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ABSTRACT: 47 

 48 

The MnĲIII) dinuclear compounds [{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-49 

O){MnĲbpy)ĲX)}]X, where X = ClO4 (1) or X = NO3 (2), were synthesised and characterised by X-50 

ray diffraction spectroscopy. In both cases there were hydrogen bond interactions between the aqua 51 

ligand and counteranions, but with different connectivity patterns. For compound 1, the interactions 52 

connected two dinuclear complexes through two perchlorate counteranions to generate a tetranuclear 53 

unit. For compound 2, the hydrogen bond was “intramolecular” between the cationic complex, nitrate 54 

counteranion and crystallization water (Mn–LW⋯NO3 −⋯H2O⋯LN–Mn). This unusual interaction 55 

was responsible for the perfect orthogonality of the coordination octahedra on the dinuclear entity and 56 

noticeable elongation of these polyedra. Both compounds showed antiferromagnetic coupling, which 57 

was unusually strong for compound 2 with a nitrate anion (J = −9.2 and −27.3 cm−1 for 1 and 2, 58 

respectively) (H = −J·S1·S2). The effect of the counteranion (X) on the magnetic interaction was 59 

analysed by density functional theory studies. For both compounds, hydrogen bonds between the aqua 60 

ligand and counteranions weakened the antiferromagnetic interaction. Moreover, for 2, replacement of 61 

the counteranion nitrate with other groups had a significant effect on the magnetic interaction. 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

71 



INTRODUCTION 72 

 73 

Interest in MnĲIII) dinuclear compounds with a [Mn2Ĳμ-O)Ĳμ-R′COO)2]2+ core is based on the 74 

possibility of obtaining compounds with two spin ground states: S = 0 or S = 4. Several magneto-75 

structural correlations have been reported for acetate and benzoate derivatives as carboxylate bridging 76 

ligands. Systems with major “flexibility” are hexacoordinated MnĲIII) ions achieved by diimine chelate 77 

ligands, together one oxo and two bridging benzoate derivatives, [{MnLĲNN)}Ĳμ-O)Ĳμ-78 

RC6H4COO)2{MnL′(NN)}]X2−n. The X− anion (N3−, NO3− orClO4−)1–12 can be incorporated as a 79 

ligand in the sixth position. Consequently, three classes of systems have been obtained: dicationic 80 

complexes with neutral ligands such as H2O or EtOH remaining both X as counteranions; neutral 81 

complexes when these anions acts as ligands; monocationic complexes when the two metallic ions 82 

present different charged ligands as a neutral and an anion. 83 

The nature of the monodentate ligand (L, L′) is one of the most influential factors for distortion of the 84 

coordination octahedral around MnĲIII) ions (compression or elongation)2,3 and in the orientation of 85 

the distortion axes.1,4 These facts are related to the magnetic interaction and spin ground state. From the 86 

28 compounds of this type characterized magnetically and structurally, only two have shown 87 

compressed octahedral in the oxo bridge direction, resulting in ferromagnetic interaction in the two 88 

cases with ground spin state S = 4. These compounds have L = L′ = N3,1 and L = H2O and L′ = NO3,4 89 

respectively. 90 

Despite these two exceptions, the remainder of the compounds have distortion axes in the monodentate 91 

ligand direction, and the octahedra are elongated or show rhombic distortion. The degree of 92 

elongation/rhombicity is one of the main parameters affecting the magnetic interaction. 93 

Nevertheless, other parameters are also revealed to modify magnetic coupling, such as the relative 94 

disposition of the coordination octahedra (L–Mn⋯Mn–L′ torsion angle), the Mn–O–Mn angle, and the 95 

twist of the aromatic ring of the benzoate derivative bridge.2,3 96 

The coordination of nitrate or perchlorate anions has a significant influence on the degree of elongation 97 

of the coordination octahedra.3 Moreover, if there is at least one aqua ligand, hydrogen bonds between 98 

this ligand and the counteranion are observed. This interaction could be limited to the aqua ligand of the 99 

cationic complex (LW) and the counteranion (X−) or extended connecting neighbour dinuclear entities. 100 

