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Abstract: The linear trinuclear complex cation [Fe3(DpyF)4]
2+

 was prepared as 

[Fe3(DpyF)4](BF4)22CH3CN. With large Fe–Fe distances of 2.78 Å, this complex demonstrates 

intramolecular ferromagnetic coupling between the anisotropic Fe
II
 centers (J/kB = +20.9(5) K) giving 

an ST = 6 ground state and exhibits single-molecule magnet properties. 

The pursuit of molecule-based magnetic storage units has inspired enormous scientific activity, 

with a key challenge being the conception of new single-molecule magnets (SMMs) working 

at liquid nitrogen temperatures or above.
1
 One approach has been to increase the thermal en-

ergy barrier of the Orbach-like relaxation by maximizing the ground spin state. Although very 

high spin polynuclear complexes can be obtained,
2
 negligible magnetic anisotropy often results 

in a poorly isolated ground state. To overcome this, one strategy is to increase the 

intramolecular magnetic coupling using, for example, radical-based spin mediators to promote 

the parallel alignment of the metal spins (i.e. an effective ferromagnetic coupling which is in-

dependent of the nature of the magnetic interaction between the bridging radical and metal 

centers).
3
  

Ferromagnetic coupling (FM) can also be observed in direct metal-metal interactions, particu-

larly for valence-delocalized iron clusters,
‡
 which often exhibit maximal ground spin states.

4
 

The simplest examples include di-iron paddlewheel complexes, such as an Fe
I
-Fe

I
 complex 

with an intermetallic distance of 2.127 Å (ST = 3),
5
 mixed-valent Fe

II
-Fe

I
 complexes

6
 with dis-

tances of ca. 2.2 Å (ST = 7/2), and two Fe
II
-Fe

II
 complexes with distances of 2.287 and 2.462 Å 

(ST = 4).
7
 The face-sharing bioctahedral ST = 9/2 complex [(Me3tacn)2Fe2(μ

2
-OH)3]

2+
, has yet a 

longer Fe−Fe distance of 2.510 Å.
8
 Eventually, the Fe-Fe distance becomes too large to medi-

ate spin coupling; as in Fe2(-DPhBz)2(
2
-DPhBz)2 (dFe−Fe = 3.124 Å), with a magnetic mo-

ment compatible with non-interacting SFe = 2 centres.
7a 

Clusters with three iron ions can adopt a triangular or, more rarely, a linear arrangement of 

atoms. Examples of high-spin triangular complexes include the mixed-valent ST = 11/2 Fe3 

(and related ST = 19/2 Fe6) clusters, with FeFe distances ranging from ca. 2.4 to 2.7 Å.
9
 Max-

imal spin states have also been predicted for linear iron clusters,
10

 although only four such 

compounds have been reported. Recently, a trinuclear compound with three bridging 2,6-

bis[(trimethylsilyl)amido]pyridine ligands was obtained with FM coupling between the Fe
II
 

centers (2.442 Å).
11

 Additionally, the tetranuclear complexes Fe4(tpda)3Cl2
12

 and 

Fe4(tpda)3Br2,
13

 with mixed bridging-chelating tripyridyldiamido modes and long Fe–Fe dis-

tances of > 2.9 Å, were modelled as consisting of two FM coupled Fe2 pairs, with antiferro-



 

 

magnetic (AF) inter-pair interactions. In 

1998, a tri-iron cluster with a similar 

mixed coordination mode, 

[Fe3(DpyF)4](PF6)2, (DpyF = 

dipyridylformamide), was reported to 

have a room-temperature T value of 16 

cm
3 

K mol
−1

, much higher than that ex-

pected for three isolated Fe
II
 centers, 

once again suggesting FM coupling be-

tween the Fe
II
 spins.

