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Abstract: 

The magnetic properties of the trinuclear Schiff base complexes M2UL7 (MII = Co, Ni, 

Cu; L7 =N,N’-bis(3-hydroxysalicylidene)-2,2-dimethyl-1,3-propanediamine), exhibiting the 

[M(µ-O)2]2U core structure (3d−5f−3d subsystem), have been investigated theoretically using 

scalar relativistic ZORA/DFT computations combined with the broken symmetry (BS) 

approach. The calculated coupling constants JMU between the adjacent M1−U and M2−U agree 

with the observed ferromagnetic (Ferro) character observed in the case of the Cu2UL7 complex, 

the antiferromagnetic (AF) character of the Ni2UL7 one is consistent with the experimentally 

observed AF behaviour for Co2UL7. The structural parameters, in particular the M−U distances 

and the M−Ob−U angles, as well as the electronic factors driving the superexchange couplings 

are discussed. The bond orders and the magnetic molecular orbital analyses reveal that the 

U(5f) covalent contribution to the bonding within the M−O−U coordination is more important 

in the Co2UL7 and Ni2UL7 complexes than in the Cu2UL7 congener, thus favouring AF 

coupling between the transition metal and the uranium magnetic centers, in the first complexes. 

The analyses are supported by the study of the mixed ZnMUL7 and M2ThL7 systems, where 

the CoII (3d7) and NiII (3d8) paramagnetic ions are replaced by the diamagnetic ZnII(3d10) one, 

whereas in the second complex, the UIV(5f2) paramagnetic center is replaced by the 

diamagnetic ThIV(5f0) one. The Natural Populations Analyses confirm the crucial role of spin 

delocalization that is at work in favour of the AF vs. Ferro magnetic character of the M−U−M 

(M = Ni, Co) and Cu−U−Cu coordination, respectively. 
Keywords: 3d-5f-3d complexes; magneto-structural correlations; super-exchange; DFT, Broken Symmetry. 
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Introduction: 

Over the last two decades, an increasing number of heteropolymetallic 3d–4f and 3d-5f 

mixed complexes have aroused intense attention, both from experimental and theoretical sides, 

due to their opening new perspectives in the design of molecular magnets (SMMs) [1-9], and 

their exceptional promising applications such as ultra-high-density data storage, spintronic, and 

quantum information processing (QIP) [10]. Besides its fundamental aspect, the understanding 

of the nature of metal-ligand bonding and metal–metal 3d–4f/5f electronic interactions, in the 

lanthanide and actinide coordination compounds, is crucial in the design of novel magnetic 

materials [11]. In particular, examples of trinuclear MII−UIV−MII complexes have been reported 

recently to show unambiguous magnetic M–U coupling between the metal spin carriers [12-

15]. 

The exchange coupling between 3d and 5f ions has been studied to develop an accurate 

theoretical description of an effective magnetic interaction [16-21]. Notably, the larger spatial 

extent of the actinide 5f orbitals relative to the 4f ones [22-24] could favor stronger exchange 

couplings with 3d transition metals, resulting in larger antiferromagnetic (AF) or ferromagnetic 

(Ferro) couplings. Therefore, efforts in this area have been devoted to synthesizing and 

characterizing polynuclear uranium systems, where a successful strategy for promoting 

electronic interactions between 5f spin centers was to use covalently linked bridging ligands 

[25−30]. However, such mixed 3d-5f polymetallic compounds remain rare, and to date, there 

are only a few X-ray-determined structures for which a magnetic superexchange coupling 

constant has been measured, as was recently reviewed [1,3,10]. Furthermore, quantifying the 

coupling constant between 5f ion pairs is still challenging at both the experimental and 

theoretical levels [8,11,23,24].  

Early in the 2000s, Ephritikhine and co-workers [31−] synthesized an interesting 

class of trinuclear Schiff-based MII
2AnIVLi (M = Zn, Cu; An = Th, U; L = Schiff base; i = 1-9) 

assemblies exhibiting double oxo-bridged [Cu(-O)]2U core with different magnetic exchange 

MII−UIV interactions.  Indeed, as reported by the authors [33,34], it was found that the shift 

from AF character to Ferro observed experimentally for the CuII−UIV coupling, depends 

strongly on the diimino backbones (Li). Scalar relativistic ZORA/B3LYP investigations of their 

magneto-structural properties, indicate a moderate magnetic exchange coupling constant JCuU, 

with lower and upper bounds −2.4 < J < +7.0 cm-1 [35], which is in good agreement with the 

available experimental fitted values (−3.6 < Jmin < +5.2 cm-1) [24]. Moreover, this AF to Ferro 
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shift, when passing from the L1 to L9 diimino-backbone, correlates with the decrease of the 

uranium orbitals weight (covalency) in the magnetic [Cu(-O)]2U core, limiting the 

superexchange responsible for the AF CuII−UIV character [35]. 

A few years afterward, S.A. Kozimor et al. [36,37] reported the magnetic properties of 

the trinuclear pyrazolate-chloro-bridged MII(-Cl)UIV (MII = Co, Ni, Cu, and Zn) complexes 

of the formula (cyclam)M[(µ-Cl)UIV(Me2Pz)4]2 (cyclam = 1,4,8,11-tetraazacyclotetradecane; 

Me2Pz- = 3,5-dimethylpyrazolate). Strong Ferro coupling (15 cm-1 < JU−M < 48 cm-1) is observed 

for the CoII-containing species (−2J convention). DFT calculations performed on the CoU2 and 

Ni2U model clusters consistently revealed a weaker ferromagnetic Ni−U coupling constant (2.8 

cm-1 < J < 19 cm-1) than for the Co−U congener [37]. 

More recently, UO2
+−M2+ interactions provide a very convenient route for the controlled 

assembly of oxo-bridged 3d−5f complexes and promote the cation–cation interactions between 

the UO2
+group and the 3d cations. Indeed, as reported by Mazzanti and co-workers [12−15], 

these hetero-polymetallic complexes which exhibit a MII–O=UV=O–MII (MII = Mn, Fe, Co, Ni) 

linear oxo-core, are of great interest for the design of molecules presenting slow magnetic 

relaxation of a purely molecular origin and described as single-molecule magnets (SMMs), and 

have been put forward as an effect of the 3d spin ion on the magnetic properties [2, 12−15]. 

Indeed, for the trimers in which the 3d metal adopts an octahedral geometry, the value of the 

energy barrier is directly correlated to the spin ground state, and it decreases along the high 

spin (Mn > Fe > Ni) series (MnII: S = 5/2; FeII: S = 2; and NiII: S = 1). Moreover, the low value 

of χT observed at ∼2 K is due to the strong AF interactions in UO2
+–Mn and a weaker AF 

interaction between UV centers [15]. Moreover, broken symmetry DFT calculations in the case 

of the Mn–O=U=O–Mn core species have been carried out to estimate the isotropic coupling 

constants of the adjacent MnII−UV and next-adjacent MnII---MnII exchange interactions, 

leading to J12 = J23 = 49.7 cm-1 and J13 = 0.5 cm-1, respectively [12]. 