For the nitrate compounds, most of them form one-dimensional systems due to the hydrogen bonds 101 

connecting with dinuclear entities directly, i.e., LW⋯LN (aqua and nitrate as ligands) or through the 102 

counteranion LW⋯NO3 −⋯LW.2–4,6,9–12 Moreover, they predominantly show a ground state of S = 4 103 

for the dinuclear entity. 104 

For the perchlorate compounds, only half of them result in one-dimensional systems by hydrogen 105 

bonding, as in the preceding case, both types are found (LW⋯ClO4 −⋯LW and LW⋯LCl).3,6,7,10,11 106 

Nevertheless, other cases present these interactions by connecting only two dinuclear entities to make a 107 

tetranuclear unit.2,4,6 From the magnetic viewpoint, most of these compounds show a spin ground state 108 



S = 0. Only few of them with ground spin state S = 4 have hydrogen bonds between dinuclear entities to 109 

generate a one-dimensional system. 110 

From the first study of the magnetic coupling mediated by hydrogen bonds in mononuclear complexes 111 

of CuĲII) ions,13 some other cases of mononuclear and polynuclear compounds with intermolecular 112 

magnetic interaction have been reported.14–23 Moreover, in at least one case, an intramolecular 113 

hydrogen bond that provides a new way for magnetic coupling has been reported.24 There are also two 114 

clusters with SMM properties that have been affected by magnetic interaction through hydrogen bonds 115 

between the clusters.25,26 116 

In the present study, we report two newMnĲIII) dinuclear compounds with a dichlorobenzoate bridge, 117 

[{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)ĲX)}]X, where X = ClO4 − (1) or NO3 − 118 

(2). We wished to observe the influence of the steric hindrance and electronic effect of the two chloro 119 

substituents of the benzoate bridge on structural parameters and magnetic properties. Moreover, the 120 

network of hydrogen bonds generated by the counteranions and their influence on magnetic behaviour 121 

was analysed. To clarify the role of the hydrogen bonds between the counteranion and cationic 122 

complexes, density functional theory (DFT) studies were carried out for both compounds. 123 

 124 

125 



RESULTS AND DISCUSSION 126 

 127 

Synthesis 128 

MnĲIII) dinuclear compounds were obtained by a comproportionation reaction between MnX2 (X = 129 

ClO4 (1), NO3 (2)) and Bu4NMnO4 in the presence of the carboxylic acid 2,6-Cl2C6H3COOH and 130 

2,2′-bipyridine (bpy). Compound 1 [{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)-131 

ĲClO4)}]ClO4 crystallised by slow diffusion of n-hexane into an CH3CN solution of 1 layered with 132 

CH2Cl2. Compound 2·H2O ·CH3CN [{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)-133 

ĲNO3)}]NO3·H2O·CH3CN crystallised directly from the acetonitrile mother liquor by slow 134 

evaporation at room temperature. 135 

The infrared spectra of these compounds showed characteristic bands of the carboxylate ligand at ∼1600 136 

cm−1 and 1390 cm−1 corresponding to asymmetric (νa) and symmetric (νs) vibrations, respectively. 137 

The value of Δν = νaĲCOO) −νsĲCOO) ∼210 cm−1 is indicative of carboxylate ligands coordinated in 138 

bidentate bridging mode (μ1,3).27 In addition, compound 1 showed the characteristic band of ClO4 − at 139 

∼1100 cm−1. For compound 2, NO3 − showed a very strong band at ∼1385 cm−1; this band overlapped 140 

with the νs of the carboxylate group and therefore it was not possible to distinguish between coordinated 141 

and non-coordinated ions. The bipyridine ligand showed three characteristic bands in the 1500–1445 142 

cm−1 region and the Mn–Ob–Mn group usually displayed a band at ∼730 cm−1. 143 

 144 

Description of the structures 145 

The crystal structures of compounds 1 and 2·CH3CN·H2O showed a dinuclear cationic complex 146 

