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Abstract

The organically templated (C6H16N2)0.5[M(HPO3)F] [M(II) ¼ Fe (1) and Co (2)] compounds have been synthesized by using mild

hydrothermal conditions under autogeneous pressure. The crystal structures have been determined from X-ray single-crystal diffraction

data. The compounds are isostructural and crystallize in the C2/c monoclinic space group. The unit-cell parameters are a ¼ 5:607ð1Þ,
b ¼ 21:276ð4Þ, c ¼ 11:652ð1Þ Å, b ¼ 93:74ð1Þ1 for the iron phase and a ¼ 5:5822ð7Þ, b ¼ 21:325ð3Þ, c ¼ 11:4910ð1Þ Å, b ¼ 93:464ð9Þ1 for
the cobalt compound with Z ¼ 4. The crystal structure of these compounds consists of [M(HPO3)F]

� anionic sheets. The layers are

constructed from chains which contain [M2O6F3] dimeric units linked by fluoride ions. The trans-1,4-diaminocyclohexane cations are

placed in the interlayer space. The IR and Raman spectra show the bands corresponding to the phosphite oxoanion and organic dication.

The Dq and Racah (B and C) parameters have been calculated from the diffuse reflectance spectra in the visible region. Dq parameter is

790 cm�1 for compound (1). For phase (2) the Dq value is 725 cm�1 and B and C are 930 and 4100 cm�1, respectively. The thermal

evolution of the molar magnetic susceptibilities of these compounds show maxima at 20.0 and 6.0K for the iron(II) and cobalt(II)

phases, respectively. These results indicate the existence of antiferromagnetic interactions in both compounds.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of novel, open-framework, organically
templated metal compounds under hydrothermal condi-
tions represents a major activity in current solid-state
chemistry. They are of scientific interest because of the
challenges posed by their synthesis, processing and
characterization. Many of these materials are synthesized
in the presence of organic amines as structure-directing
agents, usually accommodated in the structural voids and
e front matter r 2005 Elsevier Inc. All rights reserved.
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not as a part of the inorganic skeleton. The extended
inorganic networks templated by organic cations now
cover a remarkable range of compositions and structures
[1]. With inspiration from the examples of aluminosilicate
zeolites, the applications of some of these materials as
catalysts [2], absorption agents [3] and ion exchangers [4]
have been investigated. Two areas of particular interest to
synthetic and structural chemists are to devise rational and
reliable syntheses for these materials [5] and to understand
the resulting, often complicated, crystal structures.
In recent years, considerable effort has been devoted to

designing open-framework inorganic materials other than
phosphates, such as chalcogenides, pnictides, cyanides, and
thiopnictides [6,7]. Although the majority of the inorganic

www.elsevier.com/locate/jssc
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open-framework structures reported in the literature are
silicates [8], phosphates [1], or carboxilates [9], there have
been recent reports of open-framework structures synthe-
tized using other anion units. The possibilities of incorpor-
ating phosphorous(III) as pseudo-pyramidal (HPO3)

2�

hydrogen phosphite into extended structures templated
by inorganic alkaline earth cations were explored [10].
However, the inorganic–organic hybrid phosphites with
metallic transition elements have not been extensively
studied, and only compounds with V(IV), Co(II), Mn(II),
Fe(II, III), V(III), Cr(III) cations are known [11]. In order
to complete the knowledge about this type of microporous
materials incorporating metallic magnetic cations belong-
ing to the first series of transition elements we have
synthesized the phosphites (C6H16N2)0.5[M(HPO3)F],
where M is Fe(II) and Co(II). In the present work, we
report the solvothermal synthesis, crystal structures,
thermal, and the spectroscopic and magnetic properties.

2. Experimental section

2.1. Synthesis and characterization

(C6H16N2)0.5[M(HPO3)F] [M ¼ Fe (1) and Co (2)] were
prepared under mild hydrothermal conditions under auto-
geneous pressure. Stoichiometric quantities of FeC2O4.2H2O
(0.73mmol) or CoCl2 � 6H2O (3.0mmol), for phases (1) and
(2), respectively, H3PO3 (7.5mmol), HF (1 or 1.5mL) and
trans-1,4-diaminocyclohexane up to a pH between 4 and 6,
were dissolved in 4:1 water:ethanol (25mL) and stirred up
to homogeneity. They were then placed in PTFE-lined
stainless steel pressure vessels (fill factor 75%) and heated
at 170 1C for 5 days, followed by slow cooling to room
temperature. The pH of the mixtures did not show any
appreciable change during the hydrothermal reactions. The
Table 1

