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 Аннотация 
D-Fe3 2M2O (RCOO) 6 (H2O) 3 формула · nH2O (M = Mn, Ni, Co, Cu) Heisenberg-Dirac-van-Fleck 

моделибўйича 4.2-300 K ҳарорат оралиғида ўлчанган ва бирикмалар m3-оксоксокластер тузилишига эга 
эканлигини кўрсатган. 

Annotation 
Parameters of antiferromagnetic exchange values between paramagnetic ions based on the analysis of electron 

paramagnetic resonance spectra of heterobimetallic oxo-carboxylates with the general formula of 
Fe3

2M2O(RCOO)6(H2O)3·nH2O (M=Mn, Ni, Co, Cu) measured in the temperature range 4.2-300 K according to the 
Heisenberg-Dirac-van-Fleck model evaluated and showed that the compounds have an μ3-oxocluster structure. 

Аннотация 
Оценены параметры величин антиферромагнитного обмена между парамагнитными ионами на основе 

анализа спектров электронного парамагнитного резонанса гетеробиметаллических оксокарбоксилатов с 
общей формулой Fe32M2O (RCOO) 6 (H2O) 3 · nH2O (M = Mn, Ni , Co, Cu), измеренные в интервале 
температур 4,2-300 К в соответствии с моделью Гейзенберга-Дирака-ван-Флека, которые показали, что 
соединения имеют μ3-оксокластерную структуру. 
 

Таянч сўз ва иборалар: темир (III), ацсетат, галоген, ацетати, ЭПР-спектри, μ3-оксокластер, 
алмашинувчи интеграл, g-омил. 

Keywords and expressions: iron (III), acetate, halogen acetate, EPR-spectrum, μ3-oxocluster, exchange 
integral, g-factor. 

Ключевые слова и выражения: железо (III), ацетат, ацетат галогена, ЭПР-спектр, μ3-оксокластер, 
обменный интеграл, g-фактор. 

 
In the study of the structure of heterogeneous oxo-carboxylates of intermediate metals, their 

electron paramagnetic resonance (EPR) spectra provide valuable information. Early EPR-
spectroscopic studies focused mainly on complex compounds М3О(RCOO)6(Н2О)3 containing 
Cr2Fe, Fe2Cr, or Fe3 [1-4]. 

It was synthesized on fine crystalline heterobimetallic oxo-carboxylates [5] with the general 
formula of Fe3

2M2O(RCOO)6(H2O)3·nH2O (where M = Mn, Ni, Co, Cu; R = CH3, CH2Cl, CH2Br, 
CH2I). Their electron paramagnetic resonance (EPR) spectra were measured in RE-13-01 and 
ERS-230 spectrometers in the temperature range of 4.2 K to 300 K. The parameters of EPR 
spectra measured at 4.2 K of some iron (III) based oxo-centered heterobimetallic carboxylates are 
given in Table 1.  

The EPR spectra of the substances under study consist of a complex and wide signal at 
room temperature. As the temperature decreases, the spectral shape becomes much simpler, 
turning into a slightly less asymmetric signal at 4.2 K. For example, Figure 1 shows the EPR 
spectrum of a complex compound containing Fe3

2Co2O(CH2BrCOO)6(H2O)3 measured at 
different temperatures. 
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Table 1. Parameters of EPR spectra of some iron (III) based oxo-centered 
heterobimetallic carboxylates measured at 4.2 K. 

№ Compound 0,01 0,01 ΔH, E Main 
Status 

1. Fe32Mn2O(CH3COO)6(H2O)32H2O 2,07 2,07 1990 - 

2. Fe32Ni2O(CH3COO)6(H2O)32H2O 2,16 2,16 1440 E(1, 0) 

3. Fe32Co2O(CH3COO)6(H2O)32H2O 4,03 4,03 880 E(1/2, 0) 

4. Fe32Co2O(CH2ClCOO)6(H2O)3H2O 4,65 2,84 1050 E(1/2, 0) 

5. Fe32Co2O(CH2BrCOO)6(H2O)3 4,88 2,54 1515 E(1/2, 0) 

6. Fe32Co2O(CH2ICOO)6(H2O)3 4,12 2,44 1355 E(1/2, 0) 

7. Fe32Cu2O(CH2ICOO)6(H2O)3 1,97 1,97 450 E(1/2, 1) 

  

 
 

Figure 1. EPR spectrum of a complex compound with Fe3
2Co2O(CH2BrCOO)6(H2O)3 

content measured at different temperatures: T= 81K (a); 52K (б); 26К (в); 4,2К (г);ν = 9,3 Hz. 
 

The temperature dependence of the spectral shape is explained by the exchange interaction 
of metal ions in three-core oxo-centered clusters. According to the Heisenberg-Dirac-Van Fleck 
(HDVF) model [6,7], the spin-Hamiltonian  (exchange Hamiltonian) of a system under the influence 
of mutual electron exchange is expressed as follows, excluding the intermolecular exchange 
interaction: 

                                                              


  jiij
ji

ij SSJH
,

2                                                    (1)  
 

Here Ji-j-j and j are the parameters (exchange integrals) representing the effect of exchange 

between the numeric Siand Sj-spin paramagnetic ions. If Jij> 0, the exchange effect is of the 

ferromagnetic type, in the other case, it has an antiferromagnetic character. For three interacting 

ions it has the following character. 

