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Abstract. The preparation and the properties of novel ruthenium carbon-rich complexes 

[(Ph-CC-)2-nRu(dppe)2(-CC-bipyM(hfac)2)n] (n = 1, 2 ; M = CuII, MnII , bipy = 2,2'-bipyridine-5-

yl)  characterized with single-crystal X-ray diffraction and deigned for molecular magnetism are 

reported. With the help of EPR spectroscopy, we show that the neutral ruthenium system sets up a 

magnetic coupling between two remote paramagnetic CuII units. More specifically, these copper 

compounds are unique examples of bimetallic and linear heterotrimetallic compounds for which a 

complete rationalization of the magnetic interactions could be made for exceptionally long distances 

between the spin carriers (8.3 Å between adjacent Cu and Ru centers, 16.6 Å between external Cu 

centers) and compared at two different redox states. Surprisingly, oxidation of the ruthenium redox-

active metal coupling unit (MCU), that introduces an additional spin unit on the carbon-rich part, leads 

to weaker magnetic interactions. On the contrary, in the simpler parent complexes bearing only one 

paramagnetic metal unit [Ph-CC-Ru(dppe)2-CC-bipyCu(hfac)2], one electron oxidation of the 

ruthenium diethynyl unit generates an interaction between the Cu and Ru spin carriers of comparable 

magnitude to that observed between the two far apart Cu ions in the above corresponding neutral 

trimetallic system. Evaluation and rationalization of those coupling with theoretical tools are in 

rational agreement with experiments for such complex systems. 
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Introduction 

A great challenge to contemporary applied science is to develop molecular-based switching devices 

in which one or several key physical properties can be modulated with external stimuli, such as light 

or electricity,1-3 for the realization of logical functions.1, 4 In that direction, colour, luminescence, 

optical nonlinearity, magnetic and electrochemical properties, as well as changes in electrical 

conductivity are frequently used for memory or sensing applications, and multifunctional molecules 

are susceptible to perform new properties or operations unattainable by conventional semi-conductor 

technology.  

For this purpose, transitionmetal acetylide are attractive redox active building blocks.5-11 They 

present fast and discrete interfacial electron transfers,12-16 and allowed modulation of different features 

such as NLO,17-19 luminescent,20-22 or other optical properties,10, 23-27 as well as magnetism23, 28-31and 

conductivity.32-46 Among all studied systems, ruthenium acetylides with a trans ditopic structure are 

particularly well suited owing to their unique ability to operate as a connector allowing electron flow 

to occur through different elements in multi-component systems.29, 47-51 This behavior results from the 

substantial carbon-chain ligand character of the highest occupied molecular orbital (HOMO) due to 

the overlap of a metal d() and of a delocalized -orbital of the carbon-rich ligand. 

Interestingly, concerning molecular magnetism, very few reports have been published on the 

capacity of such organometallic moieties to act as magnetic coupling units (MCU) between remote 

radicals, despite the fact that this research area is very attractive with respect to the promising new 

materials that might be prepared.52-54 While molecular packing occurring in crystal usually leads to 

weak intermolecular interactions, the use of a MCU allows intramolecular interactions to set up 

between radical connected through. In parallel, the remote control of magnetism with stimuli such as 

light or electron transfer is also very appealing.2, 55 Light-controlled systems are well developed with 

numerous type of systems, however, redox-controllable systems are much scarcer.56-71 Hence, as far 

as metal acetylide are concerned, the first study reported a platinum bis-ethynyl-phenyl-nitronyl-

nitroxide complex displaying a weak coupling between the two radicals (0.1 < |J| < 1 cm-1, 18.6 Å 
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separating the two spin carriers) through the non-redox active diamagnetic transition Pt MCU, being 

known to be an inefficient mediator.72 More recently, we reported the first use of the redox active 

fragment [Ru(dppe)2(CCR)2] (dppe = 1,2-bis(diphenylphosphino)ethane) (Chart 1) with orbitals 

delocalized on both metal centre and acetylide ligands, to evaluate (i) their ability to set up a magnetic 

coupling between one or two remote organic spin carrier(s) and nature of the resulting exchange 

interaction (ferromagnetic or antiferromagnetic), and (ii) the effect of its one electron oxidation, that 

creates an additional (de)localized spin, on the magnetic properties. It occurred that the diamagnetic 

[Ru(dppe)2(-CC-R)2] system is able to promote a stronger magnetic coupling between two remote 

radical units, i.e. nitronyl nitroxide (NN) (-2 cm-1, estimated distance 19.3 Å) or two verdazyl radicals 

(VD) (-4 cm-1, estimated distance 19.1 Å) than the Pt unit.73 Unexpectedly, while introducing an 

additional spin carrier on the metal MCU, oxidation leads to the decrease or the switching off of 

magnetic interactions, whereas one electron oxidation of the monoradical species [Ph-CC-

Ru(dppe)2-CC-R] generates an antiferromagnetic spin alignment between the two spin carries of ca. 

2 cm-1 and 4 cm-1 for nitronyl-nitroxide and verdazyl radicals, respectively.  

 

Chart 1 

In order to understand the magnetic behavior of such redox active assemblies through the 

rationalization of the different interactions that can exist in such compounds, we further designed new 

mono- and bi-nuclear metal acetylide complexes [(Ph-CC-)2-nRu(dppe)2(-CC-bipyM(hfac)2)n] (n = 

1, 2 ; M = CuII, MnII , bipy = 2,2'-bipyridine-5-yl) bearing inorganic radicals (scheme 1),74 (i) to set up 

a new magnetic coupling, and (ii) to achieve the redox modulation/creation of exchange interactions 

between the different elements of those assemblies. Note, the ruthenium acetylide system displays a 

sufficiently low oxidation potential (E° = 0.5 V vs SCE) to avoid oxidations of CuII and MnII centers.75 
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Note that this 2,2'-bipyridine-5-yl positioning was chosen because 4-yl positioning would create a spin 

frustration between Mn/Cu and Ru spin carriers and annihilate a probable polarization mechanism 

magnetic coupling (Ovchinnikov rule). Therefore, in this article we describe the synthesis and the 

characterization of these new complexes including the crystallographic structures, the electrochemical 

and the electronic absorption properties. With Cu complexes, the strength of the intramolecular 

interactions were addressed in the isolated state (dilute solution) with EPR spectroscopy. The study of 

the magnetic interactions in the present systems is particularly challenging taking into account the 

number of parameters that could be introduce in order to fit the experimental curves. Thus, we 

conducted a parallel quantum chemical DFT study that provides important information on the 

geometrical, electronic and magnetic changes of the systems occurring upon oxidation of the 

ruthenium core.  

 

Results and discussion 

Syntheses of the heteronuclear complexes. The synthetic strategy to achieve the heteronuclear 

complexes terminated is displayed on Scheme 1. Coordination of various metals to bipyridine-

functionalized ruthenium acetylides has been reported by several groups, including our group.20, 21, 30, 

31, 76-78 Thus, reaction of the previously reported complex20, 21 1 and 2 with [MII(hfac)2(H2O)2] (M = 

Cu, Mn) was achieved by displacement of the labile water molecules by the 2,2'-bipyridyl-ligand.79 

More precisely, combinations of equimolar quantities of [MII(hfac)2(H2O)2] and of bipyridine complex 

1 or 2 in toluene under mild conditions lead to the precipitation of the desired complex 1Cu or 1Mn 

and 2Cu or 2Mn. In addition to the accurate results from high resolution mass-spectrometry (HRMS), 

the FTIR measurements shows for the four adducts a consistent shift of the initial (C≡C) at 2057 and 

2062 cm-1 for 1 and 2, respectively, to lower energies for the heavier substituents at 2030-2040 cm-1 

(Table 1). The carbonyl vibration stretches for the hfac ligand were observed at ca. 1670 and 1650 cm-

1 for the Cu and Mn adducts, respectively, consistent with our analogous lanthanide complexes.21  
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 Scheme 1. Synthetic pathways yielding the heterometallic complexes. 