Along with the continuous improvement of our understanding of how the properties of 

the transition metal (3d) can modulate the nature of such superexchange 3d–5f interactions, we 

extend our computational investigation of the magnetostructural correlation to the 

[{L7MII}2UIV] (MII = Co, Ni) analogous, associated to the Schiff base L7 (N,N’-bis(3-

hydroxysalicylidene)-2,2-dimethyl-1,3-propanediamine}) [32], and for which no systematic 

theoretical study has been carried out up to now, to our knowledge. In this [{L7MII}2UIV] 

systems, hereafter called M2UL (M = Co, Ni), the structures are built up by two LM units bound 

to the central uranium(IV) ion by two pairs of oxygen atoms, leading to the [M(−Ob)2]2U 
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cores, as shown on Figure 1. Note that the corresponding O−U−O bond angles are either nearly 

linear (180°) or orthogonal (90° for trans U−O bonds). 

 
Figure 1: Molecular structure of the M2UL (M = Co, Ni) complexes. 

 

Experimentally, the observed magnetic behavior by susceptibility measurements of the 

Co2UL, Ni2UL, and Cu2UL isostructural complexes was compared with that of the Zn2UL 

derivative [31,32], in which the paramagnetic 3d ion was replaced with the diamagnetic Zn 

(3d10) ion. Application of the subtraction method of Zn2UL data from the M2UL (M = Co, Ni, 

Cu) one, gave MT vs T plots that show weak AF coupling between the central UIV ion and 

the paramagnetic transition NiII metal ions, in contrast to the Ferro coupling exhibited by the 

Cu2UL species [31,32]. As noted by the authors, the continuous increase in the MT vs T 

curve, even well above 100 K, cannot be attributed to the local zero-field splittings of the NiII 

ions (single-ion anisotropies), which thus drove them to the conclusion that isotropic couplings 

were at play. Note that by subtracting the angular momentum of the UIV ion, it is assumed that 

the MT vs T curve is the result of the local zero-field splittings and of rests of interactions 

between the paramagnetic ions. Further assuming larger nearest-neighbor interactions than 

next-nearest neighbor ones, they concluded for AF coupling between the NiII metal ions and 

the UIV one. Despite having observed the exact same behavior in the Co2UL case, the authors 

did not concluded on the coupling between the CoII ions and the UIV one, since the CoII centers 

themselves could be the subject of orbital momentum. In this case, we thus aim at predicting 

the nature of the coupling between the CoII ions and the UIV one. Recently, the exchange 

coupling in two dicobalt(II) complexes i.e., [Co2Cl6]2−  and [Co2(L)2(acac)2(H2O)], was 

theoretically investigated by simulating the χT curve based on various assumptions of the 

underlying model Hamiltonian, that included isotropic, zero-field splitting and anisotropic 

exchange [38]. It was clearly seen that the combination of Ferro coupling with large zero-field 
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splitting may lead to a maximum of the χT curve at low temperature, and continuous increase 

of χT can only be explained if an AF coupling occurs. 

Overall, the present study aims to get more clear-cut insights into the electronic structure 

and magnetic properties of the mixed 3d−5f M2UL (M = Co, Ni, Cu, Zn) complexes under 

consideration. The dependence of the exchange coupling on the electronic and structural 

properties namely the M2O4U core geometry i.e., the MII−UIV distances and the M–Ob–U angle 

will be investigated thoroughly. It is hoped that this computational study will permit the 

rationalization of the observed differentiation in magnetic superexchange MII−UIV−MII (M = 

Co, Ni, Cu) interactions, and the role of 3d-metal electron spins properties could be brought to 

light.  

 

Methods 

a. Computational Details 

All calculations were performed with the Amsterdam Density Functional (ADF) 

program, a part of the Amsterdam Molecular Simulation package (AMS2021.107 release) [39, 

40]. Scalar relativistic corrections have been introduced via the zeroth-order regular 

approximation (ZORA) [41, 42]. In all cases, the starting molecular structures for the geometry 

optimizations are derived from the structures of the M2UL (MII = CoII, NiII) complexes in the 

reported X-ray data [32-34]. As successfully used previously [35], the geometry optimization 

of the M2UL complexes was carried out by fixing the [M(−Ob)2]2U core as it is in the X-ray 

structure. However, we noted that the full geometry optimization of the whole complex 

including the M2O4U core, leads to an overestimation of the exchange coupling J constant, and 

even a slight distortion of the core M2O4U geometry from the X-ray structure affects drastically 

the magnetic properties [35]. Notably, it was observed in the case of the dichromium(III) 

systems exhibiting dihydroxo Cr2(μ-OH)2 core [43,44], and in dioxo-diuranium systems 

exhibiting the diamond U2(μ-O)2 core [26], replacing the DFT core geometry by the X-ray one, 

matches better with magnetic data. 

The DFT geometry optimizations of the High Spin (HS) states, which have been carried 

out using the BP86 functional of Becke and Perdew [45, 46], employed triple-ζ-plus 

polarization (TZP) all-electron Slater type orbitals (STO) basis sets. Such a ZORA/BP86/TZP 

procedure, which has been successfully used in our previous related works [17, 25-27], and in 

several other theoretical studies [47, 48], has shown to reproduce the experimental geometries 

of f-element compounds with a satisfying accuracy. Moreover, the computation of the J 
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exchange coupling constant has been done using the standard B3LYP hybrid functional [49, 

50] as recommended in previous studies [51]. The B3LYP HS energies were obtained by 

performing a single-point calculation using the BP86 optimized geometries. Then, the MOs of 

the HS structures were used as starting guesses, to compute the BS states [52,53] by means of 

the spin-flip recipe available in the AMS/ADF program [39].  

Molecular structure drawings spin densities and molecular orbital plots were generated 

using the ADF-GUI auxiliary program [39]. Finally, in the calculation, the ADF integration 

accuracy parameter, i.e. the grid numerical quality was set as high as 10-6 eV (numerical 

accuracy keyword “good”). We remind that the ADF program computes Total Bonding 

Energies (TBE) and not total energies [40], though this as no impact on the energy differences 

of interest for the sake of computing magnetic exchange coupling constants. 

 

b. Evaluation of the exchange coupling 

The magnetic interaction between two atomic spins is usually described by the 

Heisenberg-Dirac-van Vleck (HDvV) Hamiltonian, as given by (−J convention): 

𝐻̂ = −𝐽𝐴𝐵𝑆𝐴 ∙ 𝑆𝐵   (1) 

where JAB is the coupling constant between the A and B magnetic sites and ŜA and ŜB are the 

local spin operators (the vector notations are omitted as commonly done in the literature). A 

positive sign of the coupling constant J indicates a Ferro interaction (parallel alignment of 

spins), whereas a negative sign indicates an AF interaction (anti-parallel alignment of spins). 

