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Quinoxaline radical-bridged transition metal complexes with very 
strong antiferromagnetic coupling 

  

Dimitris I. Alexandropoulos, Kuduva R. Vignesh, Haomiao Xie, and Kim R. Dunbar* 
 

A new family of radical-bridged compounds, (Cp*2Co)[M2Cl4(dpq)] 

(M = Fe (1), Co (2), Zn(3)), (dpq = 2,3-di(2-pyridyl)-quinoxaline) is 

reported. Magnetic studies, DFT and ab initio calculations reveal 

strong antiferromagnetic metal-radical interactions with coupling 

constants of J = -213.1 and -218.8 cm-1 for 1 and 2, respectively.  

 Molecular magnetic materials1 are of paramount interest 

for many technological applications including high density data 

storage,2 molecular electronic devices,3 and quantum 

computation.4 The syntheses of these materials often rely on 

self-assembly reactions between paramagnetic metal ions and 

organic bridging ligands which offer the advantages of 

thermodynamic stability, solubility, and crystallinity. The 

success of this approach notwithstanding, the presence of 

closed-cell bridging ligands often limits the properties and 

dynamics of magnetic materials, leading to competing magnetic 

interactions, moderate-to-weak magnetic coupling, and low-

lying excited states, among others. A successful strategy to 

overcome these obstacles is to use organic radicals as bridging 

ligands between metal spin centers which leads to stronger 

direct magnetic coupling as compared to the indirect 

superexchange interactions observed in the case of diamagnetic 

linkers.5 Indeed, a number of interesting radical bridged 

transition metal and lanthanide complexes have been reported 

to date, including the [K(18-crown-

6)(THF)2][{[(Me3Si)2N]2(THF)Ln}2(μ-η2:η2-N2)] compound that 

exhibits magnetic hysteresis up to 14 K6 as well as the complex 

[(TPyA)2Fe2(NPhL)](SO3CF3) (TPyA = tris(2-pyridylmethyl)- amine, 
NPhLH2 = N,N′,N′′,N′′′-tetraphenyl- 2,5-diamino-1,4-

diiminobenzoquinone)7 which exhibits a coupling constant of 

900 cm-1. In general, however, radical bridged metal complexes 

have been far less studied and in many ways are in their infancy 

than examples bridged by innocent closed-shell ligands. 

   Research in our group has focused on the design of metal 

complexes bearing the radical forms of tetrazine-based ligands, 

including 3,6-bis(pyridyl)-1,2,4,5-tetrazine (bptz) and 3,6-

bis(pyrimidyl)-1,2,4,5-tetrazine (bmtz). The implementation of 

these ligands in both 3d and 4f metal chemistry has afforded 

structurally interesting compounds including bimetallic species 

as well as supramolecular architectures.8 Recently, we turned 

our attention to other, relatively unexplored, non-innocent 

ligands that can undergo redox chemistry to stabilize radical 

isomers. Taking into account its bridging capabilities,9 together 

with its reversible electrochemical reduction at -1.95 V versus 

Fc/Fc+ in MeCN (Figure S2), we investigated reduced bimetallic 

transition metal complexes of the 2,3-di(2-pyridyl)-quinoxaline 

(dpq). Herein, we report the syntheses, structures and magnetic 

properties of three new bimetallic complexes, viz., 

(Cp*2Co)[M2Cl4(dpq)] (M = Fe (1), Co (2), and Zn(3)). To the best 

of our knowledge, these compounds are the first examples in 

which the dpq ligand is in its radical anion form. 

 Compounds 1-3 were prepared by the reaction of anhydrous 

MCl2 (M = Fe, Co, Zn) and dpq in a 2:1 molar ration in the 

presence of 1 equivalent of reducing agent Cp*2Co in MeCN. 

