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ABSTRACT: In order to understand how the different arrangements of highly ordered triangular FeIII S = 1/2 systems with various 

types of diamagnetic and paramagnetic anions affect their static and dynamic magnetic properties, we have obtained by solvothermal 

synthesis four new μ3-oxido trinuclear FeIII compounds, [Fe3O(Ac)6(AcNH2)3][BF4]·(CH3CONH2)0.5(H2O)0.5 (1-BF4), 

[Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4), [Fe3O(Ac)6(AcNH2)3][FeCl4] (1-FeCl4) and [Fe3O(Ac)6(AcNH2)3][FeBr4] (1-FeBr4), 

where, Ac- = CH3COO- and AcNH2 = CH3CONH2. The organization of the triangular units is very varied, from segregated stacks to 

eclipsed equilateral triangular [Fe3O]+ units along the c axis with intercalated [MX4]
- units. The ordering of the triangular species 

together with disposition of the counter-anions (intercalated or not) affects the static and dynamic magnetic properties of the [Fe3O]+ 

systems. Magnetic dc data were satisfactorily fitted with a HDvV spin Hamiltonian also considering the existence of anisotropic 

phenomena (antisymmetric exchange and intermolecular interactions), in order to model the low temperature region. From the anti-

symmetric exchange, we were able to obtain  (Ueff), which was used to model and rationalize the dynamic magnetic properties of 

these systems, reflecting that Orbach and Raman processes define the relaxation mechanism of these systems.

INTRODUCTION 
 

Triangular complexes are an interesting class of materials 

since they have been suggested as possible qubits, due to the 

spin-electron coupling as a result of the interplay between the 

spin exchange, spin-orbit interaction and the chirality of the 

spin system of the molecule.1,2 These features are due to the ex-

istence of spin frustration phenomena, which originates in a sys-

tem with an odd number of non-integer spins that are antiferro-

magnetically coupled, since the spin carriers cannot be satisfied 

simultaneously.3 This causes, from the energy point of view, a 

ground state that is doubly degenerated. This degeneracy can be 

broken by lowering the symmetry of the systems due to distor-

tions of the C3 symmetry of the triangle or by the antisymmetric 

exchange, which is related to spin-orbit interactions.4,5 

From a magnetic point of view, [M3O(RCOO)6L3]
+ com-

pounds have been used as models to study the magnetic and 

electronic interaction between the metal centers on polynuclear 

complexes.6–9 The electronic structure of these trinuclear μ3-

oxido transition metal complexes has been the subject of exten-

sive studies over many years.10–15 One of the most studied spe-

cies, known as “basic carboxylates”, are the trinuclear oxido 

centered iron(III) complexes.16–18 Actually, these systems were 

neglected for many years, but the novel studies done by Bou-

dalis et al.19,20 have shown many interesting magnetic proper-

ties, allowing to define these systems as spin-triangle molecular 

qubits, showing spin decoherence and making these compounds 

relevant for quantum computing.21  

The [Fe3O]+ core can be found as equilateral, isosceles or sca-

lene triangles, being the geometry, spin-orbit interactions and 

the type of the paramagnetic counter-anion, the main factors af-

fecting the overall magnetic behavior of these system.4,5 Thus, 

species like the anion [MX4]
-,27–36 much less common than other 

anions such as ClO4
-,4,22 NO3

- 23,24 or Cl-, 25,26 can affect the in-

tramolecular magnetic interactions, as well as the intermolecu-

lar ones. 

In order to understand the role of the crystalline ordering (the 

way that cations and anions arrange in the crystalline lattice) of 

triangular [Fe3O]+ S = 1/2 units and their counter-anions 
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(paramagnetic and diamagnetic) on the static and dynamic mag-

netic properties, we herein report the structural characterization 

and magnetic studies of four new μ3-oxido trinuclear FeIII com-

pounds, [Fe3O(Ac)6(AcNH2)3][BF4]·(CH3CONH2)0.5(H2O)0.5 

(1-BF4), [Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4), 

[Fe3O(Ac)6(AcNH2)3][FeCl4] (1-FeCl4) and                      

[Fe3O(Ac)6(AcNH2)3][FeBr4] (1-FeBr4). The results show that 

both, dc and ac magnetic properties can be affected by the or-

dering of the triangular units, as well as by the type of counter-

anions present in the crystal lattice.  

 
EXPERIMENTAL 
 

Synthesis 

[Fe3O(Ac)6(AcNH2)3][BF4]·(CH3CONH2)0.5(H2O)0.5 (1-

BF4). Fe(BF4)2·6H2O (1013 mg, 3 mmol), triethanolamine hy-

drochloride (185 mg, 1 mmol) and sodium acetate trihydrate 

(408 mg, 3 mmol) were mixed in 5 mL of CH3CN in a Parr 

reactor and heated under autogenous pressure at 150 °C for 48 

hours. The reaction mixture was filtered off and red crystals 

suitable for X-ray diffraction were obtained within three days 

by slow evaporation of the mother liquor at room temperature. 