[{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)ĲX)}]+ and non-coordinated perchlorate 147 

or nitrate counteranions (X). The cationic complexes of these compounds are shown in Fig. 1 and 2. In 148 

both compounds, the two MnĲIII) ions were bridged by one oxo and two 2,6-Cl2C6H3COO− ligands. 149 

Each manganese ion was chelated by a 2,2′-bipyridine (bpy) ligand, and hexacoordination was 150 

completed by a monodentate ligand, which was a water molecule in one manganese atom and X anion in 151 

the other one. The structural parameters of 1 and 2 were in agreement with those reported for analogous 152 

compounds with the same [Mn2Ĳμ-O)Ĳμ-R′COO)2]2+ core.1–12 Select interatomic distances and 153 

angles are shown in Tables 1 and 2.  154 

The Mn⋯Mn distance was ∼3.16 Å and Mn–Ob–Mn angle was ∼124°. The Mn–O bond length of the 155 

oxo bridge was ∼1.79 Å and Mn–N distance was ∼2.06 Å. The carboxylate bridging ligands were 156 

coordinated in a syn–syn conformation. One of the oxygen atoms was placed trans to the monodentate 157 

ligand with a Mn–Ot distance of ∼2.15 Å for 1 and ∼2.21 Å for 2, whereas the other oxygen atom was 158 

placed in the cis position with a shorter Mn–Oc distance (∼1.97 Å) and was similar for both compounds. 159 

The Mn–OW distance for the aqua ligand was similar in both compounds (∼2.23 Å), whereas Mn–OL 160 

distance involving the anion as a monodentate ligand (ON and OCl atoms, respectively), was larger for 161 

ClO4− than for NO3− (2.33 and 2.21 Å for 1 and 2, respectively). 162 



The carboxylate group and aromatic ring of the benzoate derivative bridge was not coplanar; the twist 163 

angle ω(O–Ccarb–Car–Car) was ∼74° for both compounds, probably due to the hindrance of chlorine 164 

atoms in the aromatic ring. No significant difference was observed between 1 and 2, despite the 165 

dissimilar shape and volume of the monodentate ligand on Mn2. The relative disposition of the 166 

coordination octahedral could be analysed by the torsion angle between the elongation axes, τ(L–167 

Mn⋯Mn–L). This angle was ∼106° for 1 whereas for 2 the octahedra were perfectly orthogonal (τ angle 168 

of 90°). 169 

The arrangement of the coordination octahedra in compound 2 was due to crystallisation solvent 170 

molecules, 2·H2O ·CH3CN, [{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)-171 

ĲNO3)}]NO3·H2O·CH3CN, which propagated the interaction between the monodentate ligands in the 172 

two MnĲIII) ions, through a “net” of hydrogen bonds Mn2–LN⋯W⋯NO3−⋯LW–Mn1 (Fig. 3). The 173 

interaction between the aqua ligand and nitrate ion was stronger than that of the nitrate ligand and 174 

crystallization water (abbreviated as W). The hydrogen-bond distances between the involved oxygen 175 

atoms were: dĲO6⋯O12) = 2.746 Å, dĲO11⋯O13) = 3.033 Å and dĲO13⋯O9) = 2.843 Å. 176 

As mentioned above, in this type of compound, it is usual to find hydrogen bonding between the nitrate 177 

counteranion and aqua ligand which, in most cases, forms a onedimensional system. However, this is the 178 

first compound in which the intramolecular hydrogen bonding between the cationic complex and 179 

counteranion generated a cycle, LW⋯NO3−⋯W⋯LN, that blocked any other interaction with 180 

neighbour entities. 181 

The nitrate ligand coordinated to the Mn2 ion was perpendicular to the Ot–Mn–OL axis direction, 182 