Crystal data and details of the structure refinement procedure for the (C6H16N

Formula C6H18F2Fe2N2O6P2
Molecular weight, gmol�1 425.86

Crystal system Monoclinic

Space group C2/c (no. 15)

a, Å 5.607(1)

b, Å 21.276(4)

c, Å 11.652(1)

b, deg 93.74(1)

V, Å3 1387.1(4)

Z 4

rcalc, g cm
�3 2.039

F(000) 864

T, K 293(2)

Radiation, l(MoKa), Å 0.71073

m (MoKa) mm�1 2.370

Limiting indices �7oho7, 0oko2
R [I42sðIÞ] R1 ¼ 0:059, wR2 ¼

R [all data] R1 ¼ 0:070, wR2 ¼

Goodness of fit 1.059

R1 ¼ ½SðjFoj � jF cjÞ	=SjFoj; wR2 ¼ ½S½wðjFoj
2 � jF cj

2Þ
2
	=S½wðjFoj

2Þ
2
	1=2; w

y ¼ 1:0497 for Fe; x ¼ 0:032, y ¼ 0:4769 for Co.
compounds were obtained in the form of single-crystals,
colorless for (1) and of red color for (2). The percentage of
the elements in the products was calculated by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
and C, H, N-elemental analysis. Fluoride content was
determined using a selective electrode. Found: Fe, 25.8;
P, 14.2; C, 16.5; H, 4.0; N, 6.3; F, 8.6. (C6H16N2)0.5
[Fe(HPO3)F] requires Fe, 26.2; P, 14.5; C, 16.9; H, 4.3; N,
6.6; F, 8.9. Found: Co, 27.0; P, 14.1; C, 16.1; H, 3.9; N, 6.3;
F, 8.7. (C6H16N2)0.5[Co(HPO3)F] requires Co, 27.3; P,
14.3; C, 16.7; H, 4.2; N, 6.5; F, 8.8. The densities, measured
by flotation in mixtures of CHCl3/CHBr3, are 1.937(8)
and 2.072(9) g cm�3 for the iron and cobalt compounds,
respectively.

2.2. Single-crystal X-ray diffraction

Prismatic single-crystals of compounds (1) and (2), with
dimensions 0.16� 0.17� 0.20 and 0.06� 0.12� 0.30mm,
respectively, were carefully selected under a polarizing
microscope and mounted on a glass fiber. Diffraction data
were collected at room temperature on an Enraf-Nonius
CAD4 automated diffractometer using graphite-monochro-
mated Mo-Ka. Details of crystal data and some features of
the structure refinement are reported in Table 1. Lattice
constants were obtained by a least-squares refinement of the
setting angles of 25 reflections in the range 51oyo151.
Intensities and angular positions of two standard reflections
were measured every hour and showed neither decrease nor
misalignment during data collection.
A total of 2081 reflections were measured for (1) in the

range 1.911pyp0.021, of which 1995 were considered to be
independent (Rint: ¼ 0:093), and 1699 were observed after
applying the I42sðIÞ criterion. For (2) the number of
measured reflections was 2080 (1:911pyp30:001), 1984
2)0.5[M(HPO3)F] (M ¼ Fe and Co) phosphites

C6H18F2Co2N2O6P2
432.02

Monoclinic

C2/c (no. 15)

5.5822(7)

21.325(3)

11.4910(1)

93.464(9)

1365.4(3)

4

2.102

872

293(2)

0.71073

2.712

9, 0olo16 �7oho7, 0oko30, 0olo16
0:155 R1 ¼ 0:022, wR2 ¼ 0:055
0:165 R1 ¼ 0:029, wR2 ¼ 0:057

1.038

¼ 1=½s2jFoj
2 þ ðxpÞ2 þ ðypÞ	; where p ¼ ½jFoj

2 þ 2jF cj
2	=3; x ¼ 0:1287,
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Table 2

Atomic coordinates (� 104) and equivalent isotropic displacement

parameters (Å2� 103) for (C6H16N2)0.5[M(HPO3)F] (M ¼ Fe and Co)

(e.s.d. in parentheses)

Atom x y z Ueq

(C6H16N2)0.5[Fe(HPO3)F]

Fe(1) 2216(1) 300(1) 3249(1) 14(1)

P(1) 7005(1) �594(1) 3952(1) 13(1)

F(1) 0 973(1) 2500 17(1)

F(2) 5000 799(1) 2500 18(1)

O(1) 4351(4) �435(1) 3808(2) 19(1)

O(2) 2294(4) 791(1) 4821(2) 17(1)

O(3) �1407(4) �93(1) 3485(2) 21(1)