Elemental analysis for 1-BF4: Found: C, 26.8; N, 5.3; H, 4.1 

%. Calc. for Fe3C19H36.5N3.5O17BF4: C, 27.2; N, 5.8; H, 4.3 %. 

IR data (KBr, max/cm-1) 3432w and 3355m [(NH amide)], 

1666w [as(COO)], 1444w [s(COO)] and 615m [as(Fe3O)] 

(Table S1). 

[Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4). FeCl3·6H2O (810 

mg, 3 mmol), Ga(NO3)3·6H2O (383 mg, 1 mmol), triethanola-

mine hydrochloride (185 mg, 1 mmol) and sodium acetate tri-

hydrate (408 mg, 3 mmol) were mixed in 5 mL of CH3CN in a 

Parr reactor and heated under autogenous pressure at 150 °C for 

48 hours. Dark red crystals of 1-GaCl4 suitable for X-ray dif-

fraction were obtained after three days by slow evaporation of 

the mother liquor at room temperature.  

Elemental analysis for 1-GaCl4: Found: C, 23.0 %; N, 5.2 %; 

H, 4.3 %. Calc. for Fe3Ga1C18H33N3O16Cl4: C, 23.3 %; N, 4.5 

%; H, 3.6 %. IR data (KBr, max/cm-1) 3423w and 3353m [(NH 

amide)], 1660w [as(COO)], 1444w [s(COO)], 614m 

[as(Fe3O)], (Table S1). 

Mass-spectrometry confirms the existence only of Fe3O cati-

onic units in 1-GaCl4 and no pattern for Fe2GaO, FeGa2O or 

Ga3O cationic units were detected. (Figure S1). The experi-

ments show the presence of [Fe3O(Ac)6]
+ (m/Z = 538); 

[Fe3O(Ac)6-CH3CN]+ (m/Z = 579); [Fe3O(Ac)6(CH3CONH2)]
+ 

(m/Z = 597) and [Fe3O(Ac)6(CH3CONH2)2]
+ (m/Z = 656) units. 

The elemental Ga:Fe ratio, estimated by electron probe micro-

analysis (EPMA), is 1.00:3.03. (Calculated Ga:Fe = 1.00:3.00). 

[Fe3O(Ac)6(AcNH2)3][FeX4] with X = Cl (1-FeCl4) and Br 

(1-FeBr4). The corresponding FeIII halides (3 mmol of 

FeCl3·6H2O (810 mg) for 1-FeCl4 and FeBr3 (870 mg) for 1-

FeBr4), triethanolamine hydrochloride (185 mg, 1 mmol) and 

sodium acetate trihydrate (408 mg, 3 mmol) were mixed in 5 

mL of acetonitrile (CH3CN) in a Parr reactor and heated under 

autogenous pressure at 150 °C for 48 hours. The reaction mix-

ture was filtered off and dark red crystals of both compounds 

suitable for X-ray diffraction were obtained within three days 

by slow evaporation of the mother liquors at room temperature. 

Elemental analysis for 1-FeCl4: Found: C, 24.1 %; N, 4.7 %; 

H, 3.7 %. Calc. for Fe4C18H33N3O16Cl4: C, 23.7 %; N, 4.6 %; H, 

3.6 %). IR data (KBr, max/cm-1) 3424w and 3349m [(NH am-

ide)], 1658w, [as(COO)] 1444w [s(COO)] and 613m 

[as(Fe3O)] (Table S1).  

Elemental analysis for 1-FeBr4: Found: C,20.2 %; N, 4.1 %; 

H, 3.2 %. Calc. for Fe4C18H33N3O16Br4: C, 19.8 %; N, 3.9 %; H, 

3.0 %. IR data (KBr, max/cm-1) 3421w and 3353m [(NH am-

ide)], 1662w, [as(COO)], 1444w [s(COO)] and 611m 

[as(Fe3O)] (Table S1). 

 
Compound Physical Characterization 

Fourier transform infrared spectroscopy (FTIR) was per-

formed using a NICOLET 5700 in the range of 4000 to 650 cm-

1 for the crystalline materials. Elemental analysis (C, N, H) of 

 

Table 1. Crystal and structure refinement data for [Fe3O(Ac)6(AcNH2)3][BF4] (1-BF4), [Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4), 

[Fe3O(Ac)6(AcNH2)3][FeCl4] (1-FeCl4) and [Fe3O(Ac)6(AcNH2)3][FeBr4] (1-FeBr4). 