(γ(O9–N5–O7–Mn2) = 91.91°) and the angle between the planes containing the coordinated and non-183 

coordinated nitrate ions was 47.36° (ESI,† Fig. S1). The angle between the two planes containing the 184 

hydrogen bonds that generated the extra bridge, O9⋯O13⋯O11 and O11⋯O12⋯O6 was 59.88° (Fig. 185 

4). 186 

For compound 1, the intermolecular hydrogen bonding between the aqua ligand and perchlorate anion 187 

connected two dinuclear entities, LW⋯ClO4−⋯LW. (Fig. 5). The OW⋯OCl distance was slightly 188 

different for both perchlorate anions: dĲO6⋯O12) = 2.874 Å and dĲO6⋯O14′) = 2.797 Å. 189 

In these types of compounds, the coordination octahedron around the MnĲIII) ions is elongated in the 190 

direction of the monodentate ligand, and the Jahn–Teller axes are approximately in the Ot–Mn–OL 191 

direction (z axis). Arbitrarily, the x axis could be considered in the Nt–Mn–Ob direction. 192 

Approximate values of the axes length could be obtained by addition of the Mn–L distances of each axis 193 

(x = dĲMn–Ob) + dĲMn–Nt), z = dĲMn–OL) + dĲMn–Ot) and y = dĲMn–Oc)  + dĲMn–Nc)). For 194 

both compounds, the length of x and y axes were similar, whereas some difference was observed in the 195 

length of the z axes. 196 

The most significant differences were in the Mn–L distances in the z axes. In both compounds, one site 197 

showed a water molecule as a monodentate ligand and the other site the X anion. The Mn–OW distance 198 

was similar for both compounds (∼2.23 Å) whereas the Mn–Ot distance (oxygen atom in trans to a 199 



water molecule) was shorter for 1 (2.17 Å) than for 2 (2.22 Å). In the other site, with the X group 200 

coordinated to the MnĲIII) ion, the Mn–OCl distance in 1 was ∼2.31 Å (there was some delocalization 201 

of the perchlorate ligand), whereas the Mn–ON distance in 2 was 2.21 Å. The Mn–Ot distance (oxygen 202 

atom trans to the X group) was shorter in 1 (2.13 Å) than in 2 (2.20 Å). 203 

The degree of distortion was evaluated by elongation (Δ) and rhombicity (ρ) parameters, which were 204 

calculated using the formulae:3 205 

 206 

 207 
 208 

where �̅�𝑦ത = (x + y)/2, Δ represents how different the Jahn–Teller axis is from the average length 209 

between x and y axes, and ρ represents distortion within the xy plane. The axis length and distortion 210 

parameters for compounds 1 and 2 are shown in Table 3. Interestingly, for compound 1, the most 211 

elongated octahedron was that around Mn2 (with the perchlorate ligand) whereas, for compound 2, is 212 

was around Mn1 (with the aqua ligand). Surprisingly, the average value for the elongation parameter of 213 

both compounds was similar; the obtained value for compound 1 was in the expected range for 214 

perchlorate compounds, but it is unusually large for the nitrate compound. The largest Δ value found 215 

until now was for an analogous compound with a 3-MeOC6H4CO2 – bridge (12.4) that shows two 216 

nitrate ligands.3 Hence, it seems that the unusual hydrogen bond present in compound 2 affected Mn–L 217 

distances. 218 

 219 

Magnetic properties 220 

Magnetic susceptibility data were recorded for compounds 1 and 2·CH3CN·H2O from room 221 

temperature to 2 K (4 K for 2). χMT versus T plots are shown in Fig. 6. At 300 K, the χMT values were 222 

lower than expected for two uncoupled MnĲIII) ions (5.6 and 4.5 cm3 mol−1 K for compound 1 and 2, 223 

respectively). This fact, together with the decrease in χMT values on cooling, was indicative of a strong 224 

antiferromagnetic interaction. This was also clearly evidenced by a maximum in the χM versus T plot, at 225 

