H(1)a H(2)a Sum

O(1) 0.355 x2; 1.462 0.169 1.986

O(2) 0.344 x2; 1.442 0.169 1.955

O(3) 0.338 x2; 0.831 0.831 2.000

C 0.981

Sum 2.075 3.885 1.000 1.000

Bond distances are taken from Soleimannejad et al. (2007)
a Bond-valences of hydrogen bonds were determined by assuming

that the valence sum is 1.000 v.u.

Fig. 1 Crystal structure of humboldtine. Cation polyhedra are

striped, carbon atoms are shown in black, oxygen in pale gray and

hydrogen atoms are white; dotted lines represent hydrogen bonds
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Raman spectroscopy

The Raman spectra for humboldtine and lindbergite are

shown in Figs. 3 and 4. The former is closely parallel to

both the latter and the natural sample reported by Frost

(2004) throughout a range of the observed spectra. In the

O–H stretching frequency regions of humboldtine and

lindbergite (2,900–3,500 cm-1: Smith and Dent 2005), the

broad band centered at 3,316 cm-1 is present in the former

(Fig. 3a) and it is at 3,326 cm-1 in the latter (Fig. 3b).

Prominent C–O stretching bands (Frost 2004) are observed

at 1,463 cm-1 for humboldtine (Fig. 3a) and 1,469 cm-1

for lindbergite (Fig. 3b), respectively. The sharp bands

centered at 585 and 915 cm-1 in the spectrum of hum-

boldtine (Fig. 4a) are assigned to water libration and O–C–

O bending modes (Frost 2004), respectively. In the spec-

trum of lindbergite (Fig. 4b), the equivalent bands are

located at 579 and 908 cm-1, respectively. In addition,

the band doublet at 204/245 cm-1 in the spectrum of

humboldtine (Fig. 4a) is attributed to the lattice mode

(Nakamoto 1997). The same doublet was observed at 198/

240 cm-1 in the spectrum of humboldtine (Fig. 4b). Fig-

ure 4 shows that the Fe2+–O stretching band centered at

523 cm-1 is significantly broader and less intense than the

Mn2+–O stretching band centered at 517 cm-1.

Discussion

Octahedral distortions

The coordination environment of Fe2+ in humboldtine is

a distorted octahedron where the two metal-water bonds

(Fe–O3) are shorter than the other four metal-oxalate bonds

(Fe–O1 and Fe–O2) (Fig. 5). On the other hand, the Mn2+-

octahedron in lindbergite (Soleimannejad et al. 2007) is also

slightly distorted; the two metal-water bonds (Mn–O3) are

longer than the other four metal-oxalate bonds (Mn–O1 and

Mn–O2) (Fig. 5). Calculated values of bond length distor-

tion (BLD: Renner and Lehmann 1986) for the Fe- and Mn-

octahedra are 0.48 and 0.28%, respectively. Note that the

former octahedron is horizontally elongated though the

latter is horizontally contracted and the former BLD value is

larger than the latter. The difference in geometry between

Fig. 2 Micro-infrared spectra of a humboldtine and b lindbergite

Fig. 3 Micro-Raman spectra of a humboldtine and b lindbergite

Fig. 4 Micro-Raman spectra of the 100–1,200 cm-1 region of a
humboldtine and b lindbergite: the former Fe2+–O stretching band

(523 cm-1) is broader and less intense than the latter Mn2+–O one

(517 cm-1) owing to the Jahn–Teller effect of Fe2+ ion
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these Fe- and Mn-octahedra may result from the weak Jahn–

Teller effect of Fe2+ ion (Benarafa et al. 2000; Fritsch et al.

2004). Since Fe2+ ion has asymmetric t2g configuration of

electrons (Burns 1993; Moore 2004), the orbital group may

cause the Jahn–Teller effect (Jahn and Teller 1937; Orgel

and Dunitz 1957; Dunitz and Orgel 1957).

The horizontal distortion of Fe2+O6 polyhedra in hum-

boldtine may stem from the geometrical coordination

between Fe2+ ion and oxalate anion. Figure 6 shows the

geometry of cation-anion coordination in the chain struc-

tures along [010]. Both of the cation polyhedra in the

present minerals are significantly elongated along [010].