N(1) 7519(5) �1189(1) 9481(2) 19(1)

C(1) 6875(6) �1849(2) 9720(3) 19(1)

C(2) 774(1) �2037(2) 10925(3) 34(1)

C(3) 7855(9) �2281(2) 8829(3) 32(1)

(C6H16N2)0.5[Co(HPO3)F]

Co(1) 2195(1) 4702(1) 3233(1) 12(1)

P(1) 6987(1) 5586(1) 3955(1) 11(1)

F(1) 0 4027(1) 2500 14(1)

F(2) 5000 4219(1) 2500 15(1)

O(1) 4325(2) 5429(1) 3803(1) 16(1)

O(2) 2309(2) 4222(1) 4796(1) 15(1)

O(3) �1407(2) 5088(1) 3467(1) 17(1)

N(1) 2475(3) 6190(1) 5512(1) 16(1)

C(1) 3121(3) 6849(1) 5273(1) 18(1)

C(2) 2200(5) 7040(1) 4056(2) 31(1)

C(3) 2154(4) 7276(1) 6188(2) 29(1)

S. Fernández-Armas et al. / Journal of Solid State Chemistry 178 (2005) 3554–35623556
being independent reflections (Rint: ¼ 0:014) and 1717
having I42sðIÞ. Data were corrected for Lorentz and
polarization effects and for absorption with the empirical c
scan method [12] using the X-RAYACS program [13].
Direct methods (SHELXS 97) [14] were employed to solve
the structure. The metal ions and phosphorus atoms were
first located and oxygen, nitrogen and carbon atoms were
found from difference Fourier maps. The structures were
refined by the full-matrix, least-squares method based on
F2, using the SHELXL 97 computer program [15]. The
scattering factors were taken from Ref. [16]. All non-
hydrogen atoms were assigned anisotropic thermal para-
meters. The coordinates of hydrogen atoms of the
phosphite anion were obtained from difference Fourier
maps. The hydrogen atoms of the trans-1,4-diaminocyclo-
hexane cation were geometrically placed in the case of
compound (1). The high quality of the crystal of compound
(2) allowed calculation of hydrogen positions from the
Fourier maps. Final R factors were R1 ¼ 0:070 (all data)
[wR2 ¼ 0:165] for (1) and R1 ¼ 0:029 (all data)
[wR2 ¼ 0:057] for (2). With maximum and minimum peaks
in final difference synthesis of 1.780, �1.653 eÅ�3 and
0.614, �0.358 eÅ�3 for (1) and (2), respectively. The
goodness of fit on F2 was 1.059 for (1) and 1.038 for (2).
Simulations based on the (C2H16N2)0.5[M(HPO3)F]
(M ¼ Fe and Co) single-crystal structures was in excellent
agreement with the X-ray powder data, indicating the
presence of pure polycrystalline phases with high crystal-
linity. The structure factor parameters have been deposited
at the Cambridge Crystallographic Data Centre (CCDC
258110 and 258109, for compounds (1) and (2), respec-
tively). All drawings were made using ATOMS program
[17]. Atomic coordinates are shown in Table 2. Selected
bond distances and angles are given in Table 3.

2.3. Physicochemical characterization techniques

The IR spectra (KBr pellets) were obtained with a Nicolet
FT-IR 740 spectrophotometer in the 400–4000 cm�1 range.
The Raman spectra were recordered in the 200–3000 cm�1

range, with a Nicolet 950FT spectrophotometer equipped
with a neodymium laser emitting at 1064nm. Diffuse
reflectance spectra were registered at room temperature
on a Cary 2415 spectrometer in the 210–2000nm range.
Magnetic measurements, on powdered samples, were per-
formed in the temperature range 2.0–300K, using a
Quantum Design MPMS-7 SQUID magnetometer. The
magnetic field was approximately 0.1T, a value within the
range of linear dependence of magnetization vs. magnetic
field, even at 2.0K.