As reported in previous studies on polynuclear transition metal complexes [17,54], the 

Heisenberg Hamiltonian equation (1) can be extended to calculate the exchange coupling 

constants at play in polynuclear complexes by summing over all the independent pairs of active 

magnetic centers. 

For the trinuclear M2UL (M = Co, Ni) complexes considered here, the spin coupling model 

includes exchange interactions between adjacent metal centers, J12 and J23, and the coupling 

between the terminal transition metal centers, J13, as shown on scheme 1. 

  

 

Scheme 1: the three exchange coupling constants at play in trinuclear complexes 

1 2 3

J13

J12 J23

1 2 3
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The resulting Hamiltonian, obtained by summing all the bicentric terms, is given by 

equation 2: 

𝐻̂ = −𝐽12𝑆1 ∙ 𝑆2 − 𝐽23𝑆2 ∙ 𝑆3 − 𝐽13𝑆1 ∙ 𝑆3               (2) 

 

Considering S1 = S3 = 1 for the NiII (d8) and S1 = S3 = 3
2
 for the CoII (d7) metal centers and S2 = 

1 for the UIV (5f2) center, four non-equivalent spin configurations obtained by parallel and/or 

anti-parallel alignments of the adjacent spins are obtained (see Scheme 2), with the HS state 

for the two Co2U and Ni2U systems having the MS = 4 and 3 values, respectively. Note that we 

checked (vide infra) that the transition metal exhibits the high spin state in the ligand field 

experienced in the trinuclear complexes. The BS solutions are obtained by flipping the spins 

on centers 1 and 3, which leads to MS = –1 for M = Ni and MS = –2 for M = Co, respectively, 

while the BS1 and BS2 solutions are obtained by flipping the spin on centers 1 or 3, which 

leads in any case to MS = 1 [17,54]. 

 

1 2 3 23

BS1 (Ms = 1)

123

BS2 (Ms = 1)

1 2 3

HS (S = 3) BS (Ms = -1)  

          

1 2 3 123

BS1 (Ms = 1)

123

BS2 (Ms = 1)

1 2

HS (S = 4) BS (Ms = -2)  

Scheme 2: the spin configurations of interest (top line: Ni centers; bottom line: Co centers) 

 

Using equation 2 and scheme 2, the relative energies of these four configurations can be 

explicitly written in terms of the coupling constants J12, J23, and J13. 

The zero of energy is equal to the mean energy of the four computed configurations [21], as 

follows: 

𝐸𝑜 =
𝐸𝐻𝑆+𝐸𝐵𝑆+𝐸𝐵𝑆1+𝐸𝐵𝑆2

4
   (3) 

Therefore, the energies of the four HS, BS1, BS2 and BS states are expressed for the two Ni2U 

and Co2U systems as: 

Case of Ni-U-Ni, d2-f2-d2:  

ACCEPTED MANUSCRIPT / CLEAN COPY



8 
 

 

S1 = S2 = S3 = 1 

• HS: -- 

EHS = E0 – J12 – J23 – J13 

• BS: -- 

EBS= E0 + J12 –J23 + J13 

• BS1: -- 

EBS1 = E0 – J12 + J23 +J13 

• BS2: -- 

EBS2 = E0 +J12 +J23 – J13 

By differentiating, one leads to: 

EHS – EBS = −2J12 – 2J13  (4) 

EHS – EBS1 = − 2J23 – 2J13  (5) 

EHS – EBS2 = −2J12 – 2J23  (6) 

EBS – EBS1 = 2J12 – 2J23  (7) 

EBS – EBS2 = −2J23 + 2J13  (8) 

Then, (4) − (6) leads to: 

(EHS – EBS) – (EHS – EBS2) = - 2J13 +2J23 

 (4) + (5) − (6) then gives: 

(EHS – EBS) + (EHS – EBS1) – (EHS – EBS2) = − 4J13 

Thus, 

J13 = − [EHS - EBS- EBS1 + EBS2]/4 (9) 

J12 and J23 are finally obtained by: 

J12 = −½[(EHS – EBS) + 2J13]  (10) 

J23 = = −½[(EHS – EBS1) + 2J13] (11) 

Case of Co-U-Co d3-f2-d3: 

S1 = S3 = 3/2, S2=1 

E0 = ¼ (Eaaa + Ebaa + Ebab + Eaab) 

• HS: --:   

EHS = E0 -3/2J12 –3/2J23 – 9/4J13 
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• BS: --:  

EBS = E0 +3/2J12 +3/2J23 – 9/4J13 

• BS1: --:  

EBS1 = E0 +3/2J12 -3/2J23 + 9/4J13 

• BS2: --:  

EBS2 = E0 -3/2J12 + 3/2J23 +9/4J13 

EHS + EBS1 = 2E0 -3J23  (12) 

EHS + EBS = 2E0 -9/2J13   (13) 

EBS1 + EBS = 2E0 +3J12   (14) 

EBS1 +EBS2 = 2E0 +9/2J13   (15) 

From (13) – (15): 

EHS + EBS – EBS1 – EBS2 = -9J13 

J13 = −1/9(EHS + EBS – EBS1 – EBS2) (16) 

EHS – EBS1 = –3J12 – 9/2J13   (17) 

EHS − EBS = –3J12 –3J23           (18) 

EBS1 – EBS = –3J23 +9/2J13  (19) 

From (14):  

J12 = −1/3 (EHS –EBS1 +9/2 J13) (20) 

From (19):  

J23 = −1/3 (EBS1 − EBS– 9/2 J13) (21) 

For bicentric spin centers, the Yamaguchi equation [55-57] which is reported to be valid over 

the full range of coupling strengths, from the weak to the strong overlap limit [17], is used as 

follows, where <S2> is the mean value of the squared spin operator: 

𝐽𝐴𝐵 =
𝐸𝐵𝑆−𝐸𝐻𝑆

<𝑆2>𝐻𝑆−<𝑆2>𝐵𝑆
   (22) 

One can note that in our case (weak-coupling scheme), no significant deviation is expected 

from the Ising coupling scheme. 

For the computation of the BS, BS1, and BS2 energies, a single-point calculation using 

the molecular orbitals (MOs) of the HS structure has been used as a starting guess, changing 

the spin on the corresponding metal center in each case [35]. It must be kept in mind that the 

energy differences between the different multiplets HS, BS, BS1, and BS2 states, is often 
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smaller than 0.5 kcal/mol (i.e. 170 cm-1) [58] so that a very good accuracy of the evaluation 

of the coupling constant J, must be insured to avoid numerical round-up errors. 

Furthermore for the mixed ZnUM (M = Co, Ni) model complexes, exhibiting only two 

magnetic centers MII−UIV for two electronic configurations i.e., 3d7−5f2 and 3d8−5f2, 

respectively, the formula of Yamaguchi et al. (Eq. 22) can be used for the evaluation of the 

coupling constant J. Note that the “diamagnetic” approach was successfully used in the cases 

of the mixed trinuclear NiII−GdIII−NiII systems, by replacing one of the NiII ions by ZnII [54]. 