Table 1. Infrared (IR), electrochemical (CV) and UV-vis data. 

 IR  

C≡C (cm-1) 

Electrochemistrya,b E° (V) UV-Vis d 

max/nm (/mol-1.L.cm-1) 

 n = 0 n = 1 E°(0/-) E°(+/0) E°(2+/+) n = 0 n = 1 

1Cu n+ 2040 1910 -0.798 c 0.118 0.924c 308 (35500), 494 

(22700) 

306(45348), 494(8134), 

1044(5219) 

1Mn n+ 2039   0.094 0.912c 308 (42400), 468 

(19600) 

308(50600), 470(6200), 

1040(4500) 

2Cu n+ 2036 1938 -0.652 c 0.333 - 308 (42400), 494 

(44200) 

302(45389), 382(42000), 

494(21304), 1 059(6391) 

2Mn n+ 2042   0.271 - 306 (34400), 468 

(27100) 

306(43569), 376(26073), 

462(11901), 1060 (2972) 
a Sample 1 mM, Bu4NPF6 (0.1 M) in CH2Cl2, v = 100 mV·s-1, potentials are reported in V vs. FcH/FcH+ as an internal 

standard.  b Reversible oxidation processes, Ep60-70 mV. c Peak potential of an irreversible process. d In CH2Cl2.  

 

Table 2. Crystal data and structure refinements for 1Cu, 1Mn, 2Cu, 2Mn 

 1Cu 1Mn 2Cu 2Mn 

Formula 

 

FW 

Cryst. Syst. 

Space group 

a (Å) 

b (Å) 

c (Å) 

 (°) 

 (°)  

 (°)  

V (Å3) 

Z 

Dca (g.cm-3) 

T (K) 

Final R 

Rw 

2(C82H62CuF12 

N2O4P4Ru) 

3311.65 

monoclinic 

C c 

23.5501(8) 

25.9572(10) 

29.1399(12) 

90 

109.0540(10) 

 90 

16837.1(11) 

4 

1.306 

100(2) 

0.0613 

0.1547 

2(C82H62F12MnN2 

O4P4Ru), CH2Cl2 

3379.38 

monoclinic 

C c 

23.4303(7) 

26.4469(9) 

29.1729(8)  

90 

108.1130(10) 

90 

17181.4(9) 

4 

1.306 

100(2) 

0.0365 

0.0967 

C96 H66 Cu2 F24 

N4 O8 P4 Ru 

2211.56 

triclinic 

P -1 

12.5151(6) 

14.2018(7) 

16.9346(9) 

78.404(2) 

82.063(2) 

78.333(2) 

2872.6(2) 

1 

1.278 

100(2)  

0.0609 

0.1625 

C96 H66 F24 Mn2 

N4 O8 P4 Ru 
2194.36 

triclinic 

P -1 

12.6560(5) 

12.8898(5) 

17.5101(7) 

88.558(2) 

84.096(2) 

60.718(2) 

2477.23(17) 

1  

1.471 

100(2) 

0.0372 

0.0953 
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X-Ray analysis. Good quality crystals suitable for X-Ray structure determination were obtained 

from a methylene chloride/n-pentane biphasic mixture (2/1) for all compounds. The crystallographic 

data are listed in Table 2. The labeled plots excluding solvent molecules are reported in Figure 1-6 

and bond lengths and angles are given in Table S1. The two bimetallic complexes 1Cu and 1Mn are 

iso-structural and crystallize in the monoclinic (Cc) space group (Figure 1 and 2). The unit cell 

includes two molecules (Figure 3). The acetylide bonding between the ruthenium atom and the 

bipyridyl moieties is barely affected by the coordination as previously observed.21, 30, 77, 80 The two 

pirydine rings of the 2,2'-bipyridyl moieties binding the metal atom lie in the same plane (the angle 

between the rings of the bpy ligand mean planes being 3.01 and 8.77° for 1Cu, and 8.84 and 10.65° 

for 1Mn, respectively), and stacking is observed between the bipyridine ligands of two molecules 

of the unit cell to form pairs that are characterized by interplanar distance in the range of 3.5 – 3.7 Å 

(Figure 3). Therefore, inter-molecular metal-metal distances for the solid-state arrangements of 1Mn 

and 1Cu are found to be 7.437 Å between the closest Mn atoms and 7.107 Å between the closest Cu 

ones. 

The M1 center (M = Mn, Cu) are coordinated to the oxygen atoms from the two bidentates hfac- 

anions and to the two nitrogen atoms N7 and N14 from the bipyridyl units with distorted octahedral 

coordination geometries. The elongation axis for the copper moiety in 1Cu is through the O101-Cu1-

O104 axis (Figure 1 and Table S1). Therefore, these two oxygen atoms from the hfac ligands are 

ligated in the axial positions and the residual two hfac oxygen atoms are ligated in the equatorial 

positions along with the bipyridyl units with a bite angle of 81.75(19)°. The angles between the axial 

and equatorial ligands slightly deviate from 90°. The geometry of the second molecule is essentially 

the same with a Cu2 center showing a Jahn-Teller elongation along an O-Cu-O axis. Concerning 1Mn, 

the Mn1 ion is six coordinated but its geometry deviates more importantly than the Cu ions from the 

octahedral symmetry (Figure 2), the CSM parameter for octahedral geometry is 1.98 instead of 0 for 

a perfect octahedral geometry.81 The Mn1 atom chelates the two nitrogen atoms N7 and N14 of the 

bipyridyl unit with a bite angle of 74.94(14)°, and the N-Mn and O-Mn distances are in the ranges of 

2.20-2.22 and 2.14-2.17 Å, respectively. 
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Figure 1. Perspective view of 1Cu. Thermal ellipsoids are at the 50% probability level. Hydrogen 

atoms have been omitted for clarity. 

 

 

Figure 2. Perspective view of 1Mn. Thermal ellipsoids are at the 50% probability level. Hydrogen 

atoms have been omitted for clarity.  

 

(a) (b) 

Figure 3. Crystal packing in the solid state structures of (a) 1Cu and (b) 1Mn. 

 

The two trimetallic complexes 2Cu and 2Mn are not isostructural but they both crystallize in the 

triclinic P-1 space group (Figure 4 and 5). The asymmetric unit includes one carbon-rich ligand and 

one [MII(hfac)2] unit. The carbon-rich bonding between the ruthenium atom and the bipyridyl moieties 

is, here also, barely affected by the coordination, the angle between the pyridyl rings of the two parallel 

chelating bipyridyl (bipy) moieties being 1.18° for 2Cu and 4.44° for 2Mn. There is also extended -
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 stacking of the bipy systems characterized by inter-planar distances of 3.400 Å for 2Mn, and 3.385 

Å for 2Cu (Figure 6). It is to be noted that because of this - stacking, inter-molecular metal-metal 

distances are much shorter than the intra-molecular ones, with 7.249 Å between the closest Mn atoms 

and 7.470 Å between the closest Cu ones for 2Mn and 2Cu respectively (to be compared to 16.725 

and 16.578 Å for the Mn…Mn and Cu…Cu intramolecular distances respectively).  

Concerning 2Mn, the Mn atoms are six coordinated and the coordination sphere is very close to a 

trigonal prism (the CSM parameter being 0.31 for this geometry) (Figure 5). Indeed, as observed with 

1Mn, the Mn1 atoms chelate the two nitrogen atoms N7 and N14 of the bipy unit with a bite angle of 

73.02°, and the N-Mn and O-Mn distances are in the ranges of 2.23-2.24 and 2.15-2.18 Å, respectively. 

