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Abstract 

We report the synthesis, magnetic and conducting properties of a new manganese complex 

[MnII(hfac)2(IMHPhOPh)]2[MnII(hfac)3](IMH2PhOPh) (1), containing the reduced forms 

(IMHPhOPh and IMH2PhOPh) of the NIT-PhOPh radical (NIT-PhOPh = 2,4‘-benzoxo-4,4,5,5-

tetramethylimidazoline-1-oxyl-3-oxide). Direct current magnetic susceptibility studies revealed 

the presence of weak antiferromagnetic exchange interactions between the metal ions, within the 

[MnII(hfac)2(IMHPhOPh)]2 unit. The EPR spectra of 1 exhibit simultaneous contributions of both 

the monomeric [MnII(hfac)3] and dimeric [MnII(hfac)2(IMHPhOPh)]2 species. Conductivity 

measurements shown that the electrical conduction of 1 is dominated by Ohm’s law, with a 

conductance value of 1.3(6) × 10−9 S/cm. 

 

1. Introduction 

Manganese coordination chemistry has been of great interest over the last decades, owing to the 

applications of manganese complexes in various fields including molecular magnetism1 and 

bioinorganic chemistry.2 In the latter case, the unique biomimetic and biocatalytic role of 



manganese complexes is manifested by the presence of a Mn4Ca cluster in the active site of 

photosystem II in green plants and algae, which catalyzes the light driven water oxidation to 

dioxygen.2b On the other hand, polynuclear manganese compounds are known to behave as high-

spin molecules and/or single molecule magnets (SMMs), since they often possess a large number 

of unpaired electrons and magnetic anisotropy, arising from the Jahn Teller distortion of MnIII 

ions. Electron paramagnetic resonance (EPR) spectroscopy has played a crucial role in the 

determination of the electronic structures of manganese containing complexes in both biological 

and magnetic systems.3 For example, detailed information about the chemical environment of 

manganese complexes in metalloenzymes can be obtained by EPR studies, providing valuable 

information about the type and the mechanism of the chemical reactions that they are involved.4 

In addition, EPR spectroscopy offers the potential of directly probing the spin levels in magnetic 

systems and thus its use is still fundamental for understanding the nature of slow magnetic 

relaxation in transition metal SMMs.5  

SMMs are species that can exhibit slow magnetization relaxation, due to a molecular origin, 

below a characteristic blocking temperature.1g  Their molecular characteristics also offers the 

potential for use in quantum computing,6 spintronics7 and high-density memory storage devices7 

with unrivaled speeds. For transition metal SMMs, the energy barrier to magnetization reversal 

(U) is given by S2 |D| or (S2 - 1/4)|D| for integer and half integer spin systems, respectively, where 

D is the zero-field splitting parameter.1g After the discovery of the first SMM, 

[Mn12O12(OAc)16(H2O)4] (Mn12OAc)1b, much effort has been directed at the isolation of 

polynuclear transition metal complexes based on the pivotal idea that an increase of metal 

nuclearity would maximize the spin ground state and magnetic anisotropy of the compounds.1c, 1g, 

8 However, an important parameter that also need to be considered in the design of new SMMs is 



the exchange coupling constant, J, which is related with the energy separation between the spin 

group state and the exited states. To that end the metal-radical approach has been developed, in 

which organic radicals are used as bridging ligands between metal centers, thus, leading to stronger 

direct magnetic coupling as compared to the indirect super-exchange interactions observed in the 

case of diamagnetic linkers.9 

Nitronyl nitroxides10 are a versatile class of stable free radicals that have been widely used as 

ligands for the design of molecular nanomagnets. They possess a general formula of NIT-R, 

comprising at least one 2-(40-R)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide unit (NIT) in 

which an additional -R functional group can be added.11 The two -NO groups of NIT-R radicals 

are chemically equivalent and can coordinate to metal ions while additional coordinating groups 

can be introduced through the -R substituent, resulting in the formation of zero-dimensional metal 

complexes of various nuclearities as well as extended solids of dimensionalities spanning from 

one to three.12 Magnetically, NIT-R radicals possess one unpaired electron which is mainly 

delocalized over the π* orbitals of the two -NO groups and, upon coordination, it can be in direct 

contact with the metal spin carriers, giving rise to strong metal-radical direct exchange coupling 

and SMM or single chain magnet (SCM) behavior, depending on the dimensionality.13 