14
 

Motivated by our interest in the magnetic 

properties of linear clusters,
15

 we have 

prepared the BF4
−
 analogue [Fe3(DpyF)4](BF4)2 to study its static and dynamic magnetic prop-

erties. [Fe3(DpyF)4](BF4)22CH3CN (1, Figure 1) was synthesized using an adaptation of the 

literature protocol,
14

 by refluxing LiDpyF, FeCl2 and TlBF4 in THF and recrystallizing the en-

suing pale yellow precipitate from the diffusion of diethyl ether into an acetonitrile solution 

(ESI). It crystallizes in the space group I4/m (Table S1) such that the four fold axis is co-linear 

with the metal axis and the central Fe
II
 ion is bisected by a glide plane perpendicular to the 

metal axis, giving one unique Fe(1)–Fe(2) distance of 2.7838(5) and 2.7742(6) Å at 270 and 

100 K, respectively. The cation displays distorted octahedral terminal Fe
II
 sites and a tetrahe-

drally distorted square planar central Fe
II
 ion (Table S3). The terminal Fe(1)N distances aver-

age 2.191[2] Å for both temperatures, while the central Fe(2)N(2) distance is 2.1436(18) and 

2.1431(18) Å (Table S2), consistent with HS Fe
II
 centres and similar to those reported for 

[Fe3(DpyF)4](PF6)2.
14

  One of the BF4
−
 anions and the solvent molecules could not be modelled 

atomistically; solvent masking in Olex 2
16

 suggested the presence of two acetonitrile molecules 

per formula unit. 

The static magnetic susceptibility, , was measured on a polycrystalline sample of 1 mixed 

with mineral oil (Figure 2). The T value at 300 K is 15.3 cm
3 

K mol
−1

, significantly higher 

than the sum of Curie constants for three 

uncoupled high-spin Fe
II
 centers (9.0 cm

3 

K mol
−1 

for g = 2). Upon decreasing the 

temperature, the T value increases con-

tinuously, reaching a maximum value of 

25.8 cm
3 

K mol
−1

 at 22 K, revealing dom-

inant FM coupling between the three Fe
II
 

S = 2 spins. The maximum value is high-

er than that expected from an ST = 6 sys-

tem (21.0 cm
3 

K mol
−1

, g = 2), suggesting 

the contributions from orbital momen-

tum, leading to a g factor higher than 2 

(as expected for high-spin octahedral Fe
II
 

centers). Below 20 K, the T value at low 

field (0.1 T) decreases slightly to reach a 

minimum value of 21.7 cm
3 

K mol
−1

 at 

1.85 K, likely due to magnetic anisotropy 

 
Figure 1. Thermal ellipsoid (50%) diagram of the cation in 1 at 
270 K from single crystal X-ray diffraction data. 

 
Figure 2. Temperature dependence of the T product (where  
is the molar magnetic susceptibility (M/H) per complex and T 
the temperature) in an applied dc magnetic field of 0.1 and 1 T 
for 1. Inset: Field dependence of the magnetization for 1 be-
low 8 K. Solid lines are the best fits to the model described in 
the text. 
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and/or AF interactions between cation moments. Variable field magnetization data below 8 K 

(Figure 2, inset and Figure S1), do not saturate even at 7 T, reaching a maximum value of 10.7 

B, lower than the 12 B expected for an ST = 6 species. This high field feature, and the non-

superposition of the M = f(HT
−1

) curves (Figure S1), strongly suggest the presence of a signifi-

cant magnetic anisotropy. In the literature, magnetic data for linear iron clusters have been 

treated either using an exchange-coupled model, when FM exchange is weak (|J/kB|<50 K)
7b,12

 

or a delocalized macrospin model
 
in the strong coupling limit (|J/kB|>300 K).

9a,9c
 In the present 

case, a simple macrospin model would not capture the temperature dependence of the T prod-

uct (Figure 2), and therefore the experimental data were fitted numerically (PHI
17

) considering 

the following anisotropic Heisenberg Hamiltonian: 

                                              
  

where J denotes the intramolecular interaction between Fe
II
 spins,        is the spin operator for 

each metal ion centre (SFe = 2) and D is the axial ZFS parameter. The best fit parameters, J/kB = 

+20.9(3) K, D/kB = –6.2(2) K and g = 2.23(5), reproduce well the experimental data shown in 

Figures 2 and S1. Notably, the fit was not significantly improved by incorporating a rhombic 

ZFS parameter or intermolecular interactions in the model and degraded strongly upon forcing 

D to be positive. The estimated FM interaction in [Fe3(DpyF)4](BF4)22CH3CN (J/kB = +20.9 

K) is slightly larger than in Fe4(tpda)3X2 (J/kB = +10.1 to +15.4 K),
12,13

 which possess longer 

Fe–Fe distances (> 2.9 Å vs. 2.78 Å). 