3. Results and discussion

3.1. Thermal behavior

Thermogravimetric analysis was carried out under air in an
SDC 2960 Simultaneous DSC-TGA TA Instrument. Crucibles
containing ca. 20mg of sample were heated at 5 1Cmin�1 in
the temperature range 30–800 1C. The decomposition curves of
the (C6H16N2)0.5[M(HPO3)F] phases reveal a continuous mass
loss with superimposed steps between 300 and 700 or 800 1C
for (1) and (2), respectively. These losses correspond to
approximately 33.0% or 33.5% for the iron and cobalt
compound, respectively, and are in good agreement with the
calculated values of 36% or 35.6% for the calcination of the
trans-1,4-diaminocyclohexane dication and the elimination of
the fluoride ion. The final residue obtained from the
thermogravimetric analysis at 800 1C was Fe(PO4) [P3121,
a ¼ b ¼ 5:027ð1Þ, c ¼ 11:234ð1Þ Å] [18a] for compound (1).
For compound (2), the inorganic residue after total calcination
contains Co2(P2O7) [P21/c, a ¼ 13:24ð1Þ, b ¼ 8:345ð1Þ,
c ¼ 9:004ð1Þ Å, b ¼ 104:6ð1Þ1] [18b] and Co3(PO4)2 [P21/n,
a ¼ 7:556ð1Þ, b ¼ 8:371ð1Þ, c ¼ 5:064ð1Þ Å, b ¼ 94:0:0ð1Þ1	
[18c].
The thermal behavior of the (C6H16N2)0.5[M(HPO3)F]

(M ¼ Fe and Co) compounds was also studied by time-
resolved X-ray thermodiffractometry in an air atmosphere.
A PHILIPS X’PERT automatic diffractometer (CuKa
radiation) equipped with a variable-temperature stage
(Paar Physica TCU2000) with a Pt sample holder was
used in the experiment. The powder patterns were recorded
in 2y steps of 0.021 in the range 5p2yp451, counting for
1 s per step and increasing the temperature at 5 1Cmin�1

from room temperature up to 800 1C. Compound (1) is
stable up to 320 1C and the intensity of the monitored (020)
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Table 3

Selected bond distances (Å) and angles (deg) for (C6H16N2)0.5[M(HPO3)F]

(M ¼ Fe and Co) (e.s.d. in parentheses)

Bond distances (Å)

[FeO4F2] octahedron [CoO4F2] octahedron

Fe–O(1) 2.050(2) Co–F(1) 2.0382(9)

Fe–F(1) 2.053(2) Co–O(1) 2.039(1)

Fe–O(2) 2.107(2) Co–O(2) 2.065(1)

Fe–F(2) 2.122(1) Co–F(2) 2.0925(7)

Fe–O(3)i 2.205(2) Co–O(3)i 2.140(1)

Fe–O(3) 2.230(2) Co–O(3) 2.204(1)

[HPO3] tetrahedron [HPO3] tetrahedron

P–O(3)ii 1.513(2) P–O(3)ii 1.519(1)

P–O(2)iii 1.516(2) P–O(2)iii 1.520(1)

P–O(1) 1.524(2) P–O(1) 1.523(1)

P–H(1) 1.32(1) P–H(1) 1.34(2)

(H3N(CH2)6NH3)2+

N(1)–C(1) 1.482(4) N(1)–C(1) 1.481(2)

C(1)–C(2) 1.510(5) C(1)–C(2) 1.515(2)

C(1)–C(3) 1.515(5) C(1)–C(3) 1.515(2)

C(2)–C(3)iv 1.520(6) C(2)–C(3)v 1.532(3)

C(3)–C(2)iv 1.520(6) C(3)–C(2)v 1.532(3)

Intermetallic M–M

Fe(1)–Fe(1)i 2.942(1) Co(1)–Co(1)i 2.8881(5)

Bond angles (deg)

[FeO4F2] octahedron [CoO4F2] octahedron

O(1)–Fe–F(1) 172.76(9) F(1)–Co–O(1) 173.82(4)

O(1)–Fe–O(2) 97.1(1) F(1)–Co–O(2) 89.80(4)

F(1)–Fe–O(2) 90.07(8) O(1)–Co–O(2) 96.34(5)

O(1)–Fe–F(2) 94.71(9) F(1)–Co–F(2) 86.14(3)

F(1)–Fe–F(2) 85.25(6) O(1)–Co–F(2) 93.85(4)

O(2)–Fe–F(2) 97.76(8) O(2)–Co–F(2) 97.03(4)

O(1)–Fe–O(3)i 94.8(1) F(1)–Co–O(3)i 79.01(4)

F(1)–Fe–O(3)i 78.01(8) O(1)–Co–O(3)i 94.82(5)

O(2)–Fe–O(3)i 167.30(9) O(2)–Co–O(3)i 168.03(4)

F(2)–Fe–O(3)i 85.74(1) F(2)–Co–O(3)i 86.53(4)

O(1)–Fe–O(3) 101.1(1) F(1)–Co–O(3) 77.53(4)

F(1)–Fe–O(3) 77.45(8) O(1)–Co–O(3) 101.26(5)

O(2)–Fe–O(3) 92.7(1) O(2)–Co–O(3) 93.39(5)

F(2)–Fe–O(3) 159.80(7) F(2)–Co–O(3) 160.58(3)