26 K for compound 1 and at 90 K for 2, which was indicative of a stronger magnetic interaction in 2 226 

than in 1. 227 

Experimental magnetic susceptibility data were fitted with the PHI program.28 We assumed that the two 228 

MnĲIII) ions had the same g value. The best fits of the experimental data corresponded to J = −9.2 229 

cm−1 and g = 2.01, with  RĲχMT) = 8.1 × 10−5, RĲχM) = 3.6 × 10−3 for compound 1 and J = −27.3 230 

cm−1 and g = 2.01, with RĲχMT) = 7.1 × 10−5, RĲχM) = 2.0 × 10−3 for compound 2 (considering H = 231 

−J·S1·S2 as the spin Hamiltonian). 232 

 233 

 234 



 235 

Magneto-structural correlations 236 

The magnetic coupling constant for perchlorate compounds range between +5.7 cm−1 to −12.6 cm−1, 237 

and the result obtained for compound 1 was within this interval. For nitrate compounds, the magnetic 238 

coupling constant for compounds reported in the literature range between +11.8 cm−1 to −2.3cm−1. 239 

Consequently, the result obtained for compound 2 was out of this range and, moreover, out of the range 240 

of perchlorate compounds, being compounds with stronger antiferromagnetic interactions.3 241 

Table S1 in ESI† summarizes the most relevant magnetostructural parameters for the 30 compounds 242 

(including 1 and 2) of this type reported until now. Half of them are nitrate compounds (X = NO3) and, 243 

between them, 11 compounds show at least one nitrate ion acting as a ligand. Interestingly, three 244 

compounds with para susbstituents3,4,8,9 remain nitrate uncoordinated, whereas those with ortho-245 

position nitrate ions are coordinated to one or two MnĲIII) ions. Nevertheless, compounds with meta 246 

substituents have a nitrate ion as a counteranion or ligand for 3-Cl10 and 3-MeO,3 respectively, which 247 

should be related by the electronic properties of these groups. Table 4 summarizes the magneto-248 

structural parameters for compounds with an ortho mono and disubstituted carboxylate bridge. 249 

n the last years, we have analysed different structural factors affecting the magnetic interaction for 250 

compounds with a general formula [{MnĲL)ĲNN)}2Ĳμ-O)Ĳμ-n-RC6H4COO)2]X2. We found strong 251 

influences of the Mn–Ob–Mn angle (α) on the magnetic interaction; major angle values corresponded to 252 

greater antiferromagnetic interaction, with a dependence of ∼5 cm− 1 per degree. 4 For this type of 253 

compound, the α angle is in the range 121–125° (Table 4 and Table S1 in ESI†). However, other 254 

structural parameters enhance the antiferromagnetic interaction: elongation of the coordination 255 

octahedra (Δ parameter), relative orthogonal disposition of octahedra, (evaluated as the angle between 256 

the Jahn–Teller axes τ(L–Mn⋯Mn–L)) and the coplanar or perpendicular disposition of the benzylic 257 

ring and carboxylate group,  O C C C carb ar ar       .2,3,7 258 

Moreover, as mentioned above, most of the nitrate compounds showed coordination of this anion and a 259 

ferromagnetic interaction between MnĲIII) ions. Previously,6 we analysed the influence of the 260 

disposition of the nitrate ligand on the magnetic interaction due to their π-acid character. The disposition 261 

of the nitrate ligand could be defined by two angles: β(Mn–O–N) and the angle between the planes 262 

containing the MnN2O2 fragment and NO3 group (γ) (Fig. 7). When β and γ angles were close to 90° 263 

the z2 orbital of the MnĲIII) ion and π*(NO3) were orthogonal and any overlap between them was 264 

possible. The best overlap should be achieved for β = 90° and γ = 0°. In this situation, some spin density 265 

of the MnĲIII) ion could be delocalized into the nitrate ligand, thereby decreasing the antiferromagnetic 266 

interaction.6 267 

Compounds with 3-MeO and with an unsubstituted benzoate bridge showed similar values for these 268 

angles (β = 130–134° and γ = 84–88°, see Table S1 in ESI†). Compounds with a substituent on the 269 

carboxylate bridge in the ortho position showed a greater range for these angles: β = 118–140° and γ = 270 

