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Abstract. The reaction of iron nitrate and nickel chloride with ammonium salicylate in the presence of 

methanol and dimethylformamide (DMF) results in the formation of a new trinuclear heterometallic 

complex [hexa- µ2-salicylato- µ3-oxo-(methanol) (dimethylformamide) aquadiiron(III) nickel(II)] 

methanol dimethylformamide. The complex crystallizes in the monoclinic space group C2/c  

and was structurally characterized by single crystal X-ray diffraction as 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH, where SalH are monodeprotonated salicylic acid 

ions. The IR and Mössbauer spectra and thermal properties were studied. The parameters of the 

Mössbauer spectrum (δFe= 0.45 mm/s, ΔEQ= 1.086 mm/s, 300 K) suggest the high-spin state of  

the Fe
3+

 ions (S= 5/2). 
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Introduction 

Nowadays, the field of homo- and hetero-

μ3-oxo-carboxylates is one of the fastest growing 

areas of coordination chemistry. The area of 

homo- and heteropolynuclear iron carboxylate 

clusters are of current interest, because they may 

serve as versatile molecular building blocks for 

the design of polymeric metal-organic materials 

(MOM) that are amenable to crystal engineering 

design strategies [1-3].  

Compounds of this class of substances may 

serve as precursors of nanooxides and metallic 

particles with useful magnetic properties [4,5]; 

they can also be used as physiologically active 

substances [6-10]. In addition, polynuclear 

clusters can give their inherent physical 

characteristics, such as magnetic properties,  

to the polymeric network, which may expand the 

range of potential practical applications, for 

example, as porous materials and magnetic 

sensors [11-13]. The number of iron  

μ3-oxo-carboxylates can be significantly expanded 

due to the diversity of the carboxylic ions 

employed as ligands and the possibility to obtain 

heteronuclear clusters.  

Salicylic acid may be fully or partially 

deprotonated in solution and therefore can act as a 

monodentate, chelating bidentate, or bridging 

ligand [14]. For instance, in a dimeric terbium 

complex [bis(1,10-phenanthroline)tetrakis(μ2-

salicylato-O,O`)bis(salicylato-O,O`)(salicylato-

O)diterbium] dihydrate, the salicylate ligand has 

been found to coordinate in three different  

ways [15]. 

Iron(III) oxide in all its forms is one of the 

most used metal oxide with various applications 

in many scientific and industrial fields.  

According to specialized literature, most often 

iron oxides are obtained from iron salts,  

however the use of iron homo- and heteronuclear 

clusters as precursors of nano-sized iron  

oxides is less studied. Recently, our  

colleagues have managed to synthesize  

iron oxides from heteronuclear iron  

clusters [16,17]. 

Among the metal complexes with  

salicylic acid deposited to the Cambridge 

Crystallographic Data Collection there are two 

iron(III) μ3-oxo-carboxylates, which were 

obtained in our laboratory [18]. In this article, we 

report a new trinuclear heterometallic  

complex [Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 

·DMF·CH3OH. The synthesis, crystal structure, 

IR, Mössbauer spectra and thermal properties 

were investigated and discussed. The given 

compound was synthesized for the  

purpose of obtaining raw materials for further 

synthesis of nanoparticles.  
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Experimental 

Synthesis of [Fe2NiO(SalH)6(CH3OH)(DMF) 

(H2O)]·DMF·CH3OH 
A solution of NiCl2·6H2O (1.15 g,  

4.8 mmol) in methanol (12 mL) was added to 

ammonium salicylate (1.5 g, 9.68 mmol) in 

methanol (10 mL). The mixture was refluxed for 

~1 h, whereupon a solution of Fe(NO3)3·9H2O 

(0.49 g, 1.2 mmol) in a mixture of methanol  

(10 mL) and DMF (1.5 mL) was added. Heating 

was continued, while stirring the mixture until 

light-green flakes dissolved. This resulted in the 

formation of a crystalline solid, which dissolved 

completely after another hour of heating. The 

resulting red-brown solution was transferred to a 

warm beaker and left overnight for crystallization. 

The next day, single crystals suitable for X-ray 

diffraction analysis were separated from the 

solution, while the mass product was filtered off, 

washed with methanol (2 mL) and dried in air. 

Yield: 0.59 g (77.63% relative to the iron salt). 