O(3)i–Fe–O(3) 80.6(1) O(3)i–Co–O(3) 80.16(5)

[HPO3] tetrahedron [HPO3] tetrahedron

O(3)ii–P–O(2)iii 114.3(1) O(3)ii–P–O(2)iii 114.35(6)

O(3)ii–P–O(1) 113.4(1) O(3)ii–P–O(1) 113.43(7)

O(2)iii–P–O(1) 110.9(1) O(2)iii–P–O(1) 111.24(7)

O(3)ii–P–H(1) 106(2) O(3)ii–P–H(1) 105(1)

O(2)iii–P–H(1) 106(2) O(2)iii–P–H(1) 105(1)

O(1)–P–H(1) 106(2) O(1)–P–H(1) 107(1)

(H3N(CH2)6NH3)2+

N(1)–C(1)–C(2) 111.0(3) N(1)–C(1)–C(2) 110.6(1)

N(1)–C(1)–C(3) 110.0(3) N(1)–C(1)–C(3) 109.9(1)

C(2)–C(1)–C(3) 111.6(3) C(3)–C(1)–C(2) 111.4(1)

C(1)–C(2)–C(3)iv 111.5(3) C(1)–C(2)–C(3)v 110.7(1)

C(1)–C(3)–C(2)iv 110.8(3) C(1)–C(3)–C(2)v 110.3(1)

Symmetry codes: (iÞ ¼ �x; y;�z þ 1=2; (iiÞ ¼ x þ 1; y; z; (iiiÞ ¼ �x þ 1;
�y;�z þ 1; (ivÞ ¼ �x þ 3=2;�y � 1=2;�z þ 2; (vÞ ¼ �x þ 1=2;�y þ 3=2;
�z þ 1.
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diffraction maximum at 2y ¼ 8:31 remains practically
unchanged (Fig. 1a). Above that temperature, a rapid
decrease in the crystallinity of the compound takes place,
becoming finally amorphous. Thus, in the 320–600 1C
range no peaks were observed in the X-ray patterns. These
results indicate the collapse of the crystal structure of this
compound with the loss of the trans-1,4-diaminocyclohex-
ane cation. The maxima observed in the thermodiffracto-
grams recordered in the 600–680 1C range show
orthorhombic Fe(PO4) to be the majority phase [Cmcm,
a ¼ 5:227ð1Þ, b ¼ 7:770ð1Þ, c ¼ 6:322ð1Þ Å] [18d] and trigo-
nal Fe(PO4) the minority phase [P3121, a ¼ b ¼ 5:027ð1Þ,
c ¼ 11:234ð1Þ Å] [18a]. Above this temperature, in the
680–800 1C range, both the orthorhombic and trigonal
Fe(PO4) phases continue to be present with increasing
proportions of trigonal Fe(PO4). Compound (2) is stable
up to 320 1C, maintaining a constant intensity of the
monitored (020) peak at 2y ¼ 8:31 (Fig. 1b). Between 280
and 380 1C the existence of an unknown inorganic–organic
hybrid cobalt phopshite is observed. This new phase
presents low crystallinity making it impossible to study
by X-ray diffraction. However, the characterization by IR
spectroscopy shows unambiguously the existence of the
protonated trans-1,4-diaminocyclohexane at approxi-
mately 3000 and 1625 cm�1, together with bands belonging
to the phosphite group in the 1200–500 cm�1 range.
Above 380 1C no maximum was observed in the thermo-
diffractograms, indicating that an amorphous residue is
obtained after calcination of the organic molecule. Finally,
in the 640–800 1C both Co2(P2O7) [P21/c, a ¼ 13:24ð1Þ,
b ¼ 8:345ð1Þ, c ¼ 9:004ð1Þ Å, b ¼ 104:6ð1Þ1] [18b] and
Co3(PO4)2 [P21/n, a ¼ 7:556ð1Þ, b ¼ 8:371ð1Þ, c ¼

5:064ð1Þ Å, b ¼ 94:00ð1Þ1] [18c] form the inorganic residue,
in good agreement with mass losses observed by thermo-
gravimetry.
3.2. Crystal structures

The isostructural (C6N2H16)0.5[M(HPO3)F], M(II) ¼ Fe
and Co, compounds exhibit a layered structure with the
anionic sheets of formula [M(HPO3)F]