Furthermore, recent studies revealed that NIT radicals containing aromatic -R groups can exhibit 

interesting electrical conductivity properties due to the presence of intermolecular π stacking 

between the NIT moiety and the aromatic ring of the phenyl substituent.14 

With these thoughts in mind, we investigated the self-assembly reactions between MnII metal 

ions and NIT-PhOPh radical. NIT-PhOPh radical has been successfully employed in lanthanide 

chemistry to afford monomeric and polymeric species with fascinating magnetic properties.15 

However, the use of NIT-PhOPh radical with transition metal ions is very limited. Herein, we 



report the high-yield synthesis, structure, and magnetic properties of a new manganese complex 

[MnII(hfac)2(IMHPhOPh)]2[MnII(hfac)3](IMH2PhOPh) (1), containing both the reduced, 

IMHPhOPh, and the reduced protonated, IMH2PhOPh, form of the NIT-PhOPh radical. The 

crystal structure of 1 is composed of three components, a mono- and a bi-metallic manganese 

complexes and an organic molecule, and it is stabilized via intermolecular interactions between 

the different moieties. Thus, 1 represents a rare example of a three-component co-crystal while it 

is a promising candidate for electronic conduction studies since the presence of many non-covalent 

interactions could favour the formation of intermolecular electron channels. 

 

2. Experimental  

2.1. Syntheses 

All manipulations were performed under aerobic conditions using materials (reagent grade) and 

solvents as received. The starting materials NIT-PhOPh10b and Mn(hfac)2
.2H2O

16 were prepared 

according to literature procedures. 

2.1.1. [MnII(hfac)2(IMHPhOPh)]2[MnII(hfac)3](IMH2PhOPh) (1). To a stirred, boiling solution 

of dry n-heptane (50 mL) was added solid Mn(hfac)2
.2H2O (0.05 g, 0.1 mmol). The resulting pale 

yellow solution was stirred for a further 20 min at 120°C, after which time it was cooled down to 

75°C, and solid NITPhOPh radical (0.03 g, 0.1 mmol) was slowly added. CH2Cl2 (3 mL) was 

added and the dark blue solution was left to stand undisturbed. Slow evaporation of the solvent 

gave dark green crystals of 1 after a day which were collected by filtration and dried in air. The 

yield was 70%. Selected ATR data (cm-1): 1645 (m), 1617 (w), 1590 (w), 1553 (w), 1526 (m), 

1505 (m), 1488 (m), 1402 (w), 1380 (w), 1344 (w), 1306 (w), 1246 (s), 1195 (s), 1136 (s), 1026 

(w), 1007 (w), 949 (w), 911 (w), 894 (w), 876 (w), 856 (w), 839 (w), 793 (m), 770 (w), 752 (w), 



742 (w), 727 (w), 695 (w), 662 (s), 583 (m), 551 (w), 526 (w), 489 (w), 459 (w). 

2.2. Single crystal X-ray crystallography 

Table 1. Crystallographic data for complex 1. 

 



Compound  1  

Formula  C126H100F60Mn4N8O28  

Dcalc./ g cm-3  1.626  

μ / mm-1  0.492  

Formula Weight  3533.89  

Colour  green  

Shape  plate  

Size/mm3  0.070×0.040×0.015  

T/K  100(2)  

Crystal System  triclinic  

Space Group  P-1  

a/Å  10.9819(2)  

b/Å  13.1391(3)  

c/Å  25.4038(6)  

α /°  96.833(2)  

β /°  90.714(2)  

γ /°  97.164(2)  

V/Å3  3609.74(14)  

Z  1  

Z'  0.5  

Wavelength/Å  0.71075  

Radiation type  Mo Kα  

Θmin/°  2.057  

Θmax/°  27.486  

Measured Refl's.  56412  

Indep't Refl's  16187  

Refl's I≥2 σ(I)  10822  

Rint  0.0794  

Parameters  1146  

Restraints  584  

Largest Peak  0.709  

Deepest Hole  -0.540  

GooF  1.023  

wR2 (all data)  0.1172  

wR2  0.1044  

R1 (all data)  0.0892  

R1  0.0485  

 