 
Compound 1-BF4 1-GaCl4 1-FeCl4 1-FeBr4 

Formula weight 840.4 926.5 912.7 1090.5 

Temperature 120 K 120 K 120 K 120 K 

Wavelength Mo, 0.71073 Å Mo, 0.71073 Å Mo, 0.71073 Å Mo, 0.71073 Å 
Crystal System, Space group Monoclinic, P21/n Trigonal, R3 Trigonal, R3 Trigonal, R3 

Unit cell dimensions a = 8.0519(8) Å 

b = 26.236(2) Å 

c = 17.0781(13) Å 

α = 90° 

β = 92.556(8)° 

γ = 90° 

a = b = 15.6365(6) Å 

c = 12.8586(7) Å 

α = 90° 

β = 90° 

γ = 120° 

a = b = 15.3756(2) Å 

c = 12.8829(3) Å 

α = 90° 

β = 90° 

γ = 120° 

a = b = 15.9870(4) Å 

c = 12.9357(6) Å 

α = 90° 

β = 90° 

γ = 120° 

Volume 3604.1(5) Å3 2722.7(3) Å3 2637.60(9) Å3 2863.2(2) Å3 

Z 2 3 3 3 

Absorption coefficient 1.281 mm-1 2.269 mm-1 1.988 mm-1 5.738 mm-1 

Color red red red red 

Limiting indices -10 ≤ h ≤ 10 

-34 ≤ k ≤ 34 

-22 ≤ l ≤ 21 

-19 ≤ h ≤ 19 

-19 ≤ k ≤ 19 

-16 ≤ l ≤ 16 

-18 ≤ h ≤ 18 

-18 ≤ k ≤ 18 

-15 ≤ l ≤ 15 

-20 ≤ h ≤ 20 

-20 ≤ k ≤ 20 

-16 ≤ l ≤ 16 

Reflections collected, unique 39112,8286 10380, 2485 12617, 2083 10518, 2941 
Refinement method Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Data / parameters 8286 / 498 2485 / 177 2083 / 140 2941 / 139 

Goodness-of-fit on F2 1.029 1.054 1.194 1.153 

Final R indexes [I>2sigma(I)] Rf = 0.0746, 

wR = 0.1722 

Rf = 0.0378, 

wR = 0.0832 

Rf = 0.0500, 

wR = 0.1201 

Rf = 0.0453, 

wR = 0.1166 

Largest diff. peak/hole / e Å-3 1.46/-1.07  0.45/-0.66 0.55/-0.65 0.57/-1.52 

Flack parameter  -0.001(9) 0.06(6) 0.025(26) 

 

 



 

bulk samples was performed by microanalytical procedures us-

ing a CE Instruments ED 1108. Electrospray ionization mass 

spectrometry (ESI-MS) studies were done on compound 1-

GaCl4 with a QTOF Premier instrument with an orthogonal Z-

spray-electrospray interface (Waters, Manchester, UK). A capil-

lary voltage of 3.5 kV was used in the positive scan mode and 

the cone voltage set to 10 V to control the extent of fragmenta-

tion. mMass code was used to simulate the isotopic pattern of 

the molecule. The Fe: Ga ratio of the bulk samples of 1-GaCl4 

were estimated by electron probe microanalysis EPMA), per-

formed with a Philips SEM XL30 equipped with an EDAX DX-

4 microprobe. 

 

X-Ray Diffraction 

Single crystals of all compounds were mounted on glass fi-

bres, using a viscous hydrocarbon oil to coat the crystal, and 

then transferred directly to the cold nitrogen stream for data col-

lection. X-ray data were collected at 120 K on a Supernova dif-

fractometer equipped with a graphite-monochromated Enhance 

(Mo) X-ray Source (λ = 0.71073 Å) and on a Bruker Smart 

APEX2 diffractometer. Data sets were reduced by using 

SAINT,27 while the structures were solved by direct methods 

and completed by difference Fourier synthesis. Least-squares 

refinement was conducted by using SHELXL.28,29 

Non-hydrogen atoms were refined anisotropically (except the 

disordered fragments) and hydrogen atoms were placed in cal-

culated positions that were refined using idealized geometries 

(riding model) and assigned fixed isotropic displacement 

parameters except for those of water molecules, which were lo-

cated and refined with distance restraints. In 1-BF4 the H2O and 

AcNH2 solvation molecules are disordered over two sites and 

were modelled with a 0.339:0.661 ratio. Structural drawings 

were carried out with DIAMOND-3.2k, supplied by Crystal Im-

pact.30 A summary of the data collection and structure refine-

ments is provided in Table 1. The CCDC codes 1547609 (1-

BF4), 1547610 (1-GaCl4), 1547607 (1-FeCl4) and 1547608 (1-

FeBr4) contain the supplementary crystallographic data for this 

paper. These data can be obtained free of charge from The Cam-

bridge Crystallographic Data Centre via 

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

 

Magnetic Susceptibility Measurements 

Variable temperature dc susceptibility measurements were 

carried out for all compounds on ground polycrystalline sam-

ples (with masses of 12.00, 14.87, 16.47 and 15.95 mg for 1-

BF4, 1-GaCl4, 1-FeCl4 and 1-FeBr4, respectively) in the tem-

perature range 2-300 K with an applied magnetic field of 1000 

G. The measurements were done with a MPMS-XL-5 SQUID 

susceptometer and a PPMS DynaCoolTM (Quantum Design). 