Finally, for the MThM (M = Co, Ni) congeners, exhibiting two magnetic MII---MII centers and 

exhibiting two electronic configurations i.e., 3d7−3d7 and 3d8−3d8, the same Yamaguchi 

equation is used. 

 

Results and Discussion 

a. Geometry optimizations 

It is known that the coordination complexes of Co (3d7) or Ni (3d8), could exhibit either a high 

spin (HS) or a low spin state (LS), depending on ligand field strength [12,13]. Thus, in order 

to fix the spin state of the transition metal in the 3d-5f-3d systems we carried out preliminary 

calculations considering monometallic MLpy (M = Co, Ni) model complexes. We found that 

the HS state is the most stable one in both cases.  

We started the study of the trinuclear M2UL (MII = Co, Ni) systems by optimizing the available 

X-ray structures [31-33]. For the Zn2AnL (MII = Co, Ni; AnIV= Th, U) derivatives, 

experimental structures are also available so we extracted their initial molecular geometries for 

optimization from the X-ray data of their ZnUML models. The full geometry optimization that 

we previously carried out on Cu2ULi (I = 1-9) systems [35], showed that small deviations 

between the X-ray and the fully optimized structures (vide supra) could be of tremendous 

importance for the magnetic property under consideration. Consequently, for the analysis of 

the magnetic properties of the trinuclear M2UL species, we considered the M2O4U core X-ray 

geometry fixed. 

First, let us consider the M2AnL (MII = Ni, Co, Zn; AnIV = Th, U) structures obtained from the 

ZORA/BP86/TZP geometry optimizations, displayed on Figure 2 along with the most relevant 

structural parameters of the magnetic core depicted on Figure 3. 
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M U M

 
(a) MUM 

 
(b) MUZn 

M MTh

 
(c) MThM 

 

Figure 2: Optimized molecular structures of the MUM (MII = Co, Ni) X-ray fixed core 

complexes, their (b) MUZn and (c) MThM model systems (Pink = uranium; yellow = thorium; 

grey = cobalt and nickel; light grey = Zinc; red = oxygen; blue = nitrogen).  

 

        

Figure 3: geometrical parameters of the M2(-Ob)4U core  

 

M
U

Zn
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In Table 1, we report the two optimized metal−uranium sides of M1−U/U−M2 distances 

and the average <M−Ob> and <U−Ob> bond distances (Å) as well as the interatomic M−M 

distance. The average <M1−Ob−U> and <M2−Ob−U> bond angles (°) for both sides are also 

reported as well as the M−U−M angle for the M2UL (MII = Co, Ni) complexes in their HS state. 

Table 1: Relevant X-ray (<av.>) bond distances (Å) and angles (°) for the fixed core M2UL 
(MII = Co, Ni, Cu, Zn) complexes in their HS states (S = 4, 3, 2, and 1, respectively). See Figure 
3 for the definition of the geometrical parameters of the fixed core. 

M2UL 

X-ray fc 
M−U (Å) <M−Ob> (Å) <U−Ob> (Å) M−M 

(Å) 
<M−Ob−U> 

(°) 
M−U−M 

(°) 

CuUCu (S =2) a 

av. 
3.634/3.648 

<3.641> 
1.918/1.949 

<1.933> 
2.433/2.459 

<2.446> 
7.279 111.5/112.3 177.27 

NiUNi (S = 3) 
av. 

3.633/3.652 
<3.642> 

1.976/1.988 
<1.982> 

2.421/2.433 
<2.427> 

7.269 110.6/111.7 172.28 

CoUCo (S = 4) 
av. 

3.666/3.693 
<3.679> 

1.993/2.002 
<1.997> 

2.453/2.458 
<2.455> 

7.340 110.4/111.3 171.84 

ZnUZn (S = 1)b 

av. 
3.682/3.718 

<3.700> 
2.217/2.451 

<2.310> 
2.431/2.451 

<2.441> 
7.339 110.4/112.3 170.93 

a [35], b [32] 

One can note that the M−U bond distances are slightly smaller for the Ni2UL species 

than for the Co2UL congener (in av. 3.642 vs. 3.679 Å). The oxo-bridge <M−Ob> and <U−Ob> 

bonds are also found shorter (in av. 1.982 vs. 1.997 and 2.427 vs. 2.455). For the M2UL (M = 

Co, Ni) species, described as AF systems, the <M−Ob−U> bond angles are computed to be 

smaller comparatively to the Cu2UL Ferro congener.   

Finally, it appears that the main significant structural differences regarding the 

M(−Ob)2U magnetic core, when changing the transition metal, are the M–Ob–U angles or the 

M−U distance variations.  

b. Electronic structure analyses.  

To study the electronic structures and the nature of the metal-ligand bonding in the 

M2UL (M = Co, Ni) complexes, natural population analyses (NPA) [59], Mayer [60], and 

Nalewajski-Mrozek (NM) [61, 62] bond order analyses were performed at the optimized 

ZORA/BP86/TZP equilibrium geometries with the M2O4U core fixed (See Figure 3). The 

B3LYP computed net natural atomic charges (q), Mayer, and NM bond orders are given in 

Table 2.  
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Table 2: ZORA/B3LYP/TZP NPA atomic spin density (α–β) and net charges (q), Mayer and 
NM average <M–Ob> and <U–Ob> bond orders of the MUM complexes in their HS and BS 
states.  

M2ULpy2 NPA 
M1/U/M2 

Bond Order 

<M–Ob> <U–Ob> 

 α–β q Mayer NM Mayer NM 

CuUCu (S = 2)a HS 
BS 

0.64/2.04/0.61 
−0.63/2.03/−0.60 

1.39/1.72/1.43 
1.38/1.73/1.39 

0.359 
0.358 

0.834 
0.836 

0.162 
0.169 

1.132 
1.149 

NiUNi (S = 3) HS 
BS 

1.61/2.03/1.61 
−1.41/2.03/−1.50 

1.42/1.69/1.43 
1.42/1.69/1.43 

0.424 
0.422 

0.924 
0.978 

0.198 
0.198 

1.156 
1.162 

CoUCo (S = 4) HS 
BS 

2.62/2.04/2.62 
−1.90/2.03/−1.90 

1.47/1.73/1.47 
1.17/1.73/1.18 

0.449 
0.447 

1.054 
1.296 

0.216 
0.222 

1.173 
1.184 

a [35] 

The results of Table 2 show that the atomic spin densities of the uranium atom are close to or 

slightly larger than the number of unpaired electrons of the U(IV) ion, i.e., 2, whereas the val-

ues for the copper (3d9), nickel (3d8), and cobalt (3d7) atoms are significantly lower than their 

number of unpaired electrons, namely 1, 2, and 3, respectively. Notably, the spin densities of 

the metal ions MII, are computed significantly smaller for the cases of MUM (Ni, Co) sys-

tems, when passing from the HS to the BS states, especially for the Co2UL, while the values 

remain constant in the cases of the CuUCu congener. These spin densities are indicative of 

the spin delocalization (oxidation) occurring for the transition metal ions, and will be dis-

cussed in-depth below. Moreover, the computed NPA charges on the uranium atom are ca. 