A green plate-shaped crystal of 1 with dimensions 0.070 × 0.040 × 0.015 mm3 was mounted 

on a MITIGEN holder in perfluoroether oil. Data were collected using a Rigaku FRE+ equipped 



with VHF Varimax confocal mirrors and an AFC12 goniometer and HyPix 6000 detector 

diffractometer equipped with an Oxford Cryosystems low-temperature device operating at T = 

100(2) K. Data were measured using profile data from ω -scans of 0.5 ° per frame for 40.0 s using 

Mo Kα radiation (Rotating Anode, 45.0 kV, 55.0 mA). The diffraction pattern was indexed and the 

total number of runs and images was based on the strategy calculation from the program 

CrysAlisPro (Rigaku, V1.171.40.79a, 2020). The maximum resolution that was achieved was Θ = 

27.486° (0.77 Å). The diffraction pattern was indexed and the total number of runs and images was 

based on the strategy calculation from the program CrysAlisPro (Rigaku, V1.171.40.79a, 2020). 

The unit cell was refined using CrysAlisPro (Rigaku, V1.171.40.79a, 2020) on 14382 reflections, 

25% of the observed reflections. Data reduction, scaling and absorption corrections were 

performed using CrysAlisPro (Rigaku, V1.171.40.79a, 2020). The final completeness is 98.70 % 

out to 27.486° in Θ. A multi-scan absorption correction was performed using CrysAlisPro 

1.171.40.79a (Rigaku Oxford Diffraction, 2020) Empirical absorption correction using spherical 

harmonics, implemented in SCALE3 ABSPACK scaling algorithm. The absorption coefficient μ 

of this material is 0.492 mm-1 at this wavelength ( λ = 0.71075Å) and the minimum and maximum 

transmissions are 0.557 and 1.000. The structure was solved, and the space group P-1 (# 2) 

determined by the ShelXT 2018/217 structure solution program using using dual methods and 

refined by full matrix least squares minimisation on F2 using version 2018/3 of ShelXL 2018/317. 

All non-hydrogen atoms were refined anisotropically. Most hydrogen atom positions were 

calculated geometrically and refined using the riding model, but some hydrogen atoms were 

refined freely. There is disorder of several CF3 groups. As such various geometrical (SADI) and 

displacement (SIMU, RIGU) restraints were employed. The value of Z' is 0.5. This means that 



only half of the formula unit is present in the asymmetric unit, with the other half consisting of 

symmetry equivalent atoms. 

 

2.3. Spectroscopic Measurements  

Infrared spectra were obtained using a PerkinElmer Spectrum Two FT-IR Spectrometer.  

EPR measurements were performed with a XXX ADD EPR Details HERE 

2.4. Magnetic Measurements  

Variable-temperature direct current (dc) magnetic susceptibility data were collected on a 

Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T magnet and operating in 

the 2-300 K range. The diamagnetic contribution of the sample holder was subtracted from the raw 

data. Pascal’s constants18 were used to estimate the diamagnetic corrections, which were 

subtracted from the experimental susceptibilities to give the molar paramagnetic susceptibilities 

(χΜ). 

2.5. Electronic Conduction Measurements  

The electrical conductivity of the system was measured with a home-made setup consisting 

of a two-point probe tester capable of detecting ultra-high-resistance . ADD DC CONDUCTIVITY 

Details HERE 

 

3. Results and discussion 

3.1. Synthesis 

The reaction scheme Mn(hfac)2/NIT-PhOPh was studied. High spin Mn(II) ions, due to their  

relatively isotropic ground state, are excellent candidates for probing the magnetic anisotropy of 



specific coordination geometries in monometallic complexes 19 while they allow the development 

of magneto structural correlations in polynuclear compounds. 20 In the case of higher 

dimensionality species, Mn(II) compounds have provided model examples of one-dimensional 

Heisenberg magnets, especially when Mn(II) ions are bridged by NIT radicals.21 Indeed, the 

general reaction scheme Mn(II)/NIT-R has been very flexible and several structures of various 

dimensionalities, depending on the -R substituent, have been reported. 11d, 21-22 Herein, we used the 