The susceptibility data were corrected for the diamagnetic con-

tributions of the sample, using Pascal´s constants.31 Isothermal 

magnetization measurements were made between 0 and 5 T at 

different temperatures. Variable temperature ac magnetization 

measurements were performed in a PPMS DynaCoolTM systems 

(Quantum Design) with an alternating field of 3 to 10 G, at fre-

quencies in the range 10-10000 Hz in the temperature range 2-

 
Figure 1.  (a-d) Triangular units of complexes [Fe3O(Ac)6(AcNH2)3][BF4] (1-BF4), [Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4), 
[Fe3O(Ac)6(AcNH2)3][FeCl4] (1-FeCl4) and [Fe3O(Ac)6(AcNH2)3][ClO4] (QOPLUC). (e-h). Representation of the crystal lattice arrangements of 

cationic triangular units and the counter-anion of the complexes. Color code: Fe = orange, O = red, N = light blue, C = grey, H = white.  
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10 K and with three different dc magnetic fields (3000, 5000 

and 7000 G). 

 

RESULTS AND DISCUSSION 
 

Synthesis 

Although acetamide (AcNH2) is not included as starting rea-

gent, all compounds present acetamide ligands in their struc-

ture, which originates from the hydrolysis of acetonitrile under 

solvothermal conditions, as previously reported.32 

 

Structural Analysis 

Compounds 1-BF4, 1-GaCl4, 1-FeCl4 and 1-FeBr4 are 

formed by the cationic complex [Fe3O(Ac)6(AcNH2)3]
+ (Figure 

1), whose charge is counterbalanced by the anions [BF4]
-, 

[GaCl4]
-, [FeCl4]

- and [FeBr4]
-, respectively. In all four com-

plexes, each metal atom has an octahedral geometry as the 

SHAPE33 calculation shows (Table S2). The basal plane of the 

three Fe atoms in the five compounds is formed by four oxygen 

atoms from four RCOO- ligands (the Fe-O bond distances range 

from 1.997(4) to 2.042(4) Å). One apical ligand corresponds to 

the central μ3-O (O1) with Fe-O1 bond distances between 

1.8987(7) and 1.969(4) Å, while an oxygen atom (O31) of the 

acetamide ligand occupies the other axial position (Figure 1).  

For 1-BF4 the Fe-Fe distances in the triangular unit are all 

different: 3.308(1), 3.287(1) and 3.297(1) Å, giving rise to a 

scalene triangle. In 1-GaCl4, 1-FeCl4 and 1-FeBr4 the cations 

have C3 symmetry and, therefore, the three iron centers are crys-

tallographically equivalent, with metal-metal distances of 

3.313(1), 3.289(1) and 3.309(1) Å, respectively. In all three 

compounds the equilateral triangles are eclipsed along the C3 

axis. Interestingly, the equilateral arrangement has only been re-

ported in a few cases, since in most triangular [Fe3O]+ clusters 

the Fe centers form isosceles or scalene triangles (Table S3). 22–

24,34 An interesting example of equilateral triangle is compound 

[Fe3O(ClCH2COO)6(H2O)3]ClO4·9H2O
35 (CCDC code 

SEFHAO) since it crystallizes in the R3 space group, as com-

pounds 1-GaCl4, 1-FeCl4 and 1-FeBr4. It has been suggested 

that the equilateral arrangement could be in fact an average 

structure of different isosceles and/or scalene triangular motifs, 

however, structural data reported by Boudalis et al.36 indicate 

that the equilateral arrangement is maintained even at low tem-

perature with no loss of symmetry. 

Interestingly, the disposition of the acetamide ligands causes 

that the complexes 1-MX4 crystallize in a chiral space group, 

R3. For 1-FeCl4, the three-acetamide ligands point in the same 

direction (clockwise), forming an angle of 43.1° between the 

[Fe3O]+ plane and the acetamide; this disposition being repeated 

along the crystal lattice (Figure 2). For 1-FeBr4, all three acet-

amide ligands are practically perpendicular to the plane formed 

by the [Fe3O]+ unit with an angle of 88.5° (Figure 2). For 1-

GaCl4, the acetamide is partially located in two different posi-

tions, with angles of 83.9° and 40.9°, which are quite like those 

observed for 1-FeCl4 and 1-FeBr4. Structure 1-BF4 shows that 

the acetamide ligands point in different directions, that is, two 

ligands are in a counterclockwise disposition and the third one 

is clockwise (Figure 1a).  
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b 

 

  
Figure 2. Scheme showing the structural arrangement of the acetamide 

ligands for 1-FeCl4 (a) and 1-FeBr4 (b). 