+1.71, which is much smaller than the formal value of +4 in U(IV), revealing the ligand-to-

metal donation. 

Interestingly, the NM <M–Ob> and <U–Ob> HS bond orders, which account for covalent and 

ionic interactions, are computed significantly greater for the AF Co2U and Ni2U species (0.924 

and 1.054 for <M–Ob> and 1.156 and 1.173 for <U–Ob>) than for the Ferro Cu2U congener 

(respectively 0.834 and 1.132). Moreover, the Mayer bond orders are computed higher for the 

cobalt and nickel complexes than for the copper one (Table 2). These results correlate with the 

higher covalency in M–Ob–U (M = Co, Ni) bonding than in Cu system, and will be assessed 

in-depth by orbital analysis bellow. 

As previously observed in oxo-bridged systems, the metal-oxygen M−Ob covalent bonds, could 

promote “electronic communication” that favors metal-metal super-exchange couplings and 
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the AF character not only in 3d−5f mixed systems exhibiting oxo-bridged ligands [4,12-

14,24,35], but also in polymetallic clusters with M−O−M frameworks as nicely reviewed by 

Dossing et al. [63,64]. Indeed, the resulting M−O−M superexchange coupling in polymetallic 

systems can occur through 3d–2p–3d overlap between metal centers. Moreover, as reported by 

the review [63], theoretical calculations of the magneto-structural properties using DFT in 

combination with the BS approach, when the Cr−O distances have been elongated or 

compressed up to 0.02 Å, revealed that the superexchange coupling is strongly sensitive to 

change in the oxo-bridge coordination from linear M−O−M to bend structures [63].  

Traditionally, the theoretical orbital interpretation of superexchange interactions, has been 

developed by the Hay-Thibeault-Hoffmann model [65], reporting that the bridging overlap 

interactions between the ligand atomic orbitals and the metal d ones determine the sign and 

magnitude of the exchange interaction. Recently, it is noteworthy that the magnetic exchange 

of lanthanides and actinides elements with 3d metals has been reported by McAdams et al. 

[10], highlighting that the enhanced covalency of actinides in comparison to the more core-like 

lanthanides, favors magnetic superexchange with other 3d metal ions through oxo-ligands. 

It appears that more pronounced covalent factors of the M−Ob and U−Ob bonds in the Ni2U 

and Co2U, are playing significant role in promoting M–U−M superexchange AF interactions. 

The comparative frontier MO diagrams of the M2UL (M = Cu, Ni, Co) systems in their 

HS (S = 2, 3, 4) states are shown on Figure 4. Note that due to the spin-unrestricted formalism, 

Kohn-Sham orbitals are formally called ‘KS spin orbitals’ in the caption, which does not mean 

at all that the SOC (spin orbit coupling) is accounted for in our calculations (in practice, two 

sets of KS orbitals are generated, one for the α-spin electrons, i.e., the “spin-up” ones, and one 

for the β-spin electrons, i.e., the “spin-down” ones).  
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Figure 4: ZORA/B3LYP HS KS spin orbital diagrams of the MUM (Cu, Ni, Co) complexes 
 
One can note in these diagrams that the highest levels composed of the SOMO and SOMO-1 

with the two pure metallic α singly 5f2, appear slightly more destabilized in the Ni2U and Co2U 

systems than in the Cu2U cases. Notably, the spin orbitals displaying the two Cu(3d9)−Cu(3d9), 

four Ni(3d8) −Ni(3d8), and six Co(3d7)−Co(3d7) metallic electrons, as shown by their isoden-

sity surfaces, are highly delocalized and deeper in energy relatively to the SOMO/SOMO-1 

(5f2). 
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In Table 3 are reported the computed compositions % and energy of the SOMOs and the most 

relevant M2O4U (Cu, Ni, Co) MO magnetic core and displaying the M−Ob−U bridging bonding 

in term of % of M(3d)/O(2p)/U(6d,5f) orbitals. 

Table 3: ZORA/B3LYP/TZP percentages orbital compositions of the M2O4U (Cu, Ni, Co) MO 

magnetic cores  

 
MUML 

fixed core 
M--U 
(Å) 

Energy (eV) 
% (U(5f) / M(3d) / O(2p) 

SOMO SOMO-1 SOMO# 
 

CuUCu 3.634/3.648 −3.902 
90.7/0/0 

−4.106 
74.0/0/6.1 

SO-18 (−6.340) 
19.54/7.69/1.2 

SO-19 (−6.436) 
8.12/11.6/1.6 

NiUNi 3.633/3.652 −3.584 
92.3/0/0 

−3.750 
92.6/0/0 

SO-12 (−5.546) 
20.2/17.2/3.9 

SO-14 (−5.599) 
22.0/19.2/2.6 

CoUCo 3.666/3.693 −2.746 
91.4/0/0 

−2.953 
94.2/0/6.3 

SO-10 (−5.123) 
33.1/22.8/4.2 

SO-11 (−5.341) 
37.9/19.4/2.6 

 

Interestingly, the orbital (% 3d/2p/6d,5f) composition of the SOMO-12/-14 (#289/#290) and 

SOMO-10/-11 (#290/#291) in the Ni2UL and Co2UL systems, respectively (Figure 4), traduc-

ing the M-Ob-U bridging bonds, is computed to display higher metallic/oxo contributions in 

the Ni2UL and Co2UL systems (% 20.2/17.2/3.9 and 22.0/19.2/2.6 vs. % 33.1/22.8/4.2 and 

37.9/19.4/2.6) than the SOMO-18/-19 (#265/#266) with % 19.54/7.69/1.2 and 8.12/11.6/1.6 in 

the Cu2UL congener. These results sustain the more pronounced covalent character of the Ni-

Ob−U and Co-Ob−U bridging bonds than in their Cu-Ob−U congeners already revealed by the 

bond orders. 

The electronic structure analysis of the MO diagrams shows that the superexchange M−O−U 

coupling likely involves the 6d/5f orbitals of the UIV ion (mainly dz2, dx2-y2, fxyz, fzy
2, fzx

2) that 

have the appropriate energy and symmetry matching to overlap with the oxo-(2p) and the 

magnetic transition metal 3d (3dx
2

-y
2) orbitals centered on each CuII ion (Figure 4)”. 

Moreover, the MO analysis of the Co2UL and Ni2UL systems, exhibit larger (6d, 5f) uranium 

weight in M2O4U magnetic core than in their Cu2UL congener.  
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These features were previously observed with the trinuclear Cu2ULi (i = 1-9) systems, exhibit-

ing AF/Ferro switch with the elongation of Cu—U distance, bringing to light the crucial influ-

ence of the orbital contribution to the Cu—Ob—U bridging bonding on the magnetic character 

[35].  