NIT-PhOPh radical since previous work15 with rare earth ions has shown that this radical possesses 

two electron rich phenyl rings, that are separated by an ether group, which can be involved in 

stacking interactions with the hfac ligands, favouring the formation of 1D chains and providing 

interesting supramolecular features. The main weakness of this ligand, as for all NIT radicals, is 

the poor Lewis basicity which limits the coordination affinity to metal ions. To that end, Mn(hfac)2 

starting material, containing the electron withdrawing hexafluoroacetylacetonate (hfac) ancillary 

group, has been employed in order to enhance the binding of the NITPhOPh radical. In addition, 

the hfac groups occupies four coordination cities of the Mn(II) ions, leaving only two positions 

available for complexation with the radical, and thus, do not allow an increase in dimensionality 

beyond 0D complexes or 1D chain-like compounds. 

To that end, the stoichiometric reaction (1:1) of Mn(hfac)2·2H2O and NITPhOPh in boiling n-

heptane produced dark green crystals of [MnII(hfac)2(IMHPhOPh)]2[MnII(hfac)3](IMH2PhOPh) 

(1),where IMHPhOPh is the three electron reduced form of the NITPhOPh nitronyl-nitroxide 

starting material, and IMH2PhOPh is the protonated form of IMHPhOPh ligand, in 70% yield. The 

chemical and structural identity of the compound was confirmed by single-crystal X-ray 

crystallography and IR spectral data. The formula of 1 is based on metric parameters, charge-

balance considerations, and bond valence sum (BVS) calculations on the Mn atoms. 



The ligand IMHPhOPh was not initially added to the reaction but it was generated in situ from 

the NITPhOPh nitronyl nitroxide starting material in the presence of MnII ions. The conversion of 

NITPhOPh nitronyl nitroxide radical to the diamagnetic IMHPhOPh ligand includes a reduction 

of the nitronyl nitroxide radical to imino nitroxide radical (IMPhOPh) followed by another 

reduction of the latter to the diamagnetic IMHPhOPh moiety, which can exist in either the 

hydroxylamino or the amine-N-oxide form (Scheme 1). In this structure, the amine-N-oxide form 

of the IMHPhOPh ligand is favored since its oxygen atom is bridging the two metal ions. Similar 

transformations have been observed for other nitronyl nitroxide radicals and it is now well 

established that manganese ions in low oxidation states are essential for the reduction of nitronyl 

nitroxide radicals, however the mechanism of such reactions is still not clear.23 Further evidence 

for the absence of the radical character of the IMHPhOPh ligand is provided by the N-O bond 

distance, 1.370(2) Å, which is significantly longer that the corresponding distance found in free or 

coordinated nitronyl nitroxides, ranging from 1.25 to 1.32 Å, and consistent with reports for 

analogous reduced radicals.23 

 

Scheme 1. Redox process of the NIT-PhOPh radical. 

 

3.2. Description of the Structure  



 

Figure 1. Crystal structure of 1, showing the simultaneous presence of the monomer and dimer 

systems. H atoms were omitted for the sake of clarity. Color scheme: Mn, yellow; O, red; N, blue; 

F, green; C, black. 

 

Complex 1 crystallizes in the triclinic space group P1̅. A labeled representation of 1 is presented 

in Fig. 1. The asymmetric unit features one half of the bimetallic [Mn(hfac)2(IMHPhOPh)]2 

complex, with the remainder related through an inversion center. The bimetallic complex in 1 

crystallizes with a [MnII(hfac)3]
- anion and a (IMH2PhOPh)+ cation (Fig. S2). This is an interesting 

supramolecular feature of 1 since crystals containing more than two components are rare and have 

been observed mainly in organic systems. Formation of multicomponent crystals or co-crystals24 

has gained significant attention over the past years due the fact that the co-crystallized materials 

can improve the physicochemical properties of the single molecular components without altering 

their chemical integrity25 . In general, crystal engineering principles 26 are employed for the 



formation of a co-crystal consisting of an active compound and a selected co-crystal precursor 

which will transfer the desired property to the new system.27 This strategy has been successful in 

the case of organic molecules and there are several reports demonstrating that co-crystallization of 

two different organic molecules is affecting the pharmaceutical,28 magnetic,29 optical,30 or, 

mechanical31 properties of the new structure. However, incorporation of metal coordination 

compounds into co-crystals is often challenging since metal complexes usually possess a variety 

of coordination modes and thus different crystallization kinetics and lattice packing forces. 32 

Compound 1 constitutes a rare example of a three-component co-crystal in which two different 

metal complexes, a monometallic and a bimetallic one, are crystallized together with an organic 

molecule and interact exclusively through non-covalent interactions. Charge considerations 

require a formal MnII description for both the bimetallic and the monometallic units in 2 which is 

further supported by the Mn-O bond distances (all >2.132(2) Å) which clearly indicate the 

presence of MnII ions in both units. The assignment of the Mn oxidation state is confirmed by 

BVS33 calculations (Table 2). 