                                            


 311332232112 222 SSJSSJSSJH ij                                  (2)
 

Assuming that the molecular structure of three-nucleated oxo-carboxylate complexes 

containing a single heterometallic ion based on iron(III) has the same µ3-oxocluster structure as 

the structure of other ternary carboxylates, the expression of the exchange Hamiltonian for the 

Fe3+
2M2+ triad (Figure 2) is simplified: 
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 SSSSJSSJH ij                                       (3) 

Because: J13 J1 ;    J12 = J2,3 = J2. 

 
Figure 2. Determination of electron exchange interaction parameters J1 and J2 in the 

triad Fe3+
2M2+. 

Hamiltonian (3) has the following energy levels: 

 
 

 
                                                        (4), 

where S1=S3 – spin of iron(III) ions; S2 – heterometal M ion spin; S* is called the intermediate spin 

and takes the values S1+S3, S1+S3-1, ..., 0, ..., ǀS1-S3ǀ; S is the full spin S*+S3, S*+S3-1, ..., ǀS* -S3ǀ. 

According to the HDVF model, the exchange interaction separates a large number of spin 

spikes into springs that are energetically close to each other (Fig. 3). As most molecules move to 

triggered states at high temperatures, the EPR spectrum has a complex structure, and as the 

temperature decreases, the proportion of triggered states in the spectrum decreases. At 4.2 K, the 

EPR signal, which is mainly energy dependent, depends on the ground state [2]. 

 

 
Figure 3. Fe3+

2Co2+ Correlation diagram of spin states for a triad system.  
S1=S3=5/2; S2=1/2; J1=J3≠J2 
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The absence of a signal of the system Fe3+
3 in the spectrum confirms the purity and 

individuality of the heterobimetallic complexes under study. 
Fe3+

2Co2+ is similar to the spectrum of polycrystalline samples with full spin S = ½ on the 
EPR spectral shape of triad complexes and having a g-factor value close to symmetry on the axis. 
The values of g-tensors correspond to a separate Co2+ ion in the axial curved octahedral field. 

The spectra of nickel and manganese heterobimetallic oxo-acetates consist of a single broad 
signal at 4.2 K. For a manganese complex, the value of H is large, while the average value of the 
g-factor is relatively small. 

The anomalous parameters of the EPR spectra of the oxo-carboxylates under study are 
explained by the presence of exchange interactions between paramagnetic ions, explained within 
the isotropic interaction of the HDVF model for the C2v symmetry of the triad system symmetry. 

Correlation diagrams of spin states for alternating interacting triad systems Fe3+
2Co2+, 

Fe3+
2Ni2+and Fe3+

2Co2+are shown in Figures 3-5. 
Given the spin-orbital interaction of the Co2+ (d7) ion in tetragonal symmetry, the main 

position is the spin doublet, and the energy distance to the nearest triggered level is around 100 
cm-1 [8, 9]. Therefore, assuming that the EPR spectrum was measured at 4.2 K, the spin of the 
Co2+ ion was assumed to be S2=1/2 when constructing the correlation diagram (Figure 3). 

From the correlation diagram, in the case of antiferromagnetic exchange, the basic state of 
the system Fe3+

2Co2+ can be E(1/2, 0) or E(1/2, 1), depending on the ratio of parameters J1 and J2. 
Indeed, the experimental results suggest that the full spin of the underlying condition is S=1/2. The 
intermediate spin S* can be determined based on the value of the g-tensor. 

Yablokov Yu.V. and co-authors [1,10] for doublets with two lower, full spin S = 1/2, one 
separated from the other by δ (δ>>gβH). 

 

 
Figure 4.  Correlation diagram of spin states for a triad system Fe3+

2Ni2+. S1 = S3 = 5/2; 

S2 = 1; J1 =J3 ≠ J2. 
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 Figure 5.  Correlation diagram of spin states for a triad system Fe3+
2Mn2+. S1 = S2 = S3 = 

5/2; J1 = J3 ≠ J2. 

  

It showed that the value of the g-factor is determined by the following equation: 

                             
 .               (5) 

Accordingly, for a Fe3+
2Co2+interchangeable system, the g-factor magnitude differs 

significantly for S* = 0 and 1 doublets: 
;(6) 

                                        4/3).                 (7) 

Since the g-factor values determined experimentally for cobalt μ3-oxoclusters correspond to 

the value calculated by equation (6), it can be confidently confirmed that their basic spin state is 

E(1/2, 0) doublet. 

 Analysis of the correlation diagram of a system with triad Fe3+
2Ni2+ shows that the lowest 

spin level of such complexes is two with full spin S = 1, in other words, E(1, 0) or E(1, 2) indicates 

that either former or later is one of the cases. To determine the value of the intermediate spin S* it 

is also necessary to compare the g-factor values calculated in formula (5) and determined 

experimentally based on the measurement of the EPR spectrum. For both cases: 
;(8) 

                                            /2).                  (9) 

This reveals that the main spin state of the triad Fe3+
2Ni2+ is E(1, 0). 
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The EPR spectrum of complex II, which contains the Mn2+ ion, is a very broad signal and 

does not provide sufficient information about the nature of the underlying condition. 

Thus, the study of the EPR spectra of carboxylates of intermediate metals also confirms that 

they have a μ3-oxocluster structure. 
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