30–89°. 271 



Despite of the influence of the different structural parameters on the magnetic interaction, compound 1 272 

followed the expected trends as, for example, the similarity with A and B (Table 4). 273 

The structural parameters of 2 were substantially different from those of compounds with a 2-Cl 274 

substituent, J and K, and with most nitrate compounds; their Δ, ω and τ parameters were more similar to 275 

those of the perchlorate compounds. 276 

The most relevant differences between compound 1 and 2 were in the τ angle and the presence of the 277 

nitrate ligand. The difference in this angle could explain the major antiferromagnetic behaviour of 2. 278 

However, the disposition of this ligand, with a small γ angle, suggested some delocalization of the spin 279 

density from the z2 orbital of the MnĲIII) ion to the nitrate ligand, which should decrease the 280 

antiferromagnetic interaction. 281 

Another factor to take into consideration was the electronic effect of the second chlorine substituent on 282 

benzoate bridges. Indeed, 2,6-Cl2C6H3COOH (pKa = 1.59) was more acidic than 2-ClC6H4COOH 283 

(pKa = 2.92), indicating a major withdrawing character of the aromatic ring. Previously, we observed 284 

that compounds with 2-RC6H4COO− bridges show a weaker antiferromagnetic interaction when R = F 285 

(electronwithdrawing group) than when R = Me (electron-donating group).6 In the case reported here, 286 

the second chlorine substituent decreased the electronic density on the carboxylate group, and a weaker 287 

antiferromagnetic interaction could be expected. However, the experimental data showed an opposite 288 

tendency to that expected with regard to electronic factors. Thus, the fact that the structural parameters 289 

mentioned above are more relevant became evident. However, the proposed question was if the 290 

difference in the τ angle was sufficient to explain the strongest antiferromagnetic interaction on 2. 291 

 292 

DFT studies 293 

With the aim of observing the influence of the counteranion on the magnetic properties of these 294 

compounds, several calculations were carried out. The coupling constants between transition metals 295 

through hydrogen bonding can be theoretically predicted,13 so we attempted to understand the 296 

contribution of the bound counteranions. In particular, we were interested in compound 2, for which the 297 

unusual hydrogen bonds generated an extra bridge between the MnĲIII) ions (Fig. 3). There were 298 

several compounds in which the presence of magnetic interaction through hydrogen bonds could be 299 

evidenced.14–26 300 

First, from the crystallographic data we calculated the magnetic interaction in the isolated cationic 301 

dinuclear complexes of 1 and 2 ([{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)ĲX)}]+ 302 

with X = ClO4− or NO3−, respectively). The results of these calculations suggested that the cationic 303 

complex of 1 showed a weaker antiferromagnetic interaction compared with that of the cationic complex 304 

of 2 (Tables 5 and 6). This trend was in agreement with the experimental results and confirmed that the 305 

structural differences were responsible for the stronger interaction in 2 than in 1. Nevertheless, the 306 

second calculation was carried out for the whole compound. In both cases, there were hydrogen bonds 307 



between the dinuclear complex and counteranion but, as mentioned in the structural section, the 308 

situation was very different between 1 and 2 and they were analysed separately. 309 

For compound 1, the aqua ligand of two neighbour cationic complexes interacted through a hydrogen 310 

bond with two perchlorate counteranions. Hence, in this case, two perchlorate anions acted as extra 311 

bridges between two cationic dinuclear complexes of 1, Mn L ClO L Mn W W W W        4 312 