� extended along
the (010) plane. The organic dications are located in the
interlayer space and establish both ionic interactions and
hydrogen bonds with the inorganic layers (Fig. 2).
In the structure exists only one crystallographically

independent metallic cation which is bonded to four
oxygen atoms, O(1), O(2), O(3), O(3)i from the phosphite
oxoanions and two fluoride anions, F(1) and F(2), giving
rise to cis-[MO4F2] octahedra. Each octahedron shares a
face formed by two O(3) oxygen atoms and one F(1)
fluoride ion to give dimeric entities of [M2O6F3] formula
(Fig. 3). The dimeric entities form chains in which dimer
units are linked through two F(2) atoms. In these chains
the bond between the octahedra is either via face- or
vertex-sharing (Fig. 4). If the link in the chains is face-
sharing the distance between the metallic cations is 2.942(1)
and 2.8881(5) Å for the iron and cobalt compounds,
respectively. When the link in the chains is through a
shared vertex, the distance between the metallic centres is
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Fig. 1. Thermodiffractograms of (a) (C6H16N2)0.5[Fe(HPO3)F] and (b) (C6H16N2)0.5[Co(HPO3)F]. In both cases, the decomposition process and resulting

phases are indicated.
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longer, 3.675(1) for the iron phase and 3.644(5) Å for the
cobalt compound.
In the iron(II) and cobalt(II) compounds the metallic

cations of the [MO4F2] octahedra are bonded to the oxygen
atoms of the phosphite anions with a mean distance of
2.15(8) and 2.11(7) Å, respectively. The mean distance
between the metallic centres and the fluoride ions is
2.09(4) Å in compound (1) and 2.06(3) Å in compound (2).
The cis–O, F–M–O, F angles within the [MO4F2] octahedra
range from 77.45(8)1 to 97.76(8)1 for (1) and from 77.53(4)1
to 101.26(5)1 for (2). The trans-O, F–M–O, F angles are in
the ranges 159.80(7)–172.76(9)1 and 160.58(3)–173.82(4)1 for
compounds (1) and (2), respectively.
The P–O bonds of the HPO3 tetrahedra for (1) exhibit a

mean value of 1.518(5) Å. In the case of phase (2) this mean
value is 1.521(2) Å. The O–P–O and H–P–O angles show
values typical for the tetrahedral coordination of the
phosphite oxoanion.
The trans-1,4-diaminocyclohexane dications adopt the

chair conformation and are placed in the (100) plane, with
the C–NH3

+ groups along the a-direction of the unit cell,
perpendicular to the inorganic layers. The protonated
organic molecules establish strong hydrogen bonds with
the O(1), O(2) and F(2) atoms of the inorganic skeleton,
with distances ranging between 1.89(1) and 1.99(1) Å.

3.3. Infrared, Raman and UV-visible spectroscopies

The Infrared and Raman spectra of the (C6N2H16)0.5
[M(HPO3)F] (M ¼ Fe and Co) phases exhibit in all cases
the bands corresponding to the vibrations of the trans-1,4-
diaminocyclohexane dications and the (HPO3)

2� phosphite
anions. Selected bands obtained from both the IR and
Raman spectra are given in Table 4. Attempts to obtain the
Raman spectrum of the iron(II) phase were unsuccessful
due to the calcination of this compound under the laser’s
Raman radiation. It is worth mentioning the presence of
the vibrational modes of the protonated organic molecule,
in agreement with the structural data which indicate
non-coordination of this cation with the metallic cations.
These results are similar to those found for other related
phases [19].
The diffuse reflectance spectrum of compound (1) shows

two bands at approximately 6100 and 9100 cm�1, char-
acteristic of the existence of high spin Fe(II) cation in a
slightly distorted octahedral environment. These bands
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Fig. 2. Polyhedral view of the layered crystal structure for the

isostructural (C6H16N2)0.5[M(HPO3)F] (M ¼ Fe and Co) compounds.
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correspond to the electronic transition from the 5T2g(
5D)

fundamental state to the excited 5Eg(
5D), [20,21] which is

split as a consequence of the distortion of the [FeO4F2]
octahedron with Fe–O(3), O(3)i bond distances of 2.205(2)
and 2.230(2) Å being longer than the other Fe–O,F bond
lengths in this octahedron, and the O(3)i–Fe–O(3) and
F(1)–Fe–O(3)i bond angles deviating from the ideal value
of 901. The energy associated with this transition corre-
sponds, according to the Tanabe–Sugano diagram, to the
Dq parameter. The value obtained is Dq ¼ 790 cm�1, in
good agreement with the values observed in related
compounds [22]. In the (C2H10N2)[Fe3(HPO3)4] [23]
organically templated iron(II) phosphite, the absorption
spectrum, measured by diffuse reflectance, shows two
bands at approximately 6860 and 9265 cm�1 for the d6

high spin cation. Similarly to the iron(II) title compound,
these bands correspond to the transition from the ground
state 5T2g(