Concerning 2Cu, the CuII coordination is very similar to that observed in 1Cu with distorted 

octahedral coordination geometries and warrants no further comment.  

 

Figure 4. Perspective view of 2Cu. Thermal ellipsoids are at the 50% probability level. Hydrogen 

atoms have been omitted for clarity.  

 
 

Figure 5. Perspective view of 2Mn. Thermal ellipsoids are at the 50% probability level. Hydrogen 

atoms have been omitted for clarity.  
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 (a) (b) 

 Figure 6. Crystal packing in the solid state structures of (a) 2Cu and (b) 2Mn 

Electrochemical data. Cyclic voltammetry traces (CVs) were recorded for all compounds to study 

the nature of their redox properties (CH2Cl2 solutions, 0.1 M Bu4NPF6). The values of the potentials 

are reported in Table 1, and the CV of 1Cu is displayed in Figure 7. As expected, the bi- and tri-

metallic complexes 1Mn,Cu and 2Mn,Cu display a first reversible redox process, as required for the 

desired switching event, at higher potentials than those of the parent complexes (E°=  -0.009 and 0.078 

V vs FcH+/FcH for 1 and 2, respectively)21 as a result of the coordination of the electron withdrawing 

paramagnetic MII(hfac)2 units. This oxidation process is often erroneously viewed as essentially 

involving the RuIII/RuII couple whereas it actually strongly involves the carbon-rich ligands to an 

extent depending on the nature of these ligands.47, 82-85 Accordingly, in the present situation, the 

computational studies detailed below also show important changes in the distances of the acetylide 

units and spin-delocalization all along the conjugated path upon oxidation. In addition, for the copper 

derivative, it was observed an ill-defined irreversible redox wave at ca. -0.7/-0.8 V involving the 

Cu(hfac)2 moieties (Table 1).86 

 

Figure 7. CV trace obtained for 1Cu in CH2Cl2 (Bu4NPF6, 0.1 M); v = 100 mV.s-1. 
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UV-vis-NIR and IR spectro-electrochemical studies. In addition to intense short-wavelength 

absorption bands for * transitions involving the dppe ligands and the carbon-rich ligand (Intra-

Ligand (IL) transitions), the polymetallic complexes show an absorption bands at max = 468 nm and 

max = 494 nm for the Mn and Cu adducts, respectively (Figure 8, Table 1). As we previously 

suggested,21,75 this multi-configurational metal-to-ligand charge transfer (MLCT) might be the result 

of a charge transfer from Ru(d)/alkynyl based orbitals to a * orbital based on the bipyridine unit, an 

assignment enforced by the marked bathochromic shift of  = 62 - 96 nm (3260 - 4880 cm-1) observed 

upon complexation of the parent ligand 1 and 2 displaying that transition at 398 and 406 nm, 

respectively. Indeed, such red shifts are characteristic of CT type transitions and are due to the 

enhancement of bipyridyl moieties electron withdrawing character upon further complexation.87 

Interestingly, the shift is similar whether the complex is coordinated to one or two paramagnetic 

metal(s). This further indicates that there is no direct electronic coupling between the two M(hfac)2 

units in the ground state. Note that the copper d-d transition of the copper units is probably hidden in 

the tail of the “MLCT” band. 

 

Figure 8. Electronic absorption spectra of 1 (black), 1Cu (blue), and 1Mn (magenta) in CH2Cl2.  

 

As mentioned in the previous section, all compounds present a fast and reversible first oxidation 

process. Therefore, to collect experimental information about the oxidized species required for the 

switching events, their absorption properties upon oxidation/reduction were investigated by means of 

UV/Vis/NIR spectro-electrochemistry (SEC) in an optically transparent thin-layer electrochemical 

(OTTLE) cell (Table 1, Figure 9). The oxidation potential of the device was set between the first and 
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second oxidation potentials of each complex in order to perform oxidation of the organometallic core 

only, further oxidation being irreversible on the timescale of the experiments. Therefore, while the 

band located around 300 nm are slightly affected, one-electron oxidation of 1Cu,Mn and 2Cu,Mn 

mainly gives rise to the decrease of the band in the visible range to the benefit of a new broad 

absorption band in the NIR region of the spectrum at ca. 1040 nm, probably due to transitions from 

HOMO-n to the singly-occupied molecular orbital resulting from the depopulation of the HOMO dπ/π 

orbital, as previously observed for related complexes.20, 21, 73 Interestingly, this broad band is similar 

for the four paramagnetic complexes, but a slight bathochromic shift is observed ( = 20 nm, ca. 150 

cm-1) when going from 1Cu,Mn+ to 2Cu,Mn+. A closer inspection of the energy plot of these NIR 

bands reveals that the shoulders result from the overlap of several transitions. They are consistent with 

observations reported by Low and co-workers88 on others carbon-rich ruthenium acetylides who 

assigned such envelopes to the presence of different thermally accessible conformational structures 

due to relative orientations of the metal fragment and arylethynyl moieties, features also recently 

observed upon oxidation of the parent complexes bearing lanthanide ions or verdazyl/nitronyl-

nitroxide units.21, 73 With the copper complexes more than 90% of the intensities of the original spectra 

were recovered after reduction in the spectral region of interest, with no features other than those of 

the parent material. In contrast, 1Mn and 2Mn display only 60 to 75 % of the original intensities due 

to degradation for reasons that remain unclear so far. Therefore, further experiments on Mn complexes 

were not considered. 

Additional IR experiments were conducted in the OTTLE cell with the Cu complexes. They show an 

expected shift of the asymmetrical C≡C to smaller wavenumbers upon one electron removal (Table 1), 

i.e. from 2032 cm-1 to 1910 cm-1 for 1Cu (Figure 10), due to the bond weakening of the acetylide 

linkages. Indeed, as reported in the theoretical section and in agreement with these IR band shifts, the 

C≡C distances are elongated by 0.005 Å in average upon oxidation for 1Cu and, to a smaller extent, by 

0.002 Å for 2Cu. The Ru-C bonds are concomitantly shortened to a larger extent, 0.026 Å and 0.017 Å 

for 1Cu and 2Cu, respectively. Note the C=O vibrations of the hfac ligands remain unaffected upon 

oxidation, a fact in line with the location of the oxidation on the carbon-rich moiety.  
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Figure 9. Electronic absorption spectra obtained upon the first oxidation of 2Cu in an OTTLE cell 

(CH2Cl2, 0.2 M Bu4NPF6). 

 

Figure 10. Spectroscopic changes observed in the IR region upon oxidation of 1Cu to 1Cu+ in an 

OTTLE cell (C2H4Cl2, 0.2 M Bu4NPF6). 