 

The crystal structures of 1-GaCl4, 1-FeCl4 and 1-FeBr4 

aligned symmetrically through the c axis. This arrangement is 

similarly to the one observed for the 

[Fe3O(Ac)6(H2O)3][ClO4]·(py), in which the triangular units are 

aligned along the c axis (CCDC code QOPLUC).4 For 1-BF4 

no order of the triangular units along any of the crystallographic 

axis is observed. The crystal structures of 1-MX4 are completed 

by the presence of tetrahedral [MX4]
- anions (M = FeIII and 

GaIII), located on the crystallographic 3-fold axis, which passes 

through one of the M-X bonds. These anions lie symmetrically 

between the [Fe3O(Ac)6(AcNH2)3]
+ units, thus generating an ar-

rangement that propagates along the c axis with M(anion)-

Fe(cation) distances of 6.9387(14) and 6.4766(14) Å for 1-

GaCl4, 6.8419(24) and 6.5973(24) Å for 1-FeCl4 and 

7.0946(20) and 6.3889(20) Å for 1-FeBr4. The distance be-

tween the MIII atoms of neighboring [MCl4]
- units along the 

chain is 9.9936(8), 9.8612(14) and 10.1876(14) Å for 1-GaCl4, 

1-FeCl4 and 1-FeBr4, respectively. It is important to note that 

very few M3O clusters with [MX4]
- anions have been re-

ported.37–44  

 

Magnetic Properties 

 

dc Magnetic measurements  

The T(T) curve depicted in Figure 3 shows the existence of 

bulk antiferromagnetic interactions between the FeIII atoms of 

the [Fe3O]+ core for all compounds. The T values at 300 K are 

3.45, 4.52, 8.47 and 8.18 emu K mol-1 for 1-BF4, 1-GaCl4, 1-

FeCl4 and 1-FeBr4, respectively. These values are below the 

expected ones for four uncoupled high spin paramagnetic FeIII 

centers present in 1-FeCl4 and 1-FeBr4 and for three uncoupled 

paramagnetic iron(III) centers in 1-BF4 and 1-GaCl4, (the ex-

pected T values are, respectively, 17.5 and 13.125 emu mol-1 

K for g = 2.0). For the compounds with four FeIII centers (1-

FeCl4 and 1-FeBr4), the T values decrease continuously until 

a change in the slope of the curve is observed for the two com-

pounds between ca. 4.3 and 4.6 emu K mol-1 that can associated 

to the trinuclear unit with a S = 1/2 ground state,45–47 together 

with the corresponding contribution of the paramagnetic 

[FeX4]
- anion (S = 5/2). However, the T values for the two 

compounds continues to drop and reaches a value close to 4.0 

emu K mol-1 at 2 K. For the compounds with three FeIII centers 

(1-BF4 and 1-GaCl4), the susceptibility values decrease reach-

ing values of 0.35 and 0.15 emu mol-1 K at 2 K, respectively 

(Figure 3). 
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Figure 3. Thermal dependence of T(T) for compounds 1-BF4, 1-

GaCl4, 1-FeCl4 and 1-FeBr4 at 1000 G between 2 to 300 K, also show-
ing the curve and values of the best fit parameters obtained considering 

an isosceles triangle, the antisymmetric exchange, and intermolecular 

magnetic interactions, see equation S1 and S2. 
 

When the T value associated to the paramagnetic anion 

(4.375 emu K mol-1) is subtracted to the experimental value of 

MT of 1-FeCl4, a good overlap between this curve and the ex-

perimental MT curve of 1-GaCl4 is achieved, except in the low 

temperature range (Figure 4a). A drop in the T data for both 

systems in the temperature range between 2 to 15 K is evident 

because of the existence of spin-frustration in these systems. 

Since both systems are iso-structural and therefore should have 

similar values for the exchange interaction and the antisymmet-

ric exchange, the differences in the T curves for 1-FeCl4 and 

1-GaCl4 at low temperatures, can be considered as due to the 

intermolecular magnetic interactions between the [Fe3O]+ and 

the [FeX4
-] units along the c axis, suggesting that the paramag-

netic anion has an effect on the overall magnetic properties (Fig-

ure 4a). Moreover, if we subtract the contribution of the para-

magnetic anion to the T curves for 1-FeCl4 and 1-FeBr4 and 

then compared to the T values of 1-GaCl4 and for 1-BF4, it is 

possible to observe that the susceptibility values at room tem-

perature show differences depending on whether the triangular 

units are ordered or not. When the triangular units are not 

ordered, the T value is lower compared to those compounds 

where the units are ordered, as can be observed for 1-FeX4 and 

for QOPLUC (Table 2). This difference could be also attributed 

to the geometry distortions that the local coordination environ-

ment may have that could have an effect the overall magnetic 

properties. In this sense, several discussions have arisen from 

this point and according to Niedner-Schatteburg et al., spin frus-

tration leads to distortion, but more studies are necessary to un-

derstand fully the magnetic properties of frustrated triangular 

systems.48–50    

 
Table 2. Susceptibility values at room temperature for 1-BF4, 1-GaCl4, 1-

FeCl4, 1-FeBr4 and QOPLUC. T = triangular units, M = Anionic Mono-

mer, S = Solvent Molecule. *Room temperature MT values subtracting the 

paramagnetic contribution (4.375 emu K mol-1). T = triangular unit and M 

= monomeric unit.  