Layering of the resulting solutions with Et2O afforded crystals 

suitable for X-ray analyses in high yields of 55-75%. Complexes 

1-3 are isostructural, thus only the structure of 1 will be 

described as a representative example. The molecular structure 

of the anion of 1 (Figure 1) consists of two crystallographically 

inequivalent Fe atoms linked by a bridging dpq ligand. Each 

metal is four-coordinate with a distorted tetrahedral geometry. 

Two coordination sites are occupied by a chelating N-donor dpq 

ligand with the remaining two being filled by two terminal Cl- 

ions. The geometry10 for Fe1 and Fe2 in 1 exhibits average 

dihedral angles of 76.5 and 77.0 which further supports the 

fact that each Fe is in a distorted tetrahedral geometry. 

Complexes 2 and 3 exhibit similar dihedral angles (77.9 for 

Co1/Co2, 78.3 for Zn1 and 78.2 for Zn2). The oxidation state 

of the Fe atoms is established as 2+ by charge balance 
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considerations and bond valence sum (BVS)11 calculations (SI). 

The dpq ligand is considerably distorted; the two pyridine rings 

are twisted by 28.9 and 25.6 (28.4 and 24.2 in 2; 28.3 and 

25.9 in 3) with respect to the mean plane of the quinoxaline 

group, which is also distorted. 

Figure 1. Labeled representation of 1. Colors: FeII, orange; N, 

blue; C, black, Cl, green. Hydrogen atoms are omitted for the 

sake of clarity.  

 

 A close inspection of the quinoxaline C-C (C1-C6, C7-C8) and 

C-N (N1-C6, N1-C7, N2-C1, N2-C8) bond distances in 1-3 

revealed average distances of 1.403(5) Å and 1.372(5) Å, 

respectively. These values deviate significantly from the 

reported values for the neutral dpd ligand (C-C: ~1.423(4) and 

C-N: ~1.344(4))9a-c, reflecting the net decrease in C-C bond order 

and a net increase in C-N bond order. These parameters are 

indicative of the presence of an additional electron in the ligand 

molecular orbitals, which is further supported by the short M-

Npz distances (M = Fe: 2.043(2), Co: 1.966(3), Zn: 2.022(4)) 

observed in 1-3, consistent with a strong metal-ligand 

interaction. Finally, the solid-state X-band EPR spectrum of the 

Zn analogue 3 at 293 K, shown in Figure 2, features a single 

resonance centered on g = 2.0046, confirming the presence of 

the dpq radical. 

 Solid-state direct-current (dc) magnetic susceptibility (χM) 

data on dried and analytically pure samples of 1 and 2 were 

collected in the 2-300 K range at an applied field of 0.1 T and are 

plotted as χMT vs. T in Figure 3. For 1, the experimental χMT 

value (7.63 cm3 K mol-1) at 300 K is considerably higher that the 

theoretical value of 6.38 cm3 K mol-1 for two non-interacting 

high-spin, S = 2, FeII ions and one S = 1/2 dpq radical (g = 2.0), 

due to spin-orbit coupling contributions.12 Upon cooling, the 

χMT product increases gradually to a value of 8.41 cm3 K mol-1 

at 75.0 K. Below this temperature χMT decreases sharply to a 

value of 1.03 cm3 K mol-1 at 2.0 K. The χMT value at 75 K is very 

close to that expected for an S = 7/2 ground state (8.35 cm3 K 

mol-1, g = 2.06), arising from strong antiferromagnetic metal-

radical interactions, while the low temperature decrease can be 

attributed to zero-field splitting as well as antiferromagnetic 

inter- or intra-molecular metal-metal interactions. 

Figure 2. Solid-state X-band EPR spectrum of 3 at 293 K with 

microwave frequency 9.390 GHz. 