 

Theoretical investigations, magnetic interactions, SQUID and EPR measurements.  Interestingly, 

less than a hundred of magnetic studies of coordination chemistry compounds presenting three 

magnetic centers in a linear arrangement have been reported (see supporting information). The studies 

of the magnetic properties of this large variety of systems having in common to associate three 

magnetic units encompass the use of a spin Hamiltonian (See Eq. 1 and Chart 2) as the one originally 

proposed by Kambe89 in 1950 where Jij is the magnetic coupling between the ith and jth magnetic 

centers, 1, 2 and 3 here, and 𝑆̂ their spin operators: 

𝐻̂ =  −[𝐽12(𝑆1̂𝑆2̂) + 𝐽23(𝑆2̂𝑆3̂) + 𝐽13(𝑆1̂𝑆3̂)]        (1) 
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Chart 2 

This Hamiltonian can be further improved by including zero-field splitting and other elements due to 

spin-orbit coupling and anisotropy as exemplified by the work of Lloret and collaborators on cobalt-

containing systems.90, 91 In these studies, the authors considered the magnetic coupling between the 

magnetic end-groups J13 as negligible. This hypothesis is justified by citing the work of Zhao and co-

workers.92 In this paper, the authors support their hypothesis by citing a work of Reedijk and co-

workers of 1984, and the pioneering works of Sherwood and collaborators in 1968 and of Mackey and 

Martin in 1978 (see SI, Table S2-S3 as recent literature survey).93-95  

In that context, one of the purposes of the present work being to study the influence of oxidation on 

the magnetic properties, an evaluation of the magnetic coupling between the terminal magnetic centers 

J13 concomitantly with J12 and J23 parameter is necessary. Indeed, the early works done in the sixties 

showed the drastic influence of the J12/J23 over J13 parameter onto the magnetic response upon 

temperature94 and the dilemma caused by the possibility of having several sets of parameters giving 

similarly-good fits of the magnetic experimental measurements.95 Theoretical investigations of the 

magnetic interactions constitute an interesting tool to discriminate and provide its analysis in terms of 

electronic interactions. In some cases, intermolecular magnetic interactions have to be considered and 

in that case also a quantum chemical study was performed.96 

Computation studies of 1Cu, 1Cu+, 2Cu, 2Cu+. Density functional (DFT) calculations are the only 

quantum chemical (QC) methods able to provide good approximation of magnetic couplings in such 

very large organometallic systems for which no ligand simplification was made. Full geometry 

optimizations with tight optimization criteria were performed for the four compounds using the X-

Ray structures of 1Cu, 2Cu as guess geometries (see computational details). The Cartesian 

coordinates of all optimized structures are given in Table S5. The agreement between the experimental 

1 2 3bridge bridge

magnetic centers

J13

J12 J23
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structures and the optimized geometries of 1Cu, 2Cu (high-spin electronic configuration) is in the 

same range of deviation than that found in the literature for similar systems. The changes in the 

distances in the organic part is of less than 0.02 Å while, as usual, the metal-ligand distances are less 

well reproduced (deviations: 0.05 Å for Cu-O and 0.10 Å for Ru-P). The conformations between the 

Ru(dppe)2 moiety and the Cu(bpy)(hfac)2 were kept almost unchanged compared to the X-Ray 

structures of 1Cu and 2Cu (< 0.5 °). The optimized cationic geometries 1Cu+ and 2Cu+ (high-spin 

electronic configuration) show globally the similar geometrical changes compared to their neutral 

parents (see Table S4). The Ru(dppe)2(-C≡C)2 fragment is the most affected part of the molecules, in 

agreement with a ruthenium-centred oxidation in which the acetylide ligands is non-innocent.5 The 

Ru-P distances are lengthened by 0.04 Å for 1Cu and 0.05 Å for 2Cu in average, while the Ru-C(≡C) 

are shortened in agreement with the bonding character of the HOMOs which are formally depopulated 

upon oxidation (-0.03 and -0.02 Å respectively). The rest of the distances are less affected but the 

more cumulenic character of the C≡C-C(aryl) chains has to be highlighted. Unfortunately, 

conformational studies of the cationic compounds could not be envisaged since several months of 

calculations are needed to attain a level of geometry and energy convergences necessary for magnetic 

investigations for each geometrical arrangement. Single point calculations were nevertheless performed 

in order to have indications on the expected energetics trends upon rotation of the end-fragments one 

compare to the other (see below).  

Density functional theory (DFT) calculations using the broken-symmetry (BS) approach developed 

by L. Noodleman to calculate energies of spin eigenfunctions allows accessing to magnetic coupling 

values of the right order of magnitude (see Computational Details).97 
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Scheme 2. Representation of the spin eigenfunctions and visualisation of the exchange coupling 

constants for 1Cu+, 2Cu0/+. 

 

The magnetic coupling between localized spins is usually described using a phenomenological 

Heisenberg Hamiltonian:  

𝐻̂ =  − ∑ 𝐽𝑖𝑗𝑖,𝑗 𝑆𝑖̂𝑆𝑗̂           (2) 

In systems with two magnetic centres A and B, the extraction of the magnetic parameter is well known. 

The exchange integral J is obtained using the two solutions |> and |> ( = spin up,  = spin 

down): 

𝐸|𝛼𝛼⟩ − 𝐸|𝛼𝛽⟩ =  − 𝐽𝐴𝐵 2⁄           (3) 

A key to a successful computation of JAB with BS-DFT is an appropriate mapping between broken 

symmetry, high spin, and Heisenberg Hamiltonian states. In that sense, the spin contaminations in the 

broken symmetry solutions are important to consider. The spin eigenvalue basis set elements |>, 

|> were computed for 1Cu+, 2Cu (see Scheme 2 for the determinant description). The magnetic 

centres are in all cases S=1/2 localized being the Cu and Ru ions for 1Cu+ and the two Cu ions for the 
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2Cu. Eq 3 was applied to access the magnetic coupling JAB using three different DFT functionals in 

order to evaluate a DFT uncertainty. The results are given in Table 3 and 4. For sake of comparison 

J13 was employed for 2Cu considering the centre 2 (Ru) as non-magnetic. The influence of the atomic 

basis set (TZP vs DZP for the main group atoms) was evaluated for 1Cu+ in order to validate the use 

of the reduced TZP/DZP basis set for the trimetallic parents (vide infra). 

Table 3. Calculated magnetic coupling J12 for 1Cu+ considering the magnetic centres 1 (Cu) and 2 

(Ru) (see Scheme 2). 

Atomic basis set DFT 

functional 

J12 (eV) J12 (cm-1) 

Ru/Cu: TZP 

All others: DZP 

  

B3LYP -0.0025 -20.4 

PBE0 -0.0022 -17.7 

M062X -0.0008 -6.4 

TZP for all B3LYP -0.0026 -21.0 

PBE0 -0.0022 -18.1 

 

Table 4. Calculated magnetic coupling J13 for 2Cu considering the magnetic centres 1 and 3 as being 

the Cu atoms (see Scheme 2). 

DFT functional 

Basis set TZP  
J13 (eV) J13 (cm-1) 

B3LYP -0.0000 -0.1 

PBE0 -0.0000 -0.2 

M062X -0.0000 -0.1 

 

The spin contamination was evaluated for each |> and |> solutions for each functional. The 

deviation of the calculated 〈𝑆2̂〉 from the theoretical value is within a range of +0.005 to +0.028 for 

the |> spin configuration and the BS solution |>. For the latter, the value of 〈𝑆2̂〉 is 1, reflecting 

the ideal case of a BS solution intermediate between the spin states S = 1 and S = 3. The use of Eq. 3 

is thus completely justified. The magnetic coupling J12 and J13 in 1Cu+ and 2Cu respectively are of 

14.8 ± 8.4 cm-1 and -0.1 ± 0.1 cm-1. 