Complex MT (300K) Crystalline Ordering 

1-BF4 3.2 Non-ordered triangular units 

1-GaCl4 4.2 T-M-T-M-T-M-T… along c axis 
1-FeCl4 4.3* T-M-T-M-T-M-T… along c axis 

1-FeBr4 4.4* T-M-T-M-T-M-T… along c axis 

QOPLUC 5 T-S-T-S-T-S-T… along c axis 

 

If we compare the T value of 1-GaCl4 (crystallographically 

ordered system) and 1-BF4 (crystallographically non-ordered 

system), both formed by the same [Fe3O]+ units and by diamag-

netic anions, we can observe differences that can be attributed 

to electrostatic interactions between the charged species in 1-

GaCl4, meaning that the ordering of these triangular units to-

gether with the [GaCl4]
- units has an effect on the magnetic 

properties (Figure 4b). Finally, when the anionic unit is interca-

lated between the triangular cations, the T value at room tem-

perature is larger than for the non-ordered system, but smaller 

compared to the ordered and isolated triangular systems, like in 

QOPLUC (Table 2). 

For 1-FeCl4 and 1-FeBr4 the behavior of the magnetic sus-

ceptibility for cooling and heating cycles becomes completely 

irreversible in the temperature range 5-15 K. It is worth noting 

that the susceptibility data show a plateau in the heating up re-

gime, whereas the data do not show this feature for the cooling 

down regime. This anomalous behavior could be ascribed to the 

existence of magnetic ordering,51 but other related magnetic 

phenomena could be related to this behavior, such as metamag-

netism, but further studies are necessary to fully understand and 

corroborate these observations. However, for 1-GaCl4 the ther-

mal hysteresis is not observed, suggesting that the triangular 

    a 

 

    b 

 

    c 

 
Figure 4. a. Comparison between the MT curves of 1-FeCl4 (minus the paramagnetic anion) and 1-GaCl4. b. Comparison between the MT curves of 1-

GaCl4 and 1-BF4. a and c permit to observe how the magnetic properties of the system can be affected by changing the anion and/or the order of the 

species in the crystal lattice. c. cooling and heating regimes for the magnetic susceptibility data for 1-FeCl4 and 1-GaCl4 at 1000 G. 
 

 



 

and paramagnetic units may couple, causing the appearance of 

these phenomena (Figure 4c and Section S4.1). 

The fit of the dc experimental data was done using the PHI 

program.52 At first only the isotropic interactions for all the tri-

angular arrangements were considered, giving a good fit in the 

range 20-300 K. The best fit in the all temperature range  was 

achieved by adding to the model, non-isotropic interactions, be-

ing these the antisymmetric exchange (ASE; dij) and the inter-

molecular interaction (zJ´).36,53–55 For more details, see Section 

S4.2 in the ESI. 

The best fit parameters are listed in Table 3 and the fits are 

shown as solid lines in Figure 3. The obtained J values are 

within the range observed for other iron(III) oxido-centered car-

boxylate compounds (see Section S4.3). As can be seen in Table 

3, the exchange interactions are different depending on whether 

the triangular [Fe3O]+ units are ordered or not in the crystal lat-

tice. The results show that when the triangular units are not or-

dered (as in 1-BF4), the overall antiferromagnetic interaction 

becomes stronger. For the systems ordered along the c axis and 

having [MX4]
- units intercalated between the triangular units (1-

GaCl4, 1-FeCl4 and 1-FeBr4), the exchange interactions are 

similar between each other. These values are in between those 

of the non-ordered triangles (1-BF4) and ordered triangles with 

no intercalated [MX4]
- units like in QOPLUC. Table 3 also 

shows that for the two compounds with paramagnetic [MX4]
- 

units (1-FeCl4 and 1-FeBr4) the fit of the magnetic properties 

requires the inclusion of a weak intermolecular magnetic inter-

action (zJ’), since, otherwise, it is not possible to correctly de-

scribe the magnetic properties.  

DFT calculations using an approximated model confirm 

these results and show values of the magnetic interaction be-

tween the [Fe3O]+ fragments and the paramagnetic anions in the 

range 0.01-0.05 cm-1. These results clearly show that the para-

magnetic units are not innocent and influence the dc magnetic 

properties, see Section S4.4 in ESI. 

As described in the fitting procedure, the isosceles triangle 

model with the incorporation of the antisymmetric exchange 

(which splits the two initially degenerated states), together with 

the aforementioned weak intermolecular interactions, are nec-

essary to fully describe the susceptibility measurements. This 

clearly suggests that the anisotropic magnetic interactions affect 

the magnetic behavior at low temperatures in the studied sys-

tems.5,20 The |d| values obtained for our compounds (in the range 

2.4-2.8 cm-1) are slightly larger than those reported by Boudalis 

et al.36 for QOPLUC (1.7 cm-1). Nevertheless, as indicated by 

this author, higher values of |d| reproduce better the low temper-

ature data of QOPLUC but give worse results in the high tem-

perature region due to the small J value obtained for QOPLUC 

and the correlation of J with |d|. In our compounds we have 

evaluated initially the exchange interactions and then fixed 

them for the fitting of the low temperature range considering 

only zJ’ and |d|. In this way, it is possible to avoid the obtaining 

of unrealistically small J value. Moreover, larger |d| values (up 

to 5 cm-1) have been reported for [Fe3O]+ systems, so our results 

are in the range of previously reported values of other oxo-cen-

tered FeIII compounds53. As we will show below, this |d| param-

eter is important in determining the dynamic properties of our 

triangular FeIII systems. 