Mn2+O6 polyhedra are more elongated along the main axis

(O3-O3) than Fe2+O6 polyhedra since the ionic radius of

the former (0.83 Å: Shannon 1976) is larger than that of the

latter (0.78 Å: Shannon 1976). On the other hand, the

geometries of oxalate anions show little difference between

their structures, which demonstrates that the oxalate anion

is more rigid than the cation polyhedra. The rigidity of

oxalate anion gives rise to significantly narrow bond angles

called ‘‘bite-angle’’ defined as O–M–O angle where the

oxygen atoms belong to the same oxalate anion (Stiefel and

Brown 1972). The bite-angles having values far away from

the ideal octahedral ones (90�) exert a crystal-chemical

influence on the oxalate complexes containing transition-

metals (Calatayud et al. 2000; Castillo et al. 2001).

Figure 6 shows the shape of dxy orbitals of the corre-

sponding cations in the chain structures. The dxy orbitals

point to the regions where there is no ligand. However,

small repulsion due to the narrow bite-angles in humbold-

tine (77.83� and 78.12�) may occur between the orbitals and

ligands (oxygen atoms belonging to oxalate anions). Thus

the repulsion induced by the narrow bite-angles causes the

Fe2+O6 polyhedra to be horizontally elongated. The

Mn2+O6 polyhedra are less distorted than Fe2+O6 polyhedra

in terms of BLD values as mentioned above, while the bite-

angles in lindbergite (76.61� and 76.70�: Soleimannejad

et al. 2007) are narrower than those (77.83� and 78.12�) in

humboldtine (Fig. 6). These differences can be explained

both by the fact that high-spin Mn2+ ion causes no Jahn–

Teller effect (Jahn and Teller 1937; Orgel and Dunitz 1957;

Dunitz and Orgel 1957) and by the interpretation that the

octahedral distortion in humboldtine is caused by asym-

metric t2g configuration of electrons.

Bond-valence calculations revealed that the elongated

Fe–O1 and Fe–O2 bonds contribute to less bond-valence

than the corresponding Mn–O1 and Mn–O2 in lindbergite

(Tables 4 and 5). However the short Fe–O3 bond distance

supplies its bond-valence to satisfy the bond-valence

requirement from central Fe2+ ion (Table 4). As a result,

valence sum of each atom in humboldtine is nearly iden-

tical with that in lindbergite (Tables 4 and 5), which

suggests that the degeneracy of t2g orbitals is removed and

the energy level of dxy orbital became more stable.

Spectroscopic evidences for the Jahn–Teller effect were

also provided by the present Raman spectra. The Fe2+–O

stretching band in humboldtine is significantly broader and

less intense than the Mn2+–O one in lindbergite as already

explained (Fig. 4). Both the broadening and lowering the

intensity of the Fe2+–O band may arise from the Jahn–

Teller effect of Fe2+ ion (Cotton and Meyers 1960;

Bersuker and Vekhter 1962). On the other hand, the metal-

oxygen stretching frequencies generally decrease as the

mass of the metal increases (Nakamoto 1997). However,

humboldtine has higher metal-oxygen stretching frequency

(523 cm-1) due to the Jahn–Teller effect of the Fe2+ ion

than does lindbergite (517 cm-1), as previously reported

by Adams and Morris (1968).

Hydrogen bonds

In the geometries of hydrogen bonds of humboldtine

(Table 3), the distances between donor oxygen (OD) and

acceptor (OA) oxygen are 2.749 and 2.769 Å (average

value, 2.759 Å). In those of lindbergite (Soleimannejad

Fig. 5 Comparison between a FeO6-octahedron in humboldtine and

b MnO6-octahedron in lindbergite (Soleimannejad et al. 2007).

Observed bond distances (Å) are shown

Fig. 6 Comparison between the geometries of the chain structures in

a humboldtine and b lindbergite (Soleimannejad et al. 2007).

Observed bond distances (Å) and angles (�) are shown; the dxy

orbitals are cross-hatched
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et al. 2007), the OD���OA distances are 2.769 and 2.751 Å

(average value, 2.758 Å). Since the OD���OA distances of

humboldtine are slightly shorter than those of lindbergite,

the former hydrogen bonds are found to be slightly stronger

than the latter.