 The magnetic exchange of the hetero- tri-metallic system 2Cu+ can be tentatively analyzed via a 

valence-bond type of approach. This consists in considering ionic solutions in the strongly-correlated 
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Hubbard model using the so-called Stoner excitations98 from the occupied spin-up to the unoccupied 

spin-down site: 

𝐻̂ℎ = ∑ 𝑡𝑖𝑗 . (𝑐𝑖𝜎
† . 𝑐𝑗𝜎 + 𝑐𝑗𝜎

† . 𝑐𝑖𝜎)𝑖≠𝑗,𝜎 + ∑ 𝑈𝑖 . 𝑛𝑖𝛼. 𝑛𝑖𝛽𝑖 − ∑ 𝐾𝑖𝑗. 𝑐𝑖𝛼
† . 𝑐𝑖𝛽 . 𝑐𝑗𝛽

† . 𝑐𝑗𝛼𝑖≠𝑗    (4) 

where tij are the hopping parameters, U the Hubbard Coulomb interaction and K, the direct exchange 

integral, for which the Hundt configurations are less favorable. The exchange integral J of the 

Heisenberg Hamiltonian can be expressed from this generalized Hubbard Hamiltonian, at the second 

order of perturbation: 

𝐽𝑖𝑗 = 𝐾𝑖𝑗 − 2𝑡𝑖𝑗
2 /𝑈           (5) 

Two terms are in competition. The first one, K, leads to ferromagnetism but it rapidly decreases with 

the inter-spin distance. The second term, t²/U, favors antiferromagnetism. Coming back to the 

examples reported in the literature gathered in Table S3, it is difficult to extract generalization 

considering the diversity of the nature of the magnetic interactions between first neighbors. 

Nevertheless, in all cases the magnetic exchange integral J13 between second neighbors 1 and 3 is 

always antiferromagnetic. Therefore, we can conclude that at a distance of more than 5.7 Å separating 

the magnetic centers 1 and 3, K is small leading antiferromagnetic coupling issued from the t²/U term 

of Eq 5. To evaluate the magnetic parameters using this approach, one needs to calculate electronic 

configuration that keeps the total charge of the system but with one magnetic center reduced and the 

other one oxidized. Unfortunately, we were unable to converge those configurations that are much 

higher in energy than the ground state.  

To compute the magnetic exchange coupling, the Heisenberg-Dirac-Van Vleck (HDVV) Hamiltonian 

given in Eq. 1 was first employed. In that description, the eigenvalues are eigenstates of spin as 

detailed in SI (Eq S1-8). Unfortunately, the set of equations do not provide enough information to 

extract the three magnetic coupling constants J12, J23 and J13 from the calculation of the spin 

determinant. Therefore, some approximations need to be made to obtain an estimation of the magnetic 

coupling between the first neighbors taking advantage of the geometrical characteristics of 2Cu+ and 
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the results already obtained for the bi-metallic analogues 1Cu+ and 2Cu. Indeed, the two Cu magnetic 

centers are equivalent in 2Cu+. It is thus reasonable to consider J12 = J23 = J. We will do the assumption 

that magnetic interactions between second magnetic neighbors (Cu centers) are similar in the neutral 

and the oxidized systems even though slight geometrical changes are calculated. Indeed, J13 in 2Cu is 

of roughly 0.1 cm-1 (see Table 4). It is thus reasonable to neglect this second neighbor interaction (hyp. 

J13 = 0). This lead to 𝐸𝑄 − 𝐸𝐷1
= −

3

2
𝐽 (see SI Eq. S7). Using the computed energies of the (BS)-DFT 

calculations of the determinants |>, |> and |> for 2Cu+, we obtain the values given in 

Table 5 as function of the functional used. The computed value of J is of -12 ± 6 cm-1 at the considered 

optimized geometry of 2Cu+. 

 

Table 5. Calculated magnetic coupling J for 2Cu+ considering a unique exchange integral J between 

first neighbours (HDVV Hamiltonian, hypotheses J12 = J23 and J13 = 0)  

DFT functional 

TZP(Ru/Cu)/DZP  
J (eV) J (cm-1) 

B3LYP -0.0015 -12.0 

PBE0 -0.0022 -17.7 

M062X -0.0011 -9.2 

 

A second resolution was recently proposed by Illas and coworkers.99 It is based on the Ising model 

(approximation that all spins are oriented along the z-axis, see SI and Eq S9-17), and it was applied to 

the tri-metallic system 2Cu+. This methodology allows evaluating J13 that was neglected in the 

previous resolution. In that case again, the magnetic properties are calculated using the calculated 

energies of the spin eigenvalue basis set elements obtained from (BS)-DFT calculations (see Scheme 

2).100-102 These results are presented in Table 6. The basis set was decreased to a double-ζ STO atomic 

basis set for the main group atoms (see Computational Details), the calculation being too memory-

demanding in this scheme of all-electron calculations. This lowering of atomic basis set was evaluated 

for 1Cu+ for which no noticeable effect on the magnetic coupling value was calculated (see Table 3). 
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Table 6. Calculated magnetic coupling J12, J23, J13 for 2Cu+ considering the magnetic centers 1 and 3 

as being the Cu atoms and 2 the Ru one in the Ising level of approximation. 

DFT functional 

TZP(Ru/Cu)/DZP  
J12 (eV) J12 (cm-1) J23 (eV) J23 (cm-1) J13 (eV) J13 (cm-1) 

B3LYP -0.0016 -12.7 -0.0014 -11.1 -0.0001 -0.5 

PBE0 -0.0019 -15.7 -0.0024 -19.1 -0.0002 -1.5 

M062X -0.0011 -9.1 -0.0011 -8.7 -0.0001 -1.1 

 

The Ising approach was applied to 2Cu+ using (BS)-DFT calculations to access to the energies of the 

determinants |>, |> and |> lead to values of J12 ≃ J23 = -13 ± 6 cm-1 and J13 = -1 ± 0.5 cm-

1 (deducted from Table 6). The hypotheses that J13 = 0 and J12 = J23 made previously in the HDVV 

Hamiltonian resolution is confirmed. For strongly-correlated Hubbard model presented above, the 

Ising approach supports the argument that t²/U favors antiferromagnetism that is mainly described by 

J13 magnetic exchange that is calculated (J13 = -1 ± 0.5 cm-1 Ising model). This was predictable 

considering that 2Cu+ is the system for which the distance between 1 and 3 is the largest found in the 

literature (17.2 Å). Interestingly, even if small, J13 is roughly 10 times larger than in 2Cu were the 

central Ru is not oxidized even if the distance between 1 and 3 is smaller (16.6 Å). This leads to 

conclude that the presence of spin localized of Ru in 2Cu+ increases the coupling between the Cu 

centers in that geometrical arrangement. On the contrary, J12 and J23 are 2 times smaller than J12 

calculated for the parent 1Cu+. The oxidation that leads to an increase of the distance between the Cu 

1 and 3 and the Ru atom 2 from 8.3 to 8.6 Å diminishes the magnetic interactions between neighboring 

magnetic centers. The metallic spin densities are of ±0.70 e for the copper atoms and ±0.70 e for Ru 

at the PBE0 level in the three configurations shown in Figure 11 (±0.66 e for Cu and ±0.64 e for Ru 

at B3LYP level; ±0.82 e for Cu and ±0.92 e for Ru at M062X level). The spin-density mapping plotted 

in Figure 11 nicely illustrates the magnetic interactions through a spin-polarization mechanism of 

almost the same extent whatever the functional used (0.41 to 0.46 e of total spin  for the |> 

configuration, and 1.41 to 1.48 e of total spin  for the two others). The most stable spin eigenfunction 

|> that participates mostly to the magnetic coupling constant value J12 shows an important 

delocalization on the conjugated carbon ligand.  
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|>     |>      |> 

Figure 11. Spin density iso-contour plots of 2Cu+ for the different calculated spin eigenfunctions; 

spin  in blue, spin  in red (TZP(Ru/Cu)/DZP / PBE0 level; similar maps are obtained with B3LYP 

and M062X functionals). Contour values:  0.0009 e/bohr3. * 

 

Considering the small values calculated for J13, it was interesting to consider also the intermolecular 

magnetic couplings. Indeed, the - stacking observed in the crystal structures induces Cu⋯Cu 

intermolecular distances of 7.47 Å, much shorter than the intramolecular ones (16.58 Å). Considering 

the size of the systems, it was not possible to envision calculating a complete dimer. We choose to 

isolate two close packing Cu(bipy)(hfac)2 in the 2Cu crystal structures (all hydrogen atom positions 

were optimized). We have performed single point calculations of the triplet and the corresponding BS. 