 

 

 

 

 

Table 3. Magnetic dc susceptibility best-fit values for the parameters of the 

best models in the temperature range 2-300 K at 1000 G. Values in cm-1. 

Compounds J1 J2 J3 |d| zJ` 

1-FeCl4 -28.99 -26.21 - 2.5 -0.016 

1-FeBr4 -30.08 -26.88 - 2.4 -0.020 

1-GaCl4 -28.37 -26.66 - 2.5 - 

1-BF4 -32.42 -31.33 -43.41 2.6 
 

QOPLUC -22.9 -19.1 - 1.7 - 

 

The field dependence of the reduced magnetization at 2 K for 

all compounds is shown in Section S4.5 in ESI. At 5 T the mag-

netization values correspond to ca. 0.7, 0.8, 5.5 and 5.6 elec-

trons for 1-BF4, 1-GaCl4, 1-FeCl4 and 1-FeBr4, respectively 

(Figure S8). Literature reports that these systems with a μ3-ox-

ido moiety show a ground state of S = 1/2 (N = 1),46,47 although 

usually these systems present magnetization values below the 

expected ones, and do not reach saturation even at high fields.55–

57 Comparison of the experimental data with those calculated by 

the simulation with the program PHI for the four compounds 

shows a good agreement between them. The lower values of the 

experimental data confirm the presence of antisymmetric ex-

change and/or intermolecular interactions.  

 

ac Magnetic measurements 

The ac susceptibility measurements were carried out for the 

four compounds: 1-BF4, 1-GaCl4, 1-FeCl4 and 1-FeBr4, see 

section S5 in ESI. When no dc field is applied, none of them 

shows an out-of-phase signal, χ’’. Compound 1-BF4 shows no 

ac signal at any frequency under different dc fields (Figure 4a 

and S9). Compound 1-GaCl4 shows a weak out-phase signal, 

under an applied dc field, at high frequencies and low tempera-

tures, indicating the presence of slow relaxation of the magnet-

ization due to the magnetic uniaxial anisotropy in this system 

(Figure 4b and S10). When dc fields of 3000, 5000 and 7000 G 

are applied, frequency-dependent signals are observed for the 

two compounds with paramagnetic [MX4]
- anions: 1-FeCl4 and 

1-FeBr4. No clear maxima can be observed when ``() is plot-

ted (Figure S11). For ``(T) at frequencies above 1000 Hz, un-

der 3000 G, clear maxima can be observed at low temperatures, 

although at lower frequencies no maxima are detected for 1-

FeCl4 and 1-FeBr4 (Figure 4c and 4d). 

Boudalis et al.58, studied the dynamic magnetic properties on 

highly ordered (along the c axis) and well isolated (by benzene 

rings) triangular FeIII S = 1/2 systems. As mentioned above, the 

ordered compounds 1-GaCl4, 1-FeCl4 and 1-FeBr4 also present 

dynamic magnetic properties, in contrast to compound 1-BF4 

that also has a S = 1/2 ground state but has no order along any 

axis and does not present slow relaxation of the magnetization. 

These results suggest that the ordering of the triangular units, 

together with the disposition of the diamagnetic and paramag-

netic anions influences the dynamic magnetic properties. 
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Figure 4. Thermal variation of the out-of-phase susceptibility at differ-

ent frequencies under a Hdc = 3000 G for 1-FeCl4 (a), 2-GaCl4 (b), 2-

FeCl4 (c) and 2-FeBr4 (d). 
 

The dynamic relaxation of these systems shows a complex 

temperature dependence since, besides the Orbach mechanism 

for the relaxation, phonon type relaxation mechanism can exist. 

Then, the relaxation dynamics can be defined as:  
 

𝜏−1 = 𝜏𝑂𝑟𝑏𝑎𝑐ℎ + 𝜏𝑅𝑎𝑚𝑎𝑛  

 

𝜏−1 = 𝜏0𝑒𝑈𝑒𝑓𝑓/𝑘𝐵𝑇 + 𝐶𝑇𝑛 

 

The Orbach mechanism involves a relaxation through the 

S = 1/2 ground state to the second S = 1/2 state since the systems 

are not degenerated. The energy differences between each state 

are denoted as , equivalent to the energy barrier of the relaxa-

tion of the magnetization (Ueff). In order to quantify the magni-

tude of , we have consider the approximation defined by Ferrer 

et al.59 for a triangular systems having S = 5/2 centers, in which 

the parameter  can be evaluated from the Ji and |d| values ob-

tained from the susceptibility data: 