Bond-valence distributions of the hydrogen bonds are

schematically represented in Fig. 7, which shows that the

Fe–O3 bond contributes a bond-valence of 0.358 v.u. to the

oxygen and the remaining 1.642 v.u. is supplied by its two

attendant hydrogen atoms. Each hydrogen atom supplies a

bond-valence of 1.642/2 = 0.821 v.u. to the oxygen (O3),

then the remaining 1.000–0.821 = 0.179 v.u. is provided

by the weak hydrogen bonds linking hydrogens of water

molecules to O1 of their adjacent chains (Fig. 7a). On the

other hand, the Mn–O3 bond contributes its bond-valence

(0.338 v.u.) to the oxygen (O3) and the remaining

1.662 v.u. is supplied by the two attendant hydrogen atoms

(Fig. 7b). Each hydrogen atom contributes a bond-valence

of 1.662/2 = 0.831 v.u. to the oxygen (O3) and hence the

remaining 1.000–0.831 = 0.169 v.u. is provided by the

weak hydrogen bonds linking hydrogens of water mole-

cules to O1 of their adjacent chains. The bond-valences of

hydrogen bonds (0.179 v.u.) attracting the Fe2+-oxalate

chains are higher than those (0.169 v.u.) attracting the

Mn2+-oxalate chains, which is consistent with the conclu-

sion derived from the present crystal structure refinements:

hydrogen bonds in humboldtine are slightly stronger than

those in lindbergite.

In addition to theoretical calculations (Bellamy and

Owen 1969), empirical correlation diagrams showed con-

clusively that the wavenumber of O–H stretching band

decreases considerably with increasing strength (decreas-

ing length) of the hydrogen bond (Nakamoto et al. 1955;

Novak 1974; Mikenda 1986; Libowitzky 1999). In the

observed FTIR spectra, the wavenumbers of their O–H

stretching bands are observed to be 3,300 cm-1 for hum-

boldtine and 3,312 cm-1 for lindbergite. These results

show that both their bands may be regarded as due to weak

hydrogen bonds (Libowitzky 1999) and that the former

hydrogen bonds are slightly stronger than the latter. The

present Raman spectra also indicate that humboldtine has

stronger hydrogen bonds, with the present observation that

the wavenumbers of O–H stretching band are centered at

3,316 and 3,326 cm-1 for humboldtine and lindbergite,

respectively. These spectroscopic data are quite consistent

with the result of the crystal structure refinements dis-

cussed above: the OD���OA distances of humboldtine are

shorter than those of lindbergite.

Tilting of water molecules

Consider the arrangements of water molecules in the

crystal structures of humboldtine and lindbergite, both of

which are isotypic with each other (Fig. 1); these water

molecules are obliquely tied to the chains consisting of

metal cations and oxalate anions. The schematic repre-

sentation of the electronic structure is shown in Fig. 8a,

where both metal cation and oxalate anion constitute one-

dimensional chains linked by ionic bonds (–M2+–ox2-–

M2+–ox2-–M2+–: M = Fe or Mn, ox = oxalate). The

water molecule donates one of two lone electron pairs

(LEPs) to metal cation to form coordinate covalent bond

(Fig. 8a). Thus, one of two LEPs of the water molecule is

shared with the corresponding cation and served as

chemical bonding. On the other hand, the remaining LEP

exists as one non-bonding electron pair (Fig. 8a). The

remaining LEP may impose spatial requirement from the

Fig. 7 Schematic representations of the bond-valence structures of

hydrogen bonds in a humboldtine and b lindbergite; calculated bond-

valences (v.u.) are shown

Fig. 8 a Schematic representation of electronic structure (M = Fe:

humboldtine, Mn: lindbergite; ox: oxalate ion) of the chain structures

in the oxalate minerals. b The three-dimensional structures of the

chains. Metal (Fe/Mn) atoms are shown in dark gray, oxygen in pale
gray, carbon in black, and hydrogen in white. The water molecules

tied to the chains are tilted by the spatial requirements of the lone

electron pairs (LEPs)
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perspective of the Valence Shell Electron Pair Repulsion

(VSEPR) model (Gillespie 1971); each pair of electrons in

the valence shell is localized in a way that minimizes the

repulsion between them. Bonding electron pairs point

towards the atoms they bond, but the non-bonding LEPs

point to a region where there is no atom (Gillespie and

Hargittai 1991) and hence the water molecules are tied at a

slight tilt to the chains (Fig. 8b).
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Śledzińska I, Murasik A, Piotrowski M (1986) Neutron diffraction

study of crystal and magnetic structures of a-FeC2O4�2D2O.

Physica B 138:315–322
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