In that case, only M062X functional was used since it better performs for non-covalent interactions 

(TZP atomic basis sets). The Cu spin densities are of ± 0.80 e close to the 0.82 e calculated for 2Cu 

and 2Cu+ validating this approach. The difference in energy between two spin configurations is of 10-

5 eV largely above the precision expected at that level of theory. In agreement with the experimental 

results in the solid state (see EPR section), we can thus conclude that the intermolecular magnetic 

interactions are negligible compared to the intramolecular ones even if the distances between the 

magnetic centers are two times shorter.  

Finally, in order to evaluate the influence of the change of conformation that can occur in solution and 

evidenced by the NIR bands (vide supra), we performed sequential single point calculations for 

geometries in which one bipy plane was rotated compare the other bipy plane incrementally by 12° 

starting from the optimized geometry (the Cu(hfac)2 coordination to the bpy was kept unchanged). 

Important steric hindrances were found between the hfac ligands and the dppe groups for most of the 

configurations since no geometry relaxation was performed. Only the conformers which total energy 

is less than 0.30 eV above the optimized structures were considered. Among them, the arrangement 
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presenting 72° between the pyridine planes show the largest magnetic difference with the optimized 

structures based on the X-Ray structures. In that case, the J value calculated for 2Cu+ is of -23.0 cm-1 

using the procedure used to obtain values given in Table 5 at the M062X level for which -9.2 cm-1 

was found for the optimized 2Cu+. Interestingly, the same geometry change was performed for 2Cu. 

In that case, the initial J13 value of -0.1 cm-1 (Table 4, M062X level) representing the magnetic 

coupling between the CuII spin carriers for the optimized 2Cu structure issued from the X-Ray 

arrangement is drastically enhanced by one order of magnitude to attain -1.6 cm-1.  

The DFT magnetic study of 2Cu reveals that a small antiferromagnetic coupling exists via a spin 

polarized mechanism all along the conjugated path from one CuII end group to the other. It is sensitive 

to the conformation of the metallic fragments. Upon oxidation, the coupling between the Ru central 

unit and the Cu spin carriers is divided by two (from 2Cu to 2Cu+).  

EPR measurements of the neutral species. X-band EPR spectra of 1Cu and 2Cu complexes were 

recorded in diluted glassy CH2Cl2 solution. The spectrum recorded at 50 K depicted in Figure S2 for 

1Cu (see supporting information) is typical of mononuclear copper complex. The spin Hamiltonian 

parameters listed in Table 7 were obtained from the simulation of the EPR spectrum and show an 

approximatively axial symmetry for the g and A tensors. Further super hyperfine splitting is observed 

in the perpendicular part of the spectrum at ~330 mT due to the interaction of the unpaired electron 

with two equivalent nitrogen nuclei of the bipyridine ligand. These parameters are in good agreement 

with those obtained for closely related complexes with the copper embedded in a slightly distorted 

octahedral geometry.103, 104 The EPR spectrum of binuclear complex 2Cu shown in Figure 12 is 

different from the mononuclear complex 1Cu with additional lines in the parallel component of the 

hyperfine tensor. The value of Az is divided by two compared to the mononuclear complex and a 

transition is also observed at half field. These features are the signature of a thermally populated triplet 

state originating from an exchange-coupled pairs of Cu(II) ions. Therefore, in the parallel region ~ 

330 mT, two septets which are shifted by the zero-field-splitting D could be observed. The spin 

Hamiltonian parameters (Table 7) deduced from the simulation provide a D value less than 0.003 cm-

1 which lead to an overlap between two sets of seven lines.  
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Figure 12. EPR spectrum of 2Cu in CH2Cl2 at 4 K: upper trace, experimental signal; lower trace, 

simulated spectrum 

 

Table 7. EPR parameters, g tensors and A hyperfine coupling constants in MHz, for 1Cu and 2Cu 

complexes in CH2Cl2 at 4 K. 

 

 gx gy gz Ax(
63Cu) Ay (63Cu) Az (63Cu) 

1Cu 2.043 2.054 2.275 25 28 490 

2Cu 2.027 2.098 2.334 15 15 250 

 

Magnetic susceptibility measured by SQUID for 1Cu and 2Cu complexes have been obtained on 

polycrystalline sample in the [2-300 K] temperature range. The T vs T plots are displayed in Figure 

S3 in supporting information. T values of 0.4354 ± 0.0042 emu.K.mol-1 and 0.8288 ± 0.0008 

emu.K.mol-1 were obtained at 300 K for 1Cu and 2Cu complexes respectively, close to the expected 

theoretical values for one and two isolated S=1/2 Cu(II) spins in such axial geometry. Due to the large 

intramolecular distance between the remote Cu(II) ions (16.58 Å), the 2Cu complex exhibits an almost 

pure Curie behavior with a small upturn at low temperature indicative of very weak intermolecular 

interactions (J13/kB  -0.2 cm-1). 

The temperature dependence of the doubly integrated EPR signal of 2Cu complex in frozen 

solution was also measured and plotted as EPRT vs T (Figure S4). The magnetic data for 2Cu were 

fitted using Bleaney-Bowers equation for two spins S=1/2:  
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       

where and are the Bohr Magneton and the Boltzmann constant respectively. Such behavior is 

consistent with two spins S=1/2 antiferromagnetically coupled with a value of J13/kB close to -7 K (-

4.8 cm-1). Since the solid state magnetic properties do not reveal such intramolecular magnetic 

interaction as predicted by calculations, we can conclude that the average molecular conformation 

have a significant impact on the magnetic coupling (see theoretical part and NIR spectroscopy) in 

solution as compared to the powder. Moreover, it points to the efficient indirect exchange pathway 

through the polarization of the Ru orbitals. In the absence of aggregation phenomena, the low 

concentration of the solution (10-4 M) ensures the measurement of the magnetic properties of 2Cu 

through EPR corresponds to the one of isolated molecules and it thus originates from an intramolecular 

interaction. Note that the computational studies reveal also that even if the intermolecular Cu-Cu 

distances are shorter than the intramolecular ones (7.47 Å compared to 16.48 Å in 2Cu) it does not 

increase magnetic interactions. 

EPR measurements of the oxidized systems. Chemical oxidations by KAuCl4 in CH2Cl2 were 

performed on compounds 1Cu and 2Cu and followed by recording UV-visible and EPR spectra. One-

electron oxidation of 1Cu and 2Cu leads to the same UV-visible spectra obtained by spectro-

electrochemistry (see Figure S5 and S6). At low temperature, the shape of the EPR spectra of 1Cu+ 

and 2Cu+ are almost identical to that of the neutral species. Only the enhancement of intensity proves 

the addition of spins on the molecule (Figure S7). The EPR signal of the oxidized species is probably 

isotropic with a g value close to 2.00 as already observed for other Ru complexes105 and masked by 

the perpendicular component of the EPR spectrum of copper. The temperature dependence of the 

doubly integrated EPR signal EPR was also measured. The line shapes of the EPR signal are not 

affected by temperature so we reported the peak-to-peak amplitude AppT vs T. The product of AppT vs 

T for 1Cu+ complex is reported in Figure 13. It can be reproduced by the sum of the two contributions 
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according to Equation 7, where the first and second terms represent the contributions from (i) the Curie 

law and (ii) the singlet-triplet system : 

        (7) 

In this equation, we have taken into account a proportion of the non-oxidized species x for which the 

doubly integrated signal is assumed to follow the Curie law. Three experiments were recorded with 

different x values estimated from the UV-visible spectra and App values were normalized to the value 

x=0.68. Thus, the best fit parameter gives J12/kB = -8.0 K ± 0.5 K (-5.6 cm-1) thus pointing towards a 

singlet ground state. However, the fitting is very sensitive to the x parameter. If the two parameters 

J/kB and x are free we found J/kB = -16.0 K ± 1.5 K (-11.1 cm-1) and x = 0.75 to be compared to the 

above experimental value of 0.68. 