 

Figure 2. Labeled representation of the bimetallic [Mn(hfac)2(IMHPhOPh)]2 complex (left) and 

the [MnII(hfac)3]
- anion of 1. H atoms were omitted for the sake of clarity. Color scheme: Mn, 

yellow; O, red; N, blue; F, green; C, black. 

 

Table 2. Bond valence sum (BVS)a calculations for Mn atoms in 1. 

Atom MnII MnIII 

Mn1 2.00 1.84 

Mn2 2.07 1.91 

aThe underlined value is the one closest to the charge for which it was calculated. The oxidation 

state is the nearest whole number to the underlined value.  

In the bimetallic complex, the two Mn(hfac)2 units are doubly bridged by the O-donor atoms of 

the IMHPhOPh ligand. Each Mn atom is 6-coordinate, possessing a distorted octahedral geometry, 



with four coordination sites being occupied by two chelating hfac groups and the remaining two 

positions being filled by the O atoms of two bridging IMHPhOPh ligands. The Mn-O distances 

are ranging from 2.123(2) to 2.204(2) Å, in agreement with those reported for other MnII-

containing compounds.34 A close inspection of the supramolecular interactions revealed that the 

bimetallic complex is organized in pseudo 1-D chains due to the presence of non-covalent 

intermolecular F…F interactions between the CF3 groups of the hfac ligands with a distance of 

2.639(2) Å. The intramolecular Mn···Mn separation is 3.532(2) Å, with the closest intermolecular 

Mn···Mn contact being 10.184(2) Å.  

 

Figure 3. Intermolecular interactions in 1. Color scheme: Mn, yellow; O, red; N, blue; F, green; 

C, black; H, salmon. 

 



In the homoleptic [MnII(hfac)3]
- mononuclear moiety, the central Mn ion is in a distorted 

octahedral geometry and it is surrounded by the oxygen donor atoms of three chelating hfac 

ligands. The Mn-O bond distances in the anion of 1 are in the same range (average value 2.153(2) 

Å) with values previously reported for other complexes containing the [MnII(hfac)3]
- unit34 and 

significantly longer that those found in neutral [MnIII(hfac)3] species.35 Another notable difference 

between the latter species and the anion of 1 is the lack of the Jahn-Teller distortion observed in 

1, which further supports the presence of MnII ion in the mononuclear moiety of 1.36
 The oxygen 

atoms of the hfac groups of the [MnII(hfac)3]
- mononuclear moiety are involved in intermolecular 

hydrogen bonding interactions with the free (IMH2PhOPh)+ cations. Indeed, the (IMH2PhOPh)+ 

cation interacts with the O atoms of three different hfac groups through both the -NH and the -OH 

groups, involving the (IMH2PhOPh)+ O atom, O21, and the N atom, N22 as the donors, and the 

hfac O atoms, O62, O72, and O82 as the acceptors, with relatively short -NH…O and -OH…O 

hydrogen bonding distances (-NH…O 2.900(2) Å, -OH…O 2.670(2) Å, and -OH…O 2.818(2) Å) 

(Figure 3). In addition, a close inspection of the intermolecular contacts in 1 revealed the presence 

of non-covalent F…F interactions between the CF3 groups of the hfac ligands of the [MnII(hfac)3]
- 

mononuclear moiety with a distance of 2.877(2) Å. The [MnII(hfac)3]
- is also connected 

intermolecularly with the bimetallic [Mn(hfac)2(IMHPhOPh)]2 complex through CF3…π 

interactions between the hfac groups and the phenyl substituent of the coordinated IMHPhOPh 

ligand (3.650(2) Å). The closest intermolecular Mn1…Mn1 contact is 8.060(2) Å, with the 

Mn1…Mn2 separation being 10.740(2) Å. 