The results of elemental analysis:  

Found, %: C 47.69; H 4.48; N 2.10; Ni 4.28;  

Fe 8.31. Calculated for C50H56Fe2Ni1N2O25, %:  

C 47.88; H 4.50; N 2.23; Ni 4.67; Fe 8.89. 

The molecular formula of the mass product 

differs from the molecular formula of the single 

X-ray crystal only by one water molecule.  

IR (υ, cm
-1

): 3466.9 sh, 3093.8 vw,  

3050.0 vw, 1659.2 m, 1627.1 s, 1599.2 s,  

1483.7 vw, 1455.7 vs, 1409.9 vw, 1392.5 vs, 

1377.5 w, 1312.0 w, 1247.0 vs, 1223.1 vw, 

1160.3 m, 1147.9 m, 1113.2 s, 1062.0 w,  

1032.0 s, 956.7 w, 865.3 s, 811.4 vs, 758.6 vs, 

722.4 w, 701.9 s, 669.1 s, 604.1 s, 560.3 vs,  

532.3 w, 493.5 s, 432.2 vs (vs= very strong,  

s= strong, m= medium, w= weak, vw= very weak 

and sh= shoulder). 

Measurements 
X-ray diffraction analysis. The X-ray data 

were collected at room temperature on an Oxford 

Diffraction Xcalibur diffractometer equipped with 

CCD area detector and a graphite monochromator 

utilizing MoKα radiation. The crystals were 

placed at 41 mm from the CCD detector. The data 

were processed using the CrysAlis package of 

Oxford Diffraction [19]. The final unit cell 

dimensions were obtained and refined on an entire 

data set. The structures were solved by direct 

methods using SHELX-97 program package [20] 

and refined with full-matrix least squares method 

with anisotropic thermal parameters for the non-

hydrogen atoms. 

The refinement revealed that the external 

apical positions at the Fe atoms are statistically 

occupied by water and DMF molecules with equal 

probability. The SalH ligands are also disordered 

over two positions with equal probability. 

Hydrogen atoms attached to carbon atoms were 

placed in geometrically idealized positions and 

refined by using a riding model. The positions of 

hydrogen atoms on oxygen atoms were localized 

on differential Fourier map add refined using 

restrains. The figures were produced using 

MERCURY [21]. CCDC 1830865 contains  

the crystallographic data for 1. These  

data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif, or  

by emailing data_request@ccdc.cam.ac.uk,  

or by contacting The Cambridge  

Crystallographic Data Centre, 12 Union  

Road, Cambridge CB2 1EZ, UK; fax:  

+44 1223 336 033. 

The IR spectrum was recorded on a 

Specord M75 spectrometer in the 400–4000 cm
-1

 

range and a Perkin-Elmer 100 FT-IR 

spectrometer.  

The complex was analyzed for C, H, and N 

on a Vario EL (III) Elemental Analyzer. 

Integrated thermal analysis was carried out 

on a Paulik–Paulik–Erdey derivatograph in air 

with Al2O3 as a reference. The recording 

conditions were 1/5 (DTG), 1/10 (DTA), and 

100/100 (TG), Tmax= 1000°C, heating rate 

5°C/min, sample weight 50 mg. 

The Mössbauer spectrum was acquired 

using a conventional spectrometer in the constant-

acceleration mode (MS4, Edina, USA) equipped 

with a 
57

Co source (3.7 GBq) in a rhodium  

matrix. The powdered sample, containing  

8-10 mg/cm
3
 of natural iron, was mounted on the 

plastic cell, and the spectrum was taken at room 

temperature (RT). Isomer shifts are quoted 

relative to alpha-Fe at room temperature. The 

spectra were fitted using the WMOSS Mössbauer 

Fitting Program. 

 
Results and discussion 

Crystal structure 

We have shown previously that 

heterotrinuclear complexes with salicylic acid can 

be prepared by mixing a solution of iron nitrate 

either with solutions of different metal  

salicylates, or with simple metal salts in the 

presence of ammonium salicylate [22].  