 

𝑈𝑒𝑓𝑓 ≈  ∆ = (9(𝐽1 − 𝐽2)2 + 243|𝑑|)1/2 

 

With this equation, the  (Ueff) values calculated for 1-FeCl4 

and 1-FeBr4 are 26.0 and 25.9 cm-1, respectively. The fitting 

procedure consider the  (Ueff) values as a fix parameter, and 

only the 0, n, C are the fitting variables (Table 4). The obtained 

values reproduce satisfactorily the dynamic magnetic properties 

of compounds 1-FeCl4 and 1-FeBr4 (Figure 5), confirming the 

validity of the J and |d| values obtained from dc magnetic meas-

urements. 

 
Table 4. Summary of the relaxation parameters obtain under applied dc 

fields for 1-FeCl4, 1-FeBr4 and QOPLUC. 

Compound Hdc (G)  (cm-1) 0 (s) x 10-10 C (s-1K-n) n 

1-FeCl4 3000 26.0 2.2(5) 6.4 5.3 
1-FeBr4 3000 25.9 3.3(8) 36.1 5.5 

QOPLUC 750 23 2.0(7) 2700 3.3 

 

The obtained 0 values are within the range observed for other 

compounds with slow relaxation of the magnetization.60–62 Be-

sides the Orbach mechanism, the relaxation times also follow a 

phonon type relaxation mechanism (Raman term). The differ-

ences in the Raman contributions (C and n values) observed in 

the two compounds (1-FeCl4 and 1-FeBr4) can be attributed to 

the differences in the heteroatom (X = Cl and Br) of the [MX4]
- 

anions. The n values of the Raman relaxation obtained in the fit 

(in the range 5.3-5.5) are lower than the expected ones (n = 9 

for Kramer ions). This difference may be attributed to the in-

volvement of both optical and acoustic Raman processes during 

the magnetic relaxation.63 We can conclude, therefore, that Or-

bach and Raman mechanism describe the relaxation dynamics 

in these compounds, as has been previously reported for other 

triangular [Fe3O]+ systems. Finally, the differences in the n and 

C parameters between compounds 1-FeCl4 and 1-FeBr4 and 

QOPLUC, may be related to the presence of paramagnetic an-

ions intercalated between the triangular units in 1-FeCl4 and 1-

FeBr4 and/or to the disposition of the triangular units and the 

anions in the crystal lattice. These results confirm the idea that 

the ordering of the triangular [Fe3O]+ units and the nature and 

disposition of the tetrahedral units affect the magnetic proper-

ties of triangular FeIII S = 1/2 systems. Finally, Cole-Cole plots 

show an alpha value of 0.22 for 1-FeCl4, which is relatively 

large, thus suggesting that more than one relaxation mechanism 

exists, in this sense, the Orbach and Raman ones, as describe 

above (Figure S15). 

 



 

 
Figure 5. Temperature dependence of the relaxation time  for 1-FeCl4 

(green) and 1-FeBr4 (blue) under an Hdc = 3000 G. The experimental 

data are shown as open shapes, and the solid line corresponds to the best 

fit. 

 

CONCLUSIONS 
 

Four new trinuclear [Fe3O]+ complexes with paramagnetic 

and diamagnetic tetrahedral anions have been obtained 

[Fe3O(Ac)6(AcNH2)3][BF4]·(CH3CONH2)0.5(H2O)0.5 (1-BF4), 

[Fe3O(Ac)6(AcNH2)3][GaCl4] (1-GaCl4), 

[Fe3O(Ac)6(AcNH2)3][FeCl4] (1-FeCl4) and 

[Fe3O(Ac)6(AcNH2)3][FeBr4] (1-FeBr4).  

The three compounds with [MX4]
- anions, M = FeIII and GaIII, 

form highly ordered systems along a crystallographic axis. The 

dc magnetic properties reflect that the paramagnetic or diamag-

netic nature of the anions, as well as the ordering of the trian-

gular units in the crystal lattice have an effect on the bulk mag-

netic properties of the systems. The ac susceptibility data show 

that all the complexes with paramagnetic tetrahalogenometalate 

anions (1-FeCl4, 1-GaCl4 and 1-FeBr4) present slow relaxation 

of the magnetization. 

The relaxation dynamics analysis of these systems suggests 

that phonon type mechanism seems to be affecting the relaxa-

tion dynamics of these systems, together with the Orbach type 

mechanism. The ordering of the triangular FeIII S = 1/2 units and 

the paramagnetic anions in the crystal lattice influence the pho-

non relaxation mechanism. 
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Slow relaxation of the magnetization on frustrated triangular FeIII units with S = 1/2 ground state: the effect of the 

highly ordered crystal lattice and the counter-anions  
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The disposition of the frustrated triangular FeIII units and their counter-anions in the crystal lattice cause a change in the mag-

netic response, inducing the appearance of slow relaxation of the magnetization.  

 

 

 

 

 