 

Figure 13. Temperature dependence of the EPR susceptibility (given by AppT product) in CH2Cl2 

solution for 1Cu+ complex. 

 

The same experiment was performed for 2Cu+ complex and the UV-visible spectra evolution were 

recorded to follow the oxidation steps. Similar results are obtained by spectro-electrochemistry. They 

clearly indicate the presence of the oxidized species. Few changes are observed on the EPR spectrum 

at low temperature and the presence of an additional spin on the molecule is deduced from the increase 

of the EPR intensity. The analysis of the experimental AppT vs T is performed according to Equation 

8. As suggested by DFT calculations, the J13 value between the remote Cu spin carriers within a linear 

3-spins model is negligible. The theoretical computations additionally suggest that the Ru-Cu 

exchange interactions J12 and J23 are almost identical, allowing to consider a unique Ru-Cu exchange 

Curie )(TST
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coupling, J.  The experimental difficulties related to the incomplete oxidation in the EPR experimental 

conditions introduce an additional parameter as the concentration of non-oxidized complex. The 

suggested simplification of the interaction scheme by the theoretical discussion allows thus avoiding 

over-parameterization of the data fitting procedure. In Equation 8, J3S represents the doublet-quartet 

and JST the singlet-triplet splitting respectively, whereas C is the Curie constant.  

 

(8) 

 

We have taken into account a proportion of non-oxidized species x for which the EPR is assumed 

to follow a Bleaney-Bowers law. The fitting was performed with the value of JST/kB=-7 K previously 

determined from EPR data and a x value of 0.4 extracted from UV-visible data.  Least-squares fitting 

of J3S/kB value gave a value of -3.5 ± K (-2.4 cm -1). We also checked that the variation of J/kB and/or 

x ratio did not dramatically change the J3S value. J3S/kB were spread between -2.5 K and -3.4 K when 

JST /kB varies between -10 K to -2 K with x = 0.4. The x ratio was also varied between 0.1 to 0.9 with 

JST/kB= -7 K and J3S/kB spreads between -2.4 K to -3.5 K. 

 

Figure 14. Temperature dependence of the product AppT in CH2Cl2 solution for 2Cu+ complex. 

 

As already observed the value of JST /kB exchange coupling decreases when the distance between 

the two spin carriers increases and the values are close to zero for systems separated by metal such as 

Pt with phenyl ethylene as spacers.72 The JST /kB exchange coupling for the 2Cu neutral complex of -
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7 K (-4.8 cm-1) is relatively high for this system where the two spins carriers are separated by a distance 

of 16.6 Å. This is in favor of the ability of diamagnetic ruthenium to operate as connector for magnetic 

exchange between carbon rich ligand via a spin polarization mechanism along the conjugated ligands 

as revealed by DFT calculations. It also results from the presented study that similar trends are deduced 

for the magnetic exchange couplings calculated at DFT level or assessed through EPR experiments in 

term of nature and order of magnitude. Concerning this 2Cu complex, the experimental coupling 

(EPR) of -4.8 cm-1 between the two Cu spin carriers is thus consistent with DFT prediction of -0.1 to 

-1.6 cm-1 taking into account different possible conformations in (frozen) solution (vide supra). The 

relevance of this conformation factor is enforced by the observation of a weaker coupling in solid state 

observed by SQUID measurements (-0.2 cm-1), where additional interactions can also occur (vide 

supra).  

For the oxidized species and 1Cu+, DFT calculations predict an antiferromagnetic coupling between 

Cu and the oxidized ruthenium center of -14.8 ± 8 cm-1. This is also consistent with the experimental 

EPR values of -5.8 to -11.1 cm-1, taking into account the effect of a slight variation on the precision 

of the estimated amount of non-oxidized 1Cu. With 2Cu, DFT predict a value of -13 ± 6 cm-1 to be 

compared to -2.4 cm-1 (best EPR fit). Here again, the conformation in frozen solution with respect to 

an optimized structure is a crucial point. Indeed, the calculated magnetic coupling can be divided by 

3 (on the example of one functional, vide supra) depending on the conformers which gives a reasonable 

agreement between experiment and theory. Unfortunately, a complete conformational study that 

would give a clear picture is not possible so far (size of the systems).  Finally, it is worth noting that 

the significant decrease of the magnetic coupling upon oxidation of 2Cu with respect to the neutral 

species is an unusual phenomenon previously observed to a lesser extent with nitronyl-nitroxide and 

verdazyl radicals,73 due to an incoming predominant interaction issued from the novel delocalized 

ruthenium spin carrier. Its lower amplitude is ascribable to conformational issues difficult to 

rationalize on the basis of actual theory limitations. 
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Conclusion. In this work, we have synthesized a new series of ruthenium complexes bearing 

paramagnetic CuII and MnII metal centers. All of these complexes have been characterized by X-ray 

structural determinations. They oxidize readily and reversibly in the CV experiments but the 

spectroelectrochemical studies show that only the copper system is well suited to achieve redox 

switches. SQUID, EPR spectroscopy studies and computational studies reveal that an 

antiferromagnetic coupling exists in 2Cu although a large distance is separating the spin carriers (16.6 

Å). It benefits from the efficient conjugated path that includes a Ru center that mediates magnetic 

coupling via a spin polarized mechanism. Oxidation modifies importantly this coupling by creating a 

third spin carrier within the conjugated path localized on the Ru(-CC-)2 central part. In that case, the 

magnetic interaction is now largely dominated by the lower antiferromagnetic coupling between this 

spin carrier and the CuII end groups, which is an unusual phenomenon. Interestingly, one electron 

oxidation of 1Cu generates an interaction between the CuII and Ru spin carriers of comparable 

magnitude to that observed between the two far apart CuII ions in 2Cu. All these results were 

rationalized by DFT calculation concomitantly using a Heisenberg-Dirac-Van Vleck Hamiltonian and 

an Ising model. Importantly, this work demonstrates that a precise molecular engineering can offer 

means to modify magnetic properties using the redox ability of incorporated units. Besides, further 

functionalization of such systems offers an enhanced potential for increased functionality. 
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EXPERIMENTAL SECTION 

General comments: The reactions were carried out under an inert atmosphere using Schlenk 

techniques. Solvents were dried and distilled under argon using standard procedures. The ruthenium 

complexes 1 and 2 have been obtained as previously reported.20, 21 High resolution mass spectra 

(HRMS) were recorded in Rennes at the CRMPO (Centre Régional de Mesures Physiques de l’Ouest) 

on a ZabSpecTOF (LSIMS at 4 kV) spectrometer. 

Electrochemical studies were carried out under argon using an Eco Chemie Autolab PGSTAT 30 

potentiostat (CH2Cl2, 0.1M Bu4NPF6), the working electrode was a Pt disk, and ferrocene the internal 

reference.  

UV-vis-NIR spectroelectrochemistry (SEC) experiments were performed at 20 °C, under argon, 

with a home-made Optically Transparent Electrosynthetic (OTE) cell, path length = 1 mm, using a 

Varian CARY 5000 spectrometer and an EG&G PAR model 362 potentiostat. A Pt mesh was used as 

the working electrode, a Pt wire as the counter electrode, and an Ag wire as a pseudo-reference 

electrode. The electrodes were arranged in the cell such that the Pt mesh was in the optical path of the 

quartz cell. The anhydrous freeze-pump-thaw degassed sample-electrolyte solution (0.2 M n-Bu4NPF6 

in dichloromethane) was cannula-transferred under argon into the cell previously thoroughly 

deoxygenated. IR experiments were performed in similar conditions with dichloroethane as the 

solvent, using a modified cell with KBr windows, and a Bruker IFS28 spectrometer. 