 

 Complex 2 exhibits similar behavior, with χΜT slightly 

increasing from 5.19 cm3 K mol–1 at 300 K to a maximum of 5.48 

cm3 K mol–1 at 75 K, and then sharply decreasing to 0.28 cm3 K 

mol–1 at 2.0 K. The 300 K value for 2 is higher than the spin-only 

(g = 2) value of 4.13 cm3 K mol–1 for two non-interacting high 

spin CoII ions (S = 3/2) and one dpq radical (S= 1/2), which 

reflects strong orbital angular momentum contributions. The 

shape of the curve indicates dominant antiferromagnetic 

exchange interactions between the CoII ions and the dpq radical 

corresponding to a ferrimagnetic S = 5/2 ground state 

for 2.  Also, the reduced magnetization data for 1 and 2 (Figures 

S4-S5) indicate significant D values for both complexes and/or 

population of low-lying excited states since the isofield lines do 

not superimpose onto a single master curve. 

Figure 3. χMT vs. T plots for 1 and 2. Black lines represent fit of 

the experimental data according to spin Hamiltonian described 

in the text. Red curves represent simulations based on DFT data. 
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 To estimate the metal-radical magnetic exchange 

interactions in 1 and 2 the magnetic susceptibility data above 

10 K were fit using the PHI program13 according to the following 

spin Hamiltonian: 

�̂� = −2𝐽1[𝑆𝑟𝑎𝑑 ∙ (𝑆𝑀1 + 𝑆𝑀2)] − 2𝐽2(𝑆𝑀1 ∙ 𝑆𝑀2)

+ 𝐷 [ ∑ (𝑆𝑧,𝑀
2 −

1

3
𝑆𝑀

2 )

2

𝑀 = 1

]

+ 𝜇𝐵𝑔𝑀(𝑆𝑀1 + 𝑆𝑀2)𝐻 + 𝜇𝐵𝑔𝑟𝑎𝑑𝑆𝑟𝑎𝑑𝐻 

Where J1 and J2 are the MII-radical and the MII-MII exchange 

coupling constants, with MII = Fe and Co, for 1 and 2, 

respectively. The third term represents the MII axial zero-field 

splitting, D, while the last two terms account for the Zeeman 

interactions, including both the MII and the radical 

contributions. The best fit gave the following parameters: J1 = - 

218.8 cm-1, J2 = + 1.0 cm-1, DFe = + 9.85, and gFe = 2.09 for 1, and 

J1 = - 213.1 cm-1, J2 = + 2.5 cm-1, DCo = + 18.04, and gCo = 2.50 for 

2.   

 The fitting results reveal weak ferromagnetic MII-MII 

coupling and strong antiferromagnetic MII-radical exchange 

interactions. Note that the value of the CoII-dpq radical 

exchange in 2 is lower that the values obtained using phenazine 

(~-500 cm-1),14 tetraazalene (-396 cm-1)15 or 

hexaazatrinaphthylene-based (-290 cm-1)16 radicals but 

considerably higher than those reported using nindigo-based (-

137 cm-1),17 bptz (-67.5 cm-1)8d, oxazolidine nitroxide (-63.5 cm-

1)18, bmtz (-62.5 cm-1)8a or chloranilate (-52 cm-1)19 radicals. The 

FeII-dpq radical coupling is larger than that observed for the 

tetraoxolene (-57 to -65 cm-1)20 or chloranilate (+19 cm-1)19 

radicals but smaller that than that reported for the tetraazalene 

(> 900 cm-1)7 or oxazolidine nitroxide (-315 cm-1)18 radicals. The 

large and positive D and g > 2 values obtained for the FeII and 

CoII compounds are in good agreement with values reported for 

other tetrahedral FeII and CoII ions.21 Attempts to fit the data in 

the 2.0-300 K region were unsuccessful due to the precipitous 

decline below 10 K. The inclusion of an intermolecular zJ 

interaction (including and excluding J2) did not improve the 

fitting and gave unreasonable values for J1, J2, D, and g 

parameters. 

Figure 4. DFT computed spin density plots for (top left) 1 and 

(top right) 2. The red and blue isodensity surfaces (0.0043 e− 

bohr−3) indicate positive and negative spin phases, respectively. 