Further insight into the ground state electronic structure on the cation in 1 was obtained using 

density functional theory (DFT) as implemented in ORCA v.4.2.1,
18

 using X-ray coordinates 

adjusted to D2d symmetry without further optimization. The performance of DFT in describing 

exchange coupling has been reviewed extensively,
19

 and the choice of functional has a substan-

tial impact, particularly in cases where the ground state involves FM exchange. Following rec-

ommendations from Illas et al.,
20

 we discuss here results obtained with the hybrid B3LYP 

functional,
21

 and the sensitivity of the results to other choices is discussed in ESI. We have 

identified a number of different FM configurations with ST = 6, along with a broken-symmetry 

(AF) state which is an approximate quintet with MS = 2. The lowest-energy configuration does 

indeed prove to be FM (
13

B2, ST = 6): The Fe
II
 manifold of Kohn-Sham orbitals is shown in 

Figure 3, with only the -manifold shown here for simplicity. The orbital array shows the 15 

metal-based orbitals split into a lower band of 10 that are approximately Fe–N non-bonding 

and a higher band of 5 that are Fe–N antibonding. The very different local coordination envi-

ronments of the terminal and inner Fe
II
 ions (octahedral and distorted square-planar, respec-

tively), lead to different high-spin electronic configurations: for the two terminal Fe
II
 ions, the 

6
th

 (spin-) 3d electron occupies a     orbital (1a1 and 1b2 in Figure 3), while for the inner Fe
II
 

ion, the 6
th

 electron occupies a     orbital (1b1), with Fe-Fe  character. The  manifold there-

fore makes a FM contribution to exchange coupling through a spin delocalization/double ex-

change mechanism (see inset in Figure 3), while the  manifold makes an AF superexchange 

contribution according to the Goodenough-Kanamori rules, albeit a weak one due to the lim-

ited  overlap. The sum of the two components, FM coupling in the  manifold and weak AF 

coupling in , gives rise to the FM alignment observed in the magnetic measurements. 



 

 

The electronic structure can be 

mapped onto the Heisenberg ladder 

using a broken-symmetry state 

with MS = 2, where the spin mo-

ment on the central Fe ion is in-

verted relative to the FM ground 

state. While the near orbital degen-

eracy of the Fe
II
 ion complicates 

the mapping of spin-state energies 

onto a simple Heisenberg-type 

Hamiltonian,
22

 we can use the 

computed energies of the ST = 6 

and MS = 2 states to extract an es-

timate of the exchange coupling 

constant, J/kB = +43.2 K (ESI). 

While this number is higher than 

the experimental value of +20.9 K, 

it is within the normal range of 

accuracy shown by DFT in the FM 

regime. 

The dominance of FM coupling, 

the detection of magnetic anisotro-

py and a negative D value led us to 

investigate potential SMM proper-

ties. In the absence of an external 

dc-field, no frequency dependence 

in either the in-phase (') or out-of-

phase (") component of the ac 

susceptibility was observed above 

1.8 K with ac frequencies up to 10 

kHz (ESI). The application of an 

external dc-field led to appearance of frequency and temperature dependent ac signals (Figures 

4 and S2, ESI), revealing the slow dynamics of the magnetization and consequently, its SMM 

properties. The ' vs.  and " vs.  data at 1.9 K in different dc-fields (Figure S2, ESI) and at 

different temperatures under 0.2 T (Figure 4) were fit to the generalized Debye model
23

 to ob-

tain the field and temperature dependence of the magnetization relaxation time () characteris-

tic of this ST = 6 SMM (Figure S5). To analyse the paramagnetic relaxation, four mechanisms 

are usually invoked: quantum tunneling of the magnetization (QTM),
24,25

 Orbach-type (i.e., 

thermally activated, Arrhenius behavior),
25-27

 Raman
27

 and direct
28

 processes. The paramagnet-

ic relaxation rate (τ
-1

) can be then decomposed in four terms: 