A new trinuclear heterometallic complex  

[hexa- µ2-salicylato- µ3-oxo-(methanol)(dimethyl 

formamide) aquadiiron(III) nickel(II)] methanol 

dimethylformamide with the composition 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF· 

CH3OH was prepared from Fe(NO3)3·9H2O, 

NiCl2·6H2O and ammonium salicylate, at the  

ratio 1:4:8, respectively. The reaction was carried 
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out in methanol at reflux in the presence of a 

small amount of DMF. It was found that the 

presence of DMF influences the formation of the 

crystalline product. A significant excess of 

divalent nickel ions over ferric ions (4:1) is 

required to introduce nickel atoms into the trimer 

structure. The coordinating affinity of the possible 

apical neutral ligands (water, methanol, DMF) 

looks to be the same. The formation of a 

crystalline product is well reproducible only in the  

presence of a small amount of DMF.  

The novel heterotrinuclear cluster featuring a 

{Fe2
III

Ni
II
(μ3-O)} core and salicylate ligands 

(Figure 1) has been structurally characterized by 

single crystal X-ray diffraction analysis. 

The data obtained from the X-ray analysis, 

as well as refinement details for the complex are 

summarized in Table 1, the selected geometric 

parameters are given in Table 2, and parameters 

of hydrogen bonds are presented in Table 3. 

 

 
Figure 1. Molecular structure of 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 

heterocluster. Only one position of disordered 

moieties is shown for clarity. 

 

 
 

 

Table 1 

Crystallographic parameters and the data collection statistics for complex 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH. 

Parameter Value 

Empirical formula C50H54Fe2N2NiO24  

Formula weight, M 1237.36 

Temperature (K) 293 

Crystal system Monoclinic 

Space group C2/c 

Z 4 

a (Å) 11.4358(13) 

b (Å) 24.153(2) 

c (Å) 22.064(2) 

α (°) 90 

β (°) 95.010(9) 

γ (°) 90 

V, (Å
3
) 6070.8(9) 

Dcalc (g cm
-3

) 1.354 

Μ (mm
-1

) 0.855 

F(000) 2560 

Refinement method Full-matrix least-squares on F2 

θ Range for data collection (°) 3.098 - 25° 

Limiting indices -13≤h≤13 

 -17≤k≤28 

 -15≤l≤26 

Reflections collected 9273 

Reflections with [I>2σ(I)] 5299 [R(int) = 0.0429] 

Data/restraints/parameters 5299 / 362 / 421 

Goodness-of-fit on F2 1.002 

R1  

wR2 [I>2σ(I)] 

R1= 0.0855  

wR2= 0.2075 

R1  

wR2 (all data) 

R1= 0.1695  

wR2= 0.2540 

Largest difference in peak and hole (e Å
-3

) 0.571 and -0.495 
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Table 2 

Selected bond lengths and bond angles in the coordination sphere of each metal atom. 

Bond d, Å Bond d, Å 

Fe1-O1  1.887(3) Ni1-O1 1.885(5) 

Fe1-O9 2.024(4) Ni1-O8 2.017(5) 

Fe1-O2 2.032(4) Ni1-O3 2.042(5) 

Fe1-O5
1
 2.051(5) Ni1-O1M 2.104(7) 

Fe1-O6 2.058(5) Ni1-Fe1 3.261(1) 

Fe1-O1D 2.096(12) Fe1-Fe1 3.277(2) 

Fe1-O1w 2.153(14)   

Angle ω, deg Angle ω, deg 

O1-Fe1-O9 95.9(2) O6-Fe1-O1w 89.2(4) 

O1-Fe1-O2 96.0(2) O9-Fe1-O2 91.9(2) 

O1-Fe1-O5
1
 96.0(2) O9-Fe1-O5

1
 168.1(2) 

O1-Fe1-O6 95.1(2) O9-Fe1-O6 88.7(2) 

O1-Fe1-O1D 172.4(3) O9-Fe1-O1D 84.7(4) 

O1-Fe1-O1w 174.9(4) Fe1
1
-O1-Fe1 120.6(3) 

O2-Fe1-O5
1
 88.5(2) O1-Ni1-O8 96.6(1) 

O2-Fe1-O6 168.8(2) O1-Ni1-O3 96.3(1) 

O2-Fe1-O1D 91.6(3) O1-Ni1-O1M 180.0 

O2-Fe1-O1w 79.9(4) O3-Ni1-O1M 83.7(1) 

O5
1
-Fe1-O6 88.6(2) O8-Ni1-O3 90.9(2) 

O5
1
-Fe1-O1D 83.4(4) O8-Ni1-O1M 83.4(1) 

O5
1
-Fe1-O1w 86.9(5) Ni1-O1-Fe1 119.7(1) 

O6-Fe1-O1D 77.4(3)   

Symmetry transformations used to generate equivalent atoms:
 1)

 -x, y, -z+1/2 

 

 

Table 3 

Hydrogen bond distances (Å) and angles (°). 