(bottom) Molecular Orbital (MO) diagram showing the 

antiferromagnetic interactions between radical and FeII/CoII 

centers in 1 and 2. 

 

 Using Density Functional Theory (DFT) and ab initio CASSCF 

(Complete Active Space Self-Consistent Field) calculations, the 

magnetic exchange interactions (J), and g and D parameters 

were computed (See Computational details in SI). Density 

Functional Theory (DFT) calculations were performed by using 

B3LYP functionals22 to compute the neighboring exchange 

interaction between metal-radical centers and the next 

neighboring exchange interaction between metal centers in 

both complexes (See Computational details in SI). The JM
II

-rad 

values were calculated to be -224.3 cm-1 and -242.4 cm-1 and the 

JM
II-M

II values were computed to be +2.1 cm-1 and +2.4 cm-1 for 

1 and 2, respectively (Tables S4 and S5). The calculations 

reproduce the sign of the experimentally determined magnetic 

coupling values very well, but the magnitude is slightly 

overestimated. DFT computed J values confirm spin ground 

states of S = 7/2 and S = 5/2 for 1 and 2, respectively which arise 

when the MII ions have spin-up configurations and the dpq 

radical has a spin-down configuration (Figure 4, top). In both the 

complexes, the unpaired electron from the t2 magnetic orbital 

of MII ion overlaps with the π* orbital of the dpq radical (Figure 

4, bottom) which leads to the strong antiferromagnetic coupling 

between them.8d 

Figure 5. Ab initio computed d-orbital ordering for FeII and CoII 

ions in 1 and 2, respectively.   

 

 To further understand the observed magnetic behavior in 1 

and 2, the g and D parameters of the FeII and a CoII ions were 

computed using ab initio CASSCF calculations. The CASSCF 

calculations yielded g values of 2.10 and 2.38, D values of 8.2 

cm-1 and 18.7 cm-1, and E/D values of 0.17 and 0.08 for an FeII 

and a CoII ion in 1 and 2, respectively. The computed g and D 

values are in good agreement with the experimentally 
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determined parameters and are in the range of values expected 

for anisotropic FeII and CoII ions.8d, 15, 19 Using the eigenvalue 

plots, the calculated sign and magnitude of the D value of a 

FeII/CoII ion in 1 and 2 were rationalized (see Figure 5). The 

orbital splitting pattern indicates a spin-allowed excitation of a 

β-electron between the orbitals with different |±ml| levels (dx
2

-

y
2  dz

2 for the FeII ion and dz
2  dyz for the CoII ion), which 

leads to a positive D value for these ions.23 The major positive 

contribution to the D value is from the first four quintet and 

quartet excited states for the FeII and the CoII ions, respectively 

(Table S6). For the CoII ion in 2, the energy gap between the 

ground and the first excited state is large (1853.8 cm-1) 

compared to the FeII ion in 1 (1707.2 cm-1). Thus, the positive D 

contribution is significantly larger for the CoII ion compared to 

FeII ion due to this very low-lying first excited state, whereas the 

other excited states marginally contribute to the total positive 

D value. 

 In summary, the new family of compounds 

(Cp*2Co)[M2Cl4(dpq)] (M = Fe, Co, Zn) is reported. The presence 

of the ligand-centered radical was confirmed by X-ray 

crystallography, SQUID magnetometry, and EPR spectroscopy. 

In these complexes, which are the first compassed based on the 

radical form of the dpq ligand, the metal ions are four-

coordinate with tetrahedral geometries. Both complexes 1 and 

2 exhibit strong antiferromagnetic metal radical coupling, as 

evidenced by the large negative coupling constants. DFT and ab 

initio computed spin-Hamiltonian parameters are in good 

agreement with the experimentally determined values and they 

nicely reproduce the magnetic susceptibility data. Further 

studies involving the coordination geometry of the 3d- or 4f- 

metal ions with this and other structurally similar ligands will be 

reported in due course. 
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