5D) to the excited 5Eg(
5D) which is again split

due to steric effects of the irregular [FeO6] octahedra. The
bond distances range from 2.168(3) to 2.171(3) Å and from
2.066(3) to 2.243(3) Å for the [Fe(1)O6] and Fe(2)O6]
octahedra, respectively, the minimum and maximum cis-
bond angles being 82.4(1)1, 97.6(1)1 and 79.5(1)1, 97.6(1)1
for the FeII(1) and FeII(2) cations, respectively. The Dq
parameter is 805 cm�1, near to that obtained for compound
(1) reported in this work.
In the case of phase (2), the diffuse reflectance spectrum

shows bands at approximately 6900, 13,500 and
18,500 cm�1. These bands have been assigned to the
allowed transitions from the 4T1g(

4F) fundamental state
to the excited levels 4T2g(

4F), 4A2g(
4F) and 4T1g(

4P) for the
Co(II) d7-cation in a slightly distorted octahedral environ-
ment [20,21]. The shoulders observed at approximately
7500, 16,500 and 20,490 cm�1 have been assigned to the
forbidden transitions between the 4T1g(

4F) state and
the excited 2E1g(

2G), 2T2g,
2T1g(

2G) and 2A1g(
2G) levels.

The calculated values of the Dq, B and C parameters are
725, 930 and 4100 cm�1, respectively. The calculated C=B

ratio is approximately 4.4. These results are in the range
habitually found for octahedrally coordinated Co(II)
cations [22]. The reduction of the B-parameter value with
respect to that of the free ion (1115 cm�1) suggests a
significant covalence in the Co–O/F bonds. (C2H10N2)
[Co3(HPO3)4] [11d] has an absorption spectrum in which
the spin allowed bands corresponding to the electronic
transitions 4T1g(

4F)-4T2g(
4F), 4A2g(

4F) and 4T1g(
4P) at,

approximately, 6450, 13,700 and 18,250 cm�1 can be
observed, near to those obtained for the compound (2) of
this work. The Dq parameter has a value of 725 cm�1,
whereas the B and C-Racah parameters are 880 and
3950 cm�1, respectively.

3.4. Magnetic properties

The magnetic measurements of (C6N2H16)0.5[M(HPO3)F],
M(II) ¼ Fe and Co, were carried out on powdered samples
from 2.0K to room temperature. Plots of wm and wmT

for phase (1) are shown in Fig. 5. The molar magnetic
susceptibility, wm, increases with decreasing temperature and
reaches a maximum at approximately 20K after which
the susceptibility decreases to 0.051 cm3mol�1 at 2.0K. This
result indicates the existence of an antiferromagnetic
ordering at low temperatures. The real symmetry of the
crystal field, which is distorted from an ideal octahedral
geometry due to steric effects, allows a sufficient splitting of
the 5T2g(

5D) ground state of the iron(II) to consider that the



ARTICLE IN PRESS

b

c

a

H-bonds

[MO4F2]

(HPO3)2-

N

H

F(2)
F(1)

Fig. 4. Polyhedral view of the chains for the (C6H16N2)0.5 [M(HPO3)F] (M ¼ Fe and Co) compounds in the (010) plane.

Table 4

Selected bands (values in cm�1) of the (C2H16N2)0.5[M(HPO3)F]

[M(II) ¼ Fe and Co] compounds obtained from the IR spectrum for the

iron phase, and from the IR and Raman spectra for the cobalt compound

Assignment M ¼ Fe M ¼ Co

IR IR Raman

n(–NH3)
+ 2945 (s) 2945 (s) 2945 (s)

n(–CH2–) 2925 (s) 2925 (s) 2855 (s)

n(HP) 2340 (m) 2345 (m) 2345 (s)

d(–NH3)
+ 1630, 1560 (m,s) 1630, 1565 (m,s) 1610 (w)

d(–CH2–) 1450–1395 (w) 1450–1395 (w) 1445–1260 (m)

nas(PO3) 1110, 1090 (s) 1105 (s) 1090 (w)

ns(PO3) 1055–1025 (m) 1060–1025 (m) 1065–1025 (s)

d(HP) 1000 (w) 1000 (w) 1005 (s)

ds(PO3) 565, 550 (s) 570, 555 (s) 580 (w)

das(PO3) 495, 475 (s,m) 500, 480 (m) 490 (m)