 

3.3. Magnetic Studies 



Variable temperature direct current (dc) magnetic susceptibility measurements were performed 

on powdered polycrystalline sample of 1 in a 0.1 T field and in the 2 - 300 K range. The MT versus 

T plot is depicted in Fig. 4. For 1, the experimental χΜT value (12.9(2) emu K mol-1) at 300 K is in 

good agreement with the expected one (13.1 emu K mol-1) for three non-interacting MnII ions. 

Upon cooling, χΜT slightly decreases till 100 K, below which temperature χΜT decreases more 

rapidly, reaching a minimum value of 1.4(2) emu K mol-1 at 2 K. The overall magnetic response 

of 1 is suggestive of the presence of weak antiferromagnetic coupling between the MnII ions within 

the dimeric unit of 1. In order to estimate the intramolecular magnetic exchange interactions 

between the metal ions of bimetallic complex the magnetic susceptibility data for 1 were fit using 

PHI37 program, using the following spin Hamiltonian: 𝐻̂ =  −2𝐽(𝑆𝑀𝑛1
𝑆𝑀𝑛1

′ ). 

 

Figure 4. Temperature dependence of the χMT product for 1, black solid line represents the fit of 

the data using PHI program (fitting parameters: J = -0.79(1) cm-1 and g = 2.04(1)). 

 



The fit gave the following parameters: J = -0.79(1) cm-1 and g = 2.04(1). Inclusion of an 

intermolecular exchange constant of up to zJ = - 0.01 cm-1 did not improve the fitting and gave 

nearly identical J values. These results revealed the presence of weak antiferromagnetic 

interactions between the MnII ions in the dimeric unit of 1. The obtained coupling constant is 

similar with values reported for Mn(II) complexes with the same topology containing other 

reduced imino nitroxide radicals (IMH-R) like the furfural (-0.86 cm-1)23c and the phenyl (-0.88 

cm-1) 23a, 23b derivatives while it is lower than that observed for the reduced bithiophene (-1.55 cm-

1)23d derivative. As expected, the value of Mn(II)-Mn(II) exchange in the dimeric unit of 1 is 

considerable lower that those reported for the Mn(II)-radical exchange in similar systems using 

nitronyl nitroxide (-50 cm-1 and -71 cm-1 for the 4-fluorophenyl38 and methyl39 analogues, 

respectively) or imino nitroxide (-9.36 cm-1 for 4-chlorophenyl23e) radicals. 

 

3.4. Electron Paramagnetic Resonance 

 

 

Figure 5. ADD CAPTION HERE 

 



EPR spectroscopy has been a powerful technique for elucidating the magnetic properties of 

manganese containing compounds. 19b, 40 High-spin mononuclear Mn(II) complexes have a ground 

state of S = 5/2 while zero-field-splitting (ZFS) lifts the degeneracy of the ground state, generating 

three Kramer’s doublets |±1/2〉, |±3/2〉and, |±5/2〉. 40n  As a result, EPR spectra of mononuclear 

Mn(II) complexes usually consist of a six-line signal concentrated at around g = 2, which is 

temperature dependent (signal’s intensity is decreasing on increasing temperature). On the other 

hand, bimetallic Mn(II) compounds possess an effective spin ground of S = 5 which can be split 

to electron-spin energy levels associated with integer spin values ranging from 0 to 5. Bimetallic 

Mn(II) compounds show a characteristic 11-line hyperfine pattern in EPR spectra, which is broad 

and strongly temperature dependent.40l Analysis of their EPR spectra offers the opportunity to 

determine important parameters, including the strength of the exchange coupling, the dipolar 

coupling, the isotropic g-factor and, the D and E zero-field splitting parameters. Thus, EPR 

experiments were performed on polycrystalline powder samples of 1 at temperatures of 3.15-50 K 

in order to gain information about the dipolar coupling between the metal ions and the zero field 

splitting parameters in 1. 