Finally, the MO analysis corroborates the BO results (Table 2) regarding the more pronounced 

covalent factors of the M−Ob−U bridging bonds in the Ni2UL and Co2UL comparatively to the 

Cu2UL congener, which likely explain the difference in their AF vs. Ferro superexchange M–

U−M interactions. 

c. Magnetic properties 

Evaluation of the coupling constant J (cm-1) 

As shown on Scheme 2, we first investigate the different spin couplings in the systems under 

consideration. Indeed, it was shown for the trinuclear CuII−UIV−CuII (SCu = ½, SU = 1) system 

[35] that the ideal <S2> values were 6 for the HS solution, 2 for BS and 3 for BS1 and BS2 

ones. Those values correspond to the perfect Ising case, for which the spin contamination 

exactly corresponds to the one that would be observed at dissociation, i.e. in the absence of 

coupling. The genuine strategy to sort out those ideal values consists in generating appropriate 

spin functions that are eigenfunctions of the <S2> operator, and in attributing the character of 

the spin determinants of interest in terms of pure spin functions. For instance, since the HS 

solution is there of pure S = 2 character, the ideal <S2> value for this solution corresponds to 

the one of a pure S = 2 state, i.e., S(S+1) = 2*3 = 6.  

In the case of a trinuclear NiII−UIV−NiII core, i.e., for the coupling of Sa = 1 with Sb = 1 and Sc 

= 1, one may use tabulated values from the literature [66] to determine the ideal <S2> values. 

First, let us recall that in this case, a simple spin tree approach based on successive couplings 

may help in defining the space of the HDvV Hamiltonian: the coupling of two local Sa = 1 and 

Sb = 1 spins generates one Sab = 2, one Sab = 1 and one Sab = 0 states, and the coupling of those 

with a third Sc = 1 spin then generates one S = 3 state (with Sab = 2), two S = 2 states (with Sab 

= 2 or Sab = 1), three S = 1 states (with Sab = 2, Sab = 1 or Sab = 0) and one S = 0 state (with Sab 

= 1). Of course, the HS solution is trivial, it corresponds to the S = 3 state and thus to an ideal 

<S2> value of 3*4 = 12. The remaining BS, BS1 and BS2 solutions all correspond to |MS|= 1, 

and their spin nature is in fact identical [66]: these correspond to 1/15 of S = 3 character, 1/3 

of S = 2 character, and 3/5 of S = 1 character. Consequently, their ideal <S2> values are 

1/15*3*4+1/3*2*3+3/5*1*2 = 4. 
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Finally, we now need the ideal <S2> values corresponding to the trinuclear CoII−UIV−CoII 

situation, i.e., to the Sa = 3/2 with Sb = 1 and Sc = 3/2 case. By applying the same methodology, 

one can justify the space of the HDvV Hamiltonian: one S = 4 state (with Sab = 5/2), two S = 3 

states (with Sab = 5/2 or Sab = 3/2), three S = 2 states (with Sab = 5/2, Sab = 3/2 or Sab = 1/2), 

three S = 1 states (still with Sab = 5/2, Sab = 3/2 or Sab = 1/2) and one S = 0 state (with Sab = 3/2). 

The HS solution ideally being of pure S = 4 character, its ideal <S2> value is trivially 4*5 = 20. 

The BS solution corresponding to the |MS|= 2 subspace, it may bear some S = 4, S = 3 and S = 

2 characters. After some development, we found that it corresponds to 1/28 of S = 4, 1/4 of S 

= 3 and 5/7 of S = 1 characters, leading to an ideal <S2> value of 1/28*4*5+1/4*3*4+5/7*3*2 

= 8. The BS1 and BS2 solutions both belong to the |MS|= 2 subspace, meaning that those may 

now bear some S = 4, S = 3, S = 2 and S = 1 characters. After having shown that the respective 

weights are 1/56, 1/8, 5/14 and 1/2, we obtain ideal <S2> values of 

1/56*4*5+1/8*3*4+5/14*2*3+1/2*1*2 = 5.  

Experimentally, the variable-temperature measurements of the Cu2UL, Ni2UL, and 

Co2UL systems show distinct superexchange interactions between the magnetic metals within 

the M2O4U magnetic core [24, 31-34]. The bicentric Cu−U spin carriers, as previously 

described [34-36], are ferromagnetically coupled, whereas the Ni−U coordination exhibit AF 

interactions. To get more insights into such differences between these magnetic characters, the 

magnetic coupling constants J (cm-1) have been computed using the HS/BS approach with 

equations 6-8 for the Ni-U-Ni system, and 13,17,18 for the Co-U-Co analogous (vide supra). 

The considered Co2UL and Ni2UL7 systems feature the 3d7−5f2−3d7 and 3d8−5f2−3d8 valence 

electron configurations, respectively.  

In Table 4, are reported the energy (TBE) of the high spin (HS) and BS spin states, the 

BS1 and BS2, a mixing of lower spin states, as well as the ideal values of the <S2> operators. 

The calculations have been carried out by fixing the magnetic core as it is in the X-ray structure. 

Table 4: Computed TBE for the HS, BS, BS1 and BS2 states (in eV), together with the 

corresponding ⟨S2⟩ values.  
 

MUML 
(eV) RX-fc HS BS BS1 BS2 

⟨S2⟩ 
(ideal) 

HS BS BS1 BS2 

NiUNi (Smax = 3) −806.0263 −806.0265 −806.0266 −806.0266 12.01 

(12) 
4.02 

(4) 
4.02 

(4) 
4.01 

(4) 

CoUCo (Smax = 4) −839.7951 −839.7968 −839.7964 −839.7966 20.04 

(20) 
8.01 

(8) 
5.03 

(5) 
5.03 

(5) 
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Table 4 shows that for the HS states, the ⟨S2⟩ spin contamination is negligible for a pure 

septet (NiUNi) and nonet (CoUCo) spin states, comparatively to the ideal values i.e., ⟨S2⟩ideal 

= 12 and 20, respectively. Of course, the BS, BS1 and BS2 solutions do not correspond to the 

exact values for pure spin states, but rather to the ideal ones derived above (4, 8 and 5 at the 

appropriate places in Table 4). 

The computed exchange coupling constants J12 and J23 for adjacent M1−U and M2−U metals, 

and J13 constant for next-adjacent M1−M3 (Ni, Co) atoms are reported in Table 5.  

 

Table 5: Computed ZORA/B3LYP/TZP exchange coupling J12, J23, J13 (cm-1) as well as the 

average JM-U constants JM-U = (J12 + J23)/2 for the Ni2UL and Co2UL X-ray structures compared 

to the Cu2UL values.  
 