D-H···A d(H···A) d(D···A) ˂ (DHA) 

O4─H4···O3 0.82 1.83 2.538(8) 

O4A─H4A···O2 0.82 1.78 2.50(3) 

O7─H7···O6 0.82 1.80 2.528(11) 

O7A─H7A···O5 0.82 1.80 2.52(2) 

O10A─H10A···O8 0.82 1.91 2.584(13) 

O10─H10···O9 0.82 1.77 2.497(13) 

 

 

The trinuclear cluster resides on two fold 

crystallographic axis passing through O1, Ni1, 

and O1m atoms, thus having C2 molecular 

symmetry. In the structure of this complex, one 

Ni
2+

and two Fe
3+

 ions occupy the vertexes of 

about equilateral triangle, Fe···Fe and Ni···Fe 

distances equal 3.277(2) Å; 3.261(1) Å, 

respectively (Table 2). The centre of the triangle 

is occupied by the μ3-O atom which is coplanar 

with the metal atoms. The metal ions have an 

octahedral coordination but a different 

environment. The coordination sphere of each 

metal atom is constituted from four O atoms of 

four bridging salycilates, central μ3-oxo atom and 

apical ligand. The external apical position of Fe 

ions is statistically occupied with equal 

probability by a DMF or water molecule, while 

the Ni ion is capped in the apical position by the 

methanol molecule, which is also disordered over 

two positions in accordance with C2 symmetry. 

The position of SalH ligands in the complex is 

stabilized by intramolecular O─H···O hydrogen 

bonds (Table 2). The crystal structure is stabilized 

by intermolecular π–π stacking interactions 

between parallel, centre symmetry related 

aromatic C6 rings of SalH ligands with 

centroid···centroid separation of 3.760 and  

4.548 Å (Figure 2). 

Infrared spectroscopy 

The IR spectrum of the solid salicylate 

complex can be divided into several regions: 

3466.9-3000 cm
-1

 is attributed to the stretching 

absorption of the OH-groups originated from 

water, methanol molecules, and from phenol 

groups (salicylate anions); 2000-1659.2 cm
-1

, 

combined vibrations; 1659.2-1377.5 cm
-1

, 

involving both the C-O stretching of the carboxyl 

group and aromatic C-C stretching vibrations; 

1377.5-1312.0 cm
-1

, the C-O-H bending of the 

phenol groups; 1247.0-1223.1 cm
-1

, stretching of 
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the phenol groups; 1160.3-1032.0 cm
-1

, bending 

in the C-H-C plane in the substituted aromatic 

rings; 865.3-811.4 cm
-1

, scissoring vibrations in 

the carboxyl groups; 758.6-722.4 cm
-1

, out of 

plane bending of hydrogen atoms in the benzene 

rings; and 700-400 cm
-1

, bending in the benzene 

rings [14,23,24]. 

The IR spectrum contains absorption bands 

at 669.1-432.2 cm
-1

, which can be assigned to 

ν(FeO) and ν(NiO) stretching vibrations [14].  
 

 
 

Figure 2. Fragment of the crystal structure of the complex 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]∙DMF∙CH3OH. 
 

Thermogravimetric analysis 

The thermo-gravimetric curves of the 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF· 

CH3OH complex are presented in Figure 3 

demonstrating that the complex is thermally 

unstable. The thermolysis process begins at 

37.5°C and involves many steps; the DTG and TG 

curves suggest that the first process at 37.5–110°C 

is endothermic and corresponds to a weight loss 

of ~4%. It seems to be highly probable  

that the observed change is attributable to the  

elimination of a methanol (CH3OH) molecule.  