The spectra in Figure 5 show the EPR signal of a polycrystalline powder of 1 at different 

temperatures. The spectra can be interpreted as a superposition of signals from a Mn monomer and 

an independent Mn dimer. The Mn monomer has S = 5/2, while the dimer can be treated as an 

effective spin S = 5 according to the theory developed in (Bencini, Gatteschi, 1992). The 

antiferromagnetic 2J coupling in the dimer (-1.58 cm-1 as measured by SQUID) is larger than the 

frequency of the measurements (0.324 cm-1), hence placing the system in a regime where the 

microwaves cannot drive transition between states of different S. Due to the large number of 

simultaneous contributions, we were unable to extract the parameters of the monomer and the 



dimer, but we can offer a qualitative explanation. States with different S get populated increasing 

the temperature and their contribution is matched in the spectra. At 3.15 K the contribution from 

the dimer comes from the S = 1, S = 2, and S = 3 states. Particularly, the 11 lines at 60 mT are a 

signature of the ∆𝑚𝑠 = ±2 transition of the S = 1 state mixed with the isotropic hyperfine coupling 

of two Mn nuclei. The intensity of this transition quickly decreases when increasing the 

temperature, because the S = 1 state gets depopulated in favor of higher spin states. Similarly, the 

hyperfine lines between 250 and 350 mT that are related to the S = 2 level, also decrease in intensity 

when the state is depopulated.  On the other hand, the peaks at 280 and 440 mT increase in intensity 

since they represent the contribution of S = 4 and S = 5. 

 

3.5. Electrical Conductivity 

 

Figure 6. Current-Voltage characteristic of 1 showing six repeated cycles. The voltage sweeping 

rate is 0.2 V/s. 
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Recently, molecular magnetic materials have been proposed for applications in the area of 

spintronics where the magnetic properties can be used to tune the transport properties of electronic 

devices.41 A central challenge in the design of such materials is the presence of intra- and inter-

molecular electronic channels which can be tuned by using rational chemical design. Compound 

1 is a promising candidate for electronic conduction studies since the presence of many non-

covalent interactions between the three different components is indicative of the presence of 

possible intermolecular electron channels. In addition, we have shown, previously, that NIT-R 

radicals containing aromatic -R substituents, like the NIT-PhOPh radical used here, do not exhibit 

the typical Mott insulator behaviour but they possess electron transport channels due to the 

intermolecular π stacking between the aromatic ring of the phenyl substituent and the delocalized 

NIT moiety.14 To that end experiments were performed in order to investigate the transport 

characteristics of 1. 

Figure 6 shows an example of the I-V curve for a single crystal of 1. A low sweeping rate was 

used for all the measurements to minimize the hysteresis effect. The curves are almost straight 

lines, indicating that the electrical conduction is dominated by Ohm’s law in 1. Considering the 

crystal structure, the charge carriers in a single crystal of 1 should be mostly localized, and the 

transport includes both intramolecular and intermolecular hopping.42 Space Charge Limited 

Transport (SCLT)43 was initial expected, because intermolecular hopping usually comes with large 

energy barrier, and results in very low carrier mobility.14 However, SCLT was not observed in 1,  

possibly due to the presence of strong intermolecular interactions, for instance the F…F, CF3…𝜋 

interactions and hydrogen bonding. The slight degradation of the conductance that observed over 

repeated sweeping cycles (Figure 6) can be mainly attributed to the damaged contact interface 

under prolonged bias voltage stress.  Therefore, we tried to eliminate the measuring time for each 



crystal by performing short experiments. Finally, we averaged the slopes from totally 24 sweeping 

curves, and then calculate the conductance value, which is 1.34(62) × 10−9 S/cm. 

 

 4. Conclusions 

In summary, a new manganese (II) dimer, [Mn(hfac)2(IMHPhOPh)]2, bridged by the oxygen atoms 

of the diamagnetic IMHPhOPh ligand, which derived from the reduction of the NIT-PhOPh 

radical. Interestingly, the bimetallic complex crystallizes with a [MnII(hfac)3]
- anion and a 

(IMH2PhOPh)+ cation. A close inspection of the crystal structure of 1 revealed the presence of 

non-covalent intermolecular interactions between all three species. Complex 1 exhibits an overall 

antiferromagnetic behavior while fitting of the experimental data revealed a coupling constant of 

J = -0.79(1) cm-1 for the MnII dinmer. Work in progress includes the extension of this work using 

other nitronyl-nitroxide radicals, with various substituents, in order to gain access to radical-

bridged manganese compounds. 
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