EPR spectra were recorded on a Bruker EMX spectrometer operating at X-band (9.4 GHz) with a 

standard rectangular cavity (TE 102). An ESR900 cryostat (Oxford Instruments) was used for the low 

temperature measurements. Sample solutions (10-4 M) in quartz tubes were degassed by three freeze-

and-thaw cycles. Single oxidized species were generated by addition of 1 eq. KAuCl4 in glovebox. 

Simulation of spectra were performed with Easyspin program package described by Stoll and 

Schweiger.106 

The XRD data have been measured on a APEXII, Bruker-AXS diffractometer at Mo-Kα radiation 

(λ = 0.71073 Å). The structures were solved by direct methods using the SIR97 program,107 and then 
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refined with full-matrix least-square methods based on F2 (SHELX-97)108 with the aid of the WINGX 

program.109 The contribution of the disordered solvents to the calculated structure factors was 

estimated following the BYPASS algorithm,110 implemented as the SQUEEZE option in PLATON.111 

A new data set, free of solvent contribution, was then used in the final refinement. All non-hydrogen 

atoms were refined with anisotropic atomic displacement parameters. H atoms were finally included 

in their calculated positions. CCDC deposition numbers for the four complexes are 1466553-6. 

 

Polymetallic complexes – General procedure. [MII(hfac)2].2H2O and the ruthenium complex (1 or 

2) were dried under vacuum for 30 min, then dissolved in CH2Cl2 (30 mL). The solution was stirred 

at ambient temperature for 4 hours, and a progressive precipitation of a solid from the solution is 

observed. The mixture was then taken to dryness under vacuum. The residue was washed with pentane 

(2 × 10 mL) and recrystallized from 1:2 CH2Cl2/pentane to yield the product as crystals. 

 

trans-[Ph-CC-(dppe)2Ru-CC-bipyCu(hfac)2] (1Cu): following general 

procedure,  [[CuII(hfac)2].2H2O (42.25 mg, 0,085 mmol) and 1 (100 mg, 0.085 mmol) in CH2Cl2 (30 

mL) yielded to dark red crystals (98 mg, 0.060 mmol, 70%); IR (KBr, cm-1): υC≡C 2031 (s), υC≡O =
 

1668; UV-vis (CH2Cl2) λ (nm) [ε mol-1 L cm-1]: 494 [21000]. FAB+-MS (CH2Cl2): m/z 1448.1928 [M 

- hfac]+ (calculated 1448.19272) 

 

trans-[Ph-CC-(dppe)2Ru-CC-bipyMn(hfac)2] (1Mn): following general 

procedure, [MnII(hfac)2].2H2O (39.87 mg, 0.085 mmol) and 1 (100 mg, 0.085 mmol) in CH2Cl2 (30 

mL) yielded to orange crystals (77 mg, 0.047 mmol, 55%); IR (KBr, cm-1): υC≡C 2042 (s), υC≡O =
  1647; 

UV-vis (CH2Cl2) λ (nm) [ε mol-1 L cm-1]: 468 [19000]. FAB+-MS (CH2Cl2): m/z 1647.1939 [M]+ 

(calculated 1647.18925) 

 

trans-[(dppe)2Ru(-CC-bipyCu(hfac)2)2] (2Cu): following general procedure, [CuII(hfac)2].2H2O 

(42.25 mg, 0.085 mmol) and 2 (53.38 mg, .,043 mmol) in CH2Cl2 (30 mL) yielded to dark red crystals 
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(90.64 mg, 0.043 mmol, 95%); IR (KBr, cm-1): υC≡C 2030 (s), υC≡O =
  1670; UV-vis (CH2Cl2) λ (nm) 

[ε mol-1 L cm-1]: 494 [42000]. FAB+-MS (CH2Cl2): m/z 2003.1281 [M - hfac]+ (calculated 

2003.12027) 

 

trans-[(dppe)2Ru(-CC-bipyMn(hfac)2)2] (2Mn): following general procedure, [MnI(hfac)2].2H2O 

(39.87 mg, 0.085 mmol) and 2 (53.38 mg, 0,043 mmol) in CH2Cl2 (30 mL); to give orange crystals 

(56.60 mg, 0.026 mmol, 60%); IR (KBr, cm-1): υC≡C 2042 (s), υC≡O = 1649;  UV-vis (CH2Cl2) λ (nm) 

[ε mol-1 L cm-1]: 468 [25500]. FAB+-MS (CH2Cl2): m/z 2194.1357 [M]+ (calculated 2194.12524) 

 

Computational details. Density functional theory (DFT) calculations were performed using the 

Amsterdam Density Functional package (ADF 2014.02) in order to better understand the electronic 

properties of the studied compounds.112-114 Considering that magnetic properties are evaluated, we 

choose to keep the systems unmodified (no simplification of ligands) and not to impose symmetry 

constraint. This leads to large calculations with up to 205 atoms for which conformational studies are 

too resource demanding to be performed. The convergence criteria for the geometry optimizations 

starting from the available X-Ray structures (or parent redox structure) were more drastic than default 

ones (energy change < 0.0001 u.a., atomic position displacement < 0.001 Å). For geometry 

optimizations, electron correlation was treated within the local density approximation (LDA) in the 

Vosko-Wilk-Nusair parametrization.115 The non-local corrections (GGA) of Becke and Perdew 

(BP86) were added to the exchange and correlation energies, respectively.116, 117 The analytical 

gradient method implemented by Versluis and Ziegler was used.118 Spin unrestricted calculations were 

performed for all the open-shell systems considered. We used the triple-ζ Slater Type Orbital (STO) 

basis set, TZP, provided by ADF program set with a medium frozen core (up to 1s for C and N, 2p for 

P, and 4p for Ru). The triple-ζ STO atomic basis set is augmented with a 2p polarization function for 

H, a 3d polarization function for C, N and P, and a 5p polarization function for Ru. We have used two 

(meta-)hybrid functional, B3LYP,115, 116, 119, 120 PBE0121, 122 and one meta-hybrid functional M06-

2X123, 124 to evaluate magnetic coupling constants. In that case, an all-electron basis set was necessary. 
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An all-electron TZP was used for 1Cu+ and compared to a mixed all electron TZP/double-ζ STO 

(DZP) (TZP for Cu and Ru atoms/ DZP for main group atoms). Energies of some spin eigenfunctions 

were obtained using the broken-symmetry (BS) approach developed by L. Noodleman.97 Molecular 

orbitals and spin density were plotted with the ADF-GUI package.125 The calculations of the excitation 

energies were intended in order to rationalize the optical properties of the studied systems. Geometry 

optimizations taking into account solvent effects (COSMO) using the B3LYP functional (see 

Cartesian Coordinated of the optimized structures in SI) followed by time-dependant DFT (B3LYP) 

were attempted. Unfortunately, we faced computational limitations (memory limitation in French 

High-computing Centers). 

 

SYNOPSIS TOC 

 

Ruthenium acetylide central unit sets up an antiferromagnetic coupling between two remote CuII spin 

carriers (16.6 Å) via a spin-polarization mechanism. Oxidation of this center modifies importantly this 

coupling by creating a third spin carrier and a new magnetic interaction largely dominated by the lower 

antiferromagnetic coupling between this spin carrier and the CuII end groups. 
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