MUML7 RX-fc M---U (Å) <M-O-U> (°) J12 J23 J13 JM-U 

Cu2UL (S =2) 3.634/3.648 111.5/112.3 2.31 1.15 −0.29 +1.73a 

Ni2UL (S = 3) 3.633/3.652 110.6/111.7 −1.37 −1.44 −0.38 −1.41 

Co2UL (S = 4) 3.666/3.693 110.4/111.3 −2.11 −2.65 −0.94 −2.38 

a ref. [35] 

 
As previously noted [35], the results (Table 5) show that the two exchange couplings J12 and 

J23 (cm-1) for adjacent M1−U and M2−U metals are different due to the coordination 

environmental effects around the two M(II) (Ni, Co) centers. Notably, as shown in Table 5 

comparing the NiUL and CoUL systems to their CuUL congener, beyond the computed JM-

U reproduce correctly the AF and Ferro character, respectively, the computed coupling 

constants (−2.38 < J < +1.73 cm-1) fit fairly well the experimental fitted ones (−3.6 < Jmin < +5.2 

cm-1) for the mixed 3d-5f complexes with available X-ray Cu2UL1-9 structures [24]. 

Considering the computed exchange J13 constant, the M1−M2 (Ni, Co) coupling appears weak 

which agrees well with the experimental trends [24, 31-34]. These results match well with the 

observed weak intramolecular AF or no-interacting Ferro M1−M2 coupling, as pointed out by 

the susceptibility measurements of the M2UL (M = Co, Ni, Cu) systems [32-34]. 
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Furthermore, the influence of the coordination environment of the metals on the 

magnetic properties is explored by considering the mixed ZnIIUIVMIIL and MII
2ThIVL model 

systems, where one MII (Co = 3d7, Ni = 3d8) as well as the UIV (5f2) paramagnetic centers, are 

replaced by diamagnetic ZnII (3d10) and ThIV (5f0) ones, respectively. Such investigations have 

been successfully used in the case of the trimetallic Cu2ULi model systems [35], revealing the 

effects of coordination properties of transition metal variation on the strength and nature of the 

two sides of magnetic MII−UIV−MII couplings.. Starting from the available X-ray Zn2AnL 

structures [32-34] two ZnIIUIVMIIL and MII
2ThIVL (M = Co, Ni) models have been optimized 

and their HS/BS energies computed keeping one side M−U distance fixed to its available X-

ray value, regarding the two Zn−U/M1−U and M2−U/Zn−U ones [33,34]. The other Zn−U side 

distance, in opposite, is optimized in their HS quintet (S = 2) and sextet (S = 5/2) for the two 

ZnIIUIVMIIL (M = Ni, Co) models, respectively. The coupling JM−U constants, are computed for 

the HS/BS states using the Yamaguchi formula (vide supra). The optimized parameters i.e., 

M−U (Å) intermetallic distances, <M−O−U> (°) bond angles, HS/BS energy (TBE) and the 

corresponding <S2> values, as well as the coupling JM−U constants are reported for the two 

MUZn and MThM models in Table 6.  

 
Table 6: Computed TBE for the HS/BS states of the mixed MAnZn (M = Co, Ni; An = Th, U) 

model complexes, energy difference E = 𝐸𝐵𝑆 − 𝐸𝐻𝑆 (eV), ⟨S2⟩HS/BS values (exact values of are 

given between parentheses for comparison) and exchange magnetic coupling constant JM-U (cm-

1).  
 

MAnM’ Smax M---U 
(Å) 

<M-O-U> 
(°) HS BS 

⟨S⟩2 (ideal) J
MU 

 (cm
-1

) HS BS 

NiUZn 2 3.633/3.792 110.5/112.6 −823.8031 −823.8058 6.01 (6) 2.01 (2) −5.44 

ZnUNi 2 3.777/3.652 113.0/110.9 −823.7822 −823.7850 6.01 (6) 2.01 (2) −5.64 

NiThNi 2 3.789/3.795 112.0/112.2 −826.1816 −826.1817 6.01 (6) 2.01 (2) −0.20 

CoUZn 5/2 3.693/3.780 111.6/112.2 −828.3065 −828.3100 8.77 (8.75) 2.75 (2.75) −3.61 

ZnUCo 5/2 3.785/3.666 112.5/110.4 −828.3107 −828.0893 8.77 (8.75) 2.76 (2.75) −1.07 

CoThCo 3 3.799/3.787 111.9/111.7 −835.3565 −835.3566 12.03 (12) 3.03 (3) −0.07 

 
From Table 6, the computed coupling constants for the mixed ZnUM species, using the 

Yamagushi formula [55-57], confirm the AF character of the MII−UIV exchange interactions. 

The BS solutions do not correspond to pure spin states but rather to ideal mixtures (<S2> ideally 
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being 2 and 2.75, respectively). Concerning the MThM complexes, starting from the X-ray 

M2ThL (M = Ni, Co) structure derivatives [32,33], the calculations were carried out taking into 

account the HS triplet state 3d
−5f0−3d (MS = 2) for NiThNi systems, and 

3d
−5f0−3d (MS = 3) for CoThCo congener. The BS 3d

−5f0−3d (MS = 0) and 

3d
−5f0−3d (MS = 0) configurations, are considered, respectively. These solutions match 

the expected <S2> values (2 and 3, respectively).  

The results of Table 6 show that M---M non-adjacent spin carriers, are weakly coupled, 

as shown by their JM—M NiThNi (−0.20 cm-1), and CoThCo (−0.07 cm-1). These theoretical 

results (Table 6) are consistent with the reported fitted magnetic susceptibility data of X-ray 

thorium Cu2ThLi (i = 1, 2) [32, 33], using the HDvV isotropic spin Hamiltonian H = −JSCu1SCu2, 

with SCu1 = SCu2 = ½, led to the values of JCu-Cu = −0.84 and −0.48 cm-1 for the Cu2ThL1 and 

Cu2ThL2, respectively. In contrast, it was found that for the analogous Cu2ThL7 system, the 

two Cu---Cu (3d9---3d9) ions are non-interacting or weakly ferromagnetically coupled [32-34]. 

Spin Density Analysis. 

For a qualitative understanding of ferromagnetic and AF exchange coupling, the mapping of 

spin densities, revealed crucial to explain the exchange coupling between the magnetic centers 

in d-transition metal magneto-chemistry [67, 68]. Indeed, some mechanisms have been 

proposed including spin polarization, spin delocalization, or superexchange as outlined in the 

early 1990s by O. Kahn [69]. Table 8 presents the obtained HS/BS natural spin density 

distributions (difference between  and  electron densities) for the three M2UL (M = Cu, Ni, 

Co) complexes with fixed M2O4U core.  

Table 8: ZORA/B3LYP/TZP NPA spin populations for the HS and BS states of M2UL (M = 
Cu, Ni, Co) with X-ray fixed core. Atoms are numbered as indicated on Figure 3.  
 