          
           

              
       

   

possessing their own thermal and dc-field dependences with a collection of eight independent 

parameters: 

 

Figure 3. Kohn-Sham orbital energy diagram for the 
13

B2 ground state 
of [Fe3(DpyF)4]

2+
. Interactions with , ,  and ’ symmetry are medi-

ated by    ,       ,     and        orbitals, respectively. Eigenvalues 
and eigenfunctions shown are for the spin- manifold. Isosurfaces are 
shown only for the orbitals of  and  symmetry that are involved in 
Fe-Fe exchange coupling. The schematic configurations shown in the 
inset illustrates the FM and AF contributions of double- and super-
exchange in the  and  manifolds, respectively. 



 

5 

 

     
     

 

     
 
          

       
 

   
  

  
     

 
  

Considering that the magnetization relaxation is observed in a small experimental window 

(0.02-1 T, 1.8-3 K, 0.115-10 kHz; Figure 

S5), it is unreasonable to try to extract 

accurately the whole set of parameters. 

Nevertheless, a few hypotheses can be 

formulated by a simple analysis of the 

relaxation time. At low dc-field (Figure 

S5a), the characteristic frequency de-

creases from 10 kHz at 0.02 T down to 

140 Hz at 0.3 T suggesting the presence 

of QTM relaxation, even if a Raman 

process cannot be completely excluded 

with C2 > C1. Above 0.3 T, the relaxation 

time is only weakly field dependent, in 

disagreement with direct (in H
4

 or H
2

) 

or Raman (in H
2

 with C2 << C1) mecha-

nisms. Therefore, the paramagnetic re-

laxation in 1 seems to be dominated by 

Orbach-type and QTM pathways. Be-

tween 1.8 and 3 K, the ln(τ) vs. T
1

 plot 

(Figure S5b) is linear and thus compatible with a thermally activated relaxation with a pre-

exponential factor, τ0, of 9(1) × 10
9

 s and an energy gap, ∆eff/kB, of 22(1) K. Nevertheless, this 

value is ten times lower than that expected (∆/kB = DST
2
/kB = 223 K) from the estimated mag-

netic anisotropy (D/kB = –6.2 K) and the spin-ground state (ST = 6) suggesting that our experi-

mental window may cover a crossover regime between these two relaxation pathways. 

In conclusion, [Fe3(DpyF)4](BF4)22CH3CN contains a rare example of a linearly-disposed 

trinuclear cluster cation, with ferromagnetically coupled Fe
II
 ions and an ST = 6 ground state, 

consisting of singly-occupied nearly degenerate metal-based molecular orbitals. The FeFe 

distance (2.8 Å) is amongst the longest observed to mediate FM coupling. The magnetic data 

was modeled with an anisotropic Heisenberg Hamiltonian, giving J/kB = +20.9(3) K and D/kB 

= –6.2(2) K. The combination of the strong magnetic anisotropy and the energetically well-

separated ground state likely yield the SMM properties, which appear to involve QTM and 

Orbach-like relaxations. 

Electronic Supplementary Information (ESI) available: Synthesis, crystallography, Shape analysis, 

magnetic measurements and theoretical calculations. See DOI: 10.1039/D1CC05043E. Structures of 1 

at 270 and 100 K can be found in the Cambridge Structural Database CCDC 2025912-2025913. 
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Figure 4. ac frequency (left) and temperature (right) depend-
ence of the real ', top) and imaginary ('', bottom) parts of 
the ac susceptibility for 1 at 0.2 T, for ac frequencies of 10-
10000 Hz and 1.8-10 K. Solid lines on the ' and '' vs. ν plots 
are generalised Debye fits

23
 of the ac data used to extract the 

temperature dependence of the relaxation time (Figure S5) as 
well as α, ν, 0', ' and 0'-' (Fig. S4.) 
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