n ¼ stretching, d ¼ deformation, s ¼ symmetric, as ¼ asymmetric,

s ¼ strong, m ¼ medium, w ¼ weak.
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spin moment is much larger than the orbital moment. As
consequence of these features, it is possible to affirm that the
thermal evolution of wm follows a Curie–Weiss law at
temperatures higher than 120K, the values of the Curie and
Curie–Weiss parameters being 2.693 cm3Kmol�1 and
y ¼ �4:6K, respectively. The calculated value of the g-
tensor from the Curie constant is 2.22, in the range
habitually found for iron(II) compounds [24]. The wmT

product maintains a constant value of 3.65 cm3Kmol�1

between 300 and 150K. Below this temperature the values
of wmT decreases to 0.15 cm3Kmol�1, in good agreement
with the existence of antiferromagnetic interactions.
For compound (2) the molar magnetic susceptibility shows
a maximum at approximately 6.0K (Fig. 6). Below this
temperature the values of wm decreases down 2.0K. Similarly
to that described above for the iron(II) phase, it is possible to
affirm that the thermal evolution of the molar magnetic
susceptibility of (2) follows the Curie–Weiss law at high
temperatures (T4210K), withCm ¼ 3:512 cm3 Kmol�1 and
y ¼ �13:59K. The calculated value of the g-tensor is 2.74,
in the range habitually found for cobalt(II) compounds [24].
The wmT vs. T curve decreases continuously from
3.35 cm3Kmol�1 at 300K to 0.35 cm3mol�1 at 2.0K, as a
consequence of the existence of both antiferromagnetic
interactions and the spin–orbit coupling characteristic of
cobalt(II) phases [25]. The small value of the ordering
temperature in the cobalt compound, in comparison with
that of the iron phase, indicates that the antiferromagnetic
interactions in the latter compound are stronger.
The (C2H10N2)[M3(HPO3)4] (M

II
¼ Fe and Co) phases

[11d,23] show a distorted octahedral geometry, approxi-
mately 11% calculated using the Muetterties and Guggen-
berger description [26], such that the crystal fields do not
correspond to ideal octahedral symmetries, the spin
moment being much larger than the orbital one. In this
way these compounds follow the Curie–Weiss law. The
values of the Curie and Curie–Weiss constants are
Cm ¼ 10:734 cm3 Kmol�1, y ¼ �18:30K for the iron(II)
compound, and Cm ¼ 11:580 cm3 Kmol�1, y ¼ �44:80K
for the cobalt(II) phase. The compounds exhibit antiferro-
magnetic couplings.
Taking into account the structural features of the

(C6H16N2)0.5[M(HPO3)F] [M(II) ¼ Fe and Co] title com-
pounds, in which the layered structure is formed by chains
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of face-sharing dimeric entities (see Figs. 3 and 4), several
magnetic exchange pathways can take place: (i) Direct
intradimeric interactions involving two t2g orbitals from
the Fe(II) cations and one t2g orbital belonging to the
Co(II) cations, that ought to lead to antiferromagnetic
couplings. (ii) Superexchange intradimeric interactions via
O(3) and F(1) atoms involving metal e.g. (dz2 and dx

2
�y2)

orbitals from face-sharing MO6F3 dimeric units. The
values of the angles M(1)–F(1)–M(1) and M(1)–O(3)–
M(1) are approximately 911 and 831, respectively, so, both
ferro or antiferromagnetic interactions could be given [27].
(iii) Superexchange interaction through the F(2) atoms
linking the dimeric units along the chains. The value of the
angle M(1)–F(2)–M(1) of approximately 1201 should lead
to antiferromagnetic interactions [25]. (iv) Superexchange
interactions via (HPO3)

2� anions, linked to the chains
in two dimensions, should favor the antiferromagnetic
couplings.

4. Concluding remarks

Two new organically templated materials based on the
iron(II) and colbalt (II) cations and the phosphite
oxoanions have been synthesized using mild solvothermal
conditions under autogeneous pressure. The inorganic
framework consists of sheets formed from chains of
dimeric units. The trans-1,4-diaminocyclohexane organic
dications are located in the interlayer space, establishing
both ionic interactions and hydrogen bonds with the
inorganic sheets. The IR and Raman spectra of both
compounds show the bands belonging to the (HPO3)

2�

phosphite oxoanions and the protonated organic molecule.
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The presence of one d(P–H) band in the IR and Raman
spectra are consistent with the existence of one crystal-
lographicaly independent phosphite group in the crystal
structure of these phases. The values of the Dq and Racah
parameters calculated from the diffuse reflectance spectra
are in the range habitually found for these cations in
slightly distorted octahedral environment. The magnetic
measurements indicate antiferromagnetic couplings which
are stronger in the iron(II) phase than in the isostructural
cobalt(II) compound.
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