M2UL Cu2UL Ni2UL Co2UL 
Atoms HS BS HS BS HS                     BS 

U 2.042 2.033 2.036 2.032 2.044 2.037 
M1 0.637 −0.633 1.611 −1.413 2.628 −1.904 
M2 0.609 −0.605 1.616 −1.507 2.623 −1.908 
Ob1 0.080 −0.081 0.067 −0.049 0.077 −0.022 
Ob2 0.081 −0.081 0.070 −0.052 0.079 −0.011 
Ob3 0.088 −0.089 0.071 −0.059 0.079 −0.024 
Ob4 0.087 −0.088 0.068 −0.053 0.081 −0.022 
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One can note that both HS and BS states exhibit well-localized spin densities on the 

uranium(IV) center, while the bridged d-metal ions i.e., CuII(3d9), NiII(3d8), and CoII(3d7), 

exhibit significantly lower spin densities than formal polarization values, i.e., 1, 2, and 3, 

respectively. Oxidation and spin delocalization effects likely explain this phenomenon, 

corroborating well the pictured MO and electronic structure analysis, over the bridged M2O4U 

magnetic core.  

On Figure 5 are shown the spin mapping of the HS, BS, BS1, and BS2 states. Interestingly, the 

spin density maps along the path linking the M2O4U magnetic core, show non-negligible values 

for the oxo-bridging atoms which contribute to the exchange coupling mechanism, as shown 

by Figure 5 depicting spin densities mapping. 

 HS BS BS1 BS2 

Ni2UL 

    

Co2UL 

    

Figure 5: Mapping representations of the ZORA/B3LYP/TZP spin densities for the HS, BS, 
BS1, and BS2 spin states of the M2UL (M = Ni, Co) complexes (blue color: positive and red 
color: negative spin density). The isodensity surface corresponds to a value of 0.004 e bohr–3. 
 

It is worth noting that for the Cu2UL Ferro system, the spin densities of the two metal Cu(II) 

centers remain unchanged when passing from the HS to the BS solutions, while for the M2UL 

(Ni, Co) AF congeners, the spin densities of metal centers decrease significantly from the HS 

to the BS state, especially for the Co2UL system. This is also true for the oxo-bridging atoms, 

where spin densities decrease drastically from the HS to the BS state. This is likely to highlight 

the crucial spin delocalization role of the bridging M2O4U core favoring antiferromagnetic 

coupling of the M2UL (Ni, Co) complex, in opposite to the Ferro Cu2UL congener.  

Specific discussion to the CoUCo complex 

Though the nature of the coupling is clear in the Cu2UL (Ferro) and Ni2UL (AF) cases, it is 

worth commenting on more deeply on the Co2UL one. As previously mentioned, the MT vs 

ACCEPTED MANUSCRIPT / CLEAN COPY



23 
 

 

T curve behaves exactly the same as the one observed in the Ni2UL case. However, transferring 

the same reasoning on the Co2UL case requires the angular momentum on the CoII centers to 

be significantly quenched by the local coordination environment. We would like to stress that 

our DFT calculations have predicted an AF coupling between the CoII ions and the UIV one, 

and that this fact alone could explain the observed trend (continuous increase in the MT vs T 

curve even well above 100 K). As stated by the authors in the original experimental publication 

[32], the CoII ions are in a tetragonally distorted environment. Depending on the magnitude of 

the distortion, it may ultimately lead to a fully quenched orbital momentum. Recently, in a less 

distorted situation, some of us have showed that even a moderate distortion of the octahedral 

arrangement may lead the local anisotropy occurring in the CoII center to be consistently 

mapped into a simple zero-field splitting Hamiltonian, with local anisotropy parameters D’s of 

the order of 100 cm–1 [38]. By accounting for the SOC in the calculations and using 

sophisticated models including isotropic and anisotropic exchange plus simulating the MT vs 

T curves, we have shown that only AF coupling could explain a continuous increase (Ferro 

coupling in conjunction with axial local anisotropy leading to a local maximum at low 

temperature). We would also like to point out that increase in the number of magnetic orbitals 

in the peripherical transition metals potentially opens the way for more kinetic exchange and 

superexchange pathways, thus there should be more and more tendency to display AF coupling 

by going from Cu2UL to Ni2UL to Co2UL. Furthermore, in all those systems, structure is key 

to explain the magnetism, and the key angular parameter, i.e. the <M–Ob–M> bond angle, is 

practically the same in both the Ni2UL and Co2UL cases. For all those reasons, we are quite 

confident in our predicted nature of the coupling in the Co2UL case, which is AF. Naturally, a 

full elucidation of the magnetism in this system would require a full study that also include the 

SOC, which is out of the scope of the present work.  

We would just like to stress that in previous studies that have determined the magnitude of the 

isotropic coupling between two close CuII, NiII, or CoII paramagnetic centers with and without 

the SOC [38, 70, 71], only a minor effect of the SOC on the extracted coupling constant was 

observed (typically it is reduced by 1–10%), but that in our experience, the SOC has never 

turned out to change the J sign, which again justifies our present approach to predicting the 

nature of the coupling (Ferro or AF). 
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Conclusion:  

In summary, the exchange coupling constants of the M−U in a series of isostructural 

trinuclear Schiff base bridged (MII = Co, Ni, Cu, L = Schiff base) complexes have been 

investigated theoretically using scalar relativistic DFT computations (without spin-orbit 

coupling effects) at the ZORA/B3LYP/TZP level, combined with the broken symmetry (BS) 

approach.  

Such studies on mixed 3d–5f compounds are crucial because of their importance in the funda-

mental understanding of the nature of metal–ligand bonding and metal–metal electronic inter-

actions between 3d and 5f elements. The considered M2UL (Cu, Co, Ni) complexes exhibit 

similar M(II)-Ob-U(IV) oxo-bridged coordination but different magnetic behavior regarding 

the M−U exchange coupling. The main significant structural differences regarding the M(-

Ob)2U magnetic core are the M–Ob–U angles or the M−U distance when changing the transition 

metal. The electronic structure analysis of bond orders shows that the more pronounced cova-

lent factors of the M–Ob and U–Ob bonds in the Ni2UL and Co2UL, in comparison with the 

Cu2UL congener, are playing a significant role in promoting M–U−M superexchange AF in-

teractions. These results are sustained by the MO analysis, which shows that the 6d/5f orbitals 

are effectively involved in the AF superexchange M−U−M (Ni, Co) coupling, contributing 

more significantly than in the cases of the Ferro Cu−U−Cu one. Notably, comparing the 

Ni−U−Ni system to the Cu−U−Cu congener, the computed JM-U (–1.41 vs. +1.73 cm-1) repro-

duces correctly the weak AF vs. Ferro character of these two complexes, in good agreement 

with the available experimentally fitted values. We also predict a small AF coupling in the 

Co2UL system (–2.38 cm-1), which is consistent with the experimental data and that we have 

further justified by several qualitative arguments. 

Supplementary Information 

-Optimized coordinates 

Supplementary data to this article can be found online. 
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