Subsequent processes endo- at 110–176°C (II),  

exo- 176–260°C (III), exo- 260–320°C (IV) and 

exo- 320–500°C (V) are due to the elimination of 

all solvent molecules and destruction of remaining 

organic ligands (Table 4). The final thermolysis 

product consists of ~18% of the initial weight, 

which corresponds to the mixed oxide formation, 

Fe2O3∙NiO (calculated: 18.94%). Schematically, 

the decomposition of the complex may be 

presented by the following steps (Table 4):  

 Fe2NiO SalH 6 CH3OH  DMF  H2O  ∙ DMF ∙ CH3OH
− CH 3OH  
                I  

 Fe2NiO SalH 6 CH3OH  DMF  H2O  ∙ DMF
−2 DMF  −1.5[SalH ]
                        (II) 

 Fe2NiO SalH 4.5 CH3OH  H2O  
− CH 3OH −[H2O]
               Fe2NiO SalH 4.5      III  

 Fe2NiO SalH 4.5 
− SalH  
       Fe2NiO SalH 3.5               IV  

 Fe2NiO SalH 3.5 
−3.5 SalH  
         Fe2O3 ∙ NiO                  V  
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Figure 3. Termogravimetric curves (TG, DTG, DTA) for the investigated complex. 

 

 

Table 4 

Thermogravimetric data for the [Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH complex. 

Steps Effect 
T, °C Weight loss 

found, % onset maxim end 

I endo 37.5 75 110 4 

II endo 110 168 176 28 

III exo 176 200 260 4 

IV exo 260 294 320 10 

V exo 320 360 500 36 

 

 

 

Mössbauer spectroscopy 

The Mössbauer spectrum of the 

investigated complex at 300 K is presented in 

Figure 4. The spectrum is comprised of a doublet 

and on its basis were calculated the corresponding 

parameters (Table 5). The values of isomer shift 

δFe(0.45 mm/s) and quadrupole splitting  

ΔEQ(1.08 mm/s) correspond to iron(III) in the 

high spin state (S= 5/2) [25]. Table 5 exemplifies 

heterotrinuclear complexes with the fragment 

{Fe2MO} (where M= Mg
2+

, Co
2+

, Ni
2+

) and the 

homotrinuclear cations complex {Fe3O}. The 

parameters of the Mӧssbauer spectra of all the 

compounds indicate the presence of high-spin 

iron(III) (S= 5/2). The analysis of isomer shift 

values (δNa
+
) (Table 5) at 300 and 80 K shows that 

the monodentate ligands and M
2+

 ions in the inner 

sphere, as well as the anion and solvent molecules 

in the external sphere, do not influence the total 

density of s-electrons on the nucleus [26-28]. 

Replacement of one iron(III) ion in the triangle by 

a cobalt(II), magnesium(II) or nickel(II) ion 

increases the quadrupole splitting from 0.76 to 

1.08 mm/s. This change is consistent with our 

data [27] and the data obtained by other 

researchers [28] and is due to the lowering of the 

symmetry of the fragment {Fe2MO} in the 

complex from D3h to C2v. 

 

 

 
 

Figure 4. Mössbauer spectrum of 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)] 
·DMF·CH3OH at room temperature. 
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Table 5 

Parameters of the Mӧssbauer spectra of the obtained compound 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH  

and other homo- and heterometallic iron(III) µ3-oxosalicylates. 

Complex T, K 

Isomer 

shift 

(δNa
+ *

) 

Quadrupol 

splitting 

(ΔEQ)
 

Line 

width, 

(G) 

Spin 

state 

(S) 

Lit. ref. 

 

mm/s 

[Fe2NiO(SalH)6(CH3OH)(DMF)(H2O)]·DMF·CH3OH 300 0.45 1.08 0.32 5/2 
This 

work 

[Fe2MgO(SalH)6(DMAA)0.4(H2O)2.6]·4DMAA 
300 

80 

0.71 

0.76 

1.08 

1.28 

0.26 

0.29 
5/2 [16] 

[Fe2CoO(SalH)6(CH3OH)2(H2O)]·DMFA·2.5H2O 
300 

80 

0.68 

0.81 

1.04 

1.09 

0.34 

0.32 
5/2 [16] 

[Fe3O(SalH)6(H2O)3]Сl·DMAA·H2O 300 0.66 0.76 0.35 5/2 [16] 

* The isomer shifts are referenced to sodium nitroprusside. 

 

 

Conclusions 
A new trinuclear heterometallic iron/nickel 

carboxylate complex was synthesized and 

characterized by IR and Mössbauer 

spectroscopies, TGA and single crystal X-ray 

analyses. The crystallographic study reveals that 

the complex has a typical μ3-oxo structure with 

three different ligands at apical positions of metal 

atoms (one nickel and two iron atoms). The 

parameters of the Mössbauer spectrum suggest the 

high-spin state of the Fe
3+

 ions. 
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