2 . To observe the effect of the extra hydrogen bond bridges, several models based on the structural 313 

data of 1 were analysed (Table 5 and Table S2 in ESI†). 314 

The 1A model corresponded to the cationic complex of 1, having only ligand directly bound to 315 

manganese atoms. 1B and 1C incorporated only one perchlorate (the two perchlorate counteranions were 316 

non-equivalent) together with the cationic complex of 1, interacting with the aqua ligand by hydrogen 317 

bonding. Nevertheless, 1D contained two perchlorate anions bound to the cationic complex of 1. The 1E 318 

model added a terminal aqua ligand of the neighbouring complex to the 1D one, bound by hydrogen 319 

bonds. Finally, the 1⋯1′ model considered the two neighbouring units as a tetranuclear complex (two 320 

complexes and two counteranions). 321 

Calculations on the isolated cationic complex of 1 predicted a stronger antiferromagnetic interaction 322 

than the experimental one. To analyse the influence of the hydrogen bonds of the aqua ligand with the 323 

neighbouring complex, we took the isolated cationic complex of 1 as reference. 324 

Inclusion of a single perchlorate anion (1B and 1C) decreased the antiferromagnetic interaction in the 325 

two models. The spin density on the aqua ligand increased while it decreased in the manganese ion with 326 

the coordinated water (MnW). This effect was greater when the two anions were present (1D). However, 327 

the influence of these hydrogen bonds was negligible on the other manganese ion of the complex 328 

(MnCl). The perchlorate anions transferred some electron charge to the aqua ligand, and the latter 329 

transferred some electron charge to the manganese ion. Addition of a terminal water molecule did not 330 

modify this description significantly. 331 

For the tetranuclear model 1⋯1′, with two cationic complexes interacting through the perchlorate 332 

counteranions, the magnitude of the magnetic interaction was intermediate between the models 1E/1D 333 

and 1C/1B. The anions transferred now electron charge to the two complexes. The calculations for 1⋯1′ 334 

showed negligible magnetic interactions (<10−4cm−1) between the MnĲIII) ions of neighbouring 335 

complexes. This was significantly different to the other cases reported in the literature where magnetic 336 

interaction between neighbouring entities is present.14–19,21–26 Consequently, the calculation for the 337 

isolated cationic complex of 1 indicated a stronger antiferromagnetic interaction that the experimental 338 

data. However, when the perchlorate counterions were present, a certain degree of weakening of this 339 

interaction was found. Nevertheless, a disagreement between theoretical (1⋯1′) and experimental 340 

coupling of only 5 cm−1 was found, probably induced by disorder in the perchlorate anions. 341 

The modification on electronic structure by counteranions is depicted qualitatively in Fig. 8. 342 

Perchlorates acted as donors of electron density and transferred it to the aqua ligand, and this was water-343 

bound to the MnĲIII) ion. However, water delocalized mainly β (down) spin density on MnW and 344 



counteracted its α (up) spin density. The final effect was a decrease in spin density on the metal in 345 

comparison with the model 1A without counteranions. It is well known that the net magnetic interaction 346 

between the MnĲIII) ions is the balance between ferro- and antiferromagnetic contributions. One of the 347 

antiferromagnetic contributions involves the z2 orbital of the first center (pointing towards the aqua 348 

ligand) and the xz of the second one (in the N2O2 plane). Consequently, the minor spin density on the 349 

first metal could diminish the value of this antiferromagnetic contribution.6 350 

In compound 2, there were intramolecular hydrogen bonds between two sites of the cationic complex 351 

through one counteranion and one crystallisation water molecule, MnW–LW⋯NO3−⋯W⋯LN–MnN 352 

(see the description of the structures section). Hence, in this case, we carried out calculations with the 353 

whole compound (2·H2O), including the counteranion and water, and good concordance between 354 

experimental and theoretical coupling constants was noted. Alternatively, we considered the isolated 355 

cationic complex of 2 by removing both nitrate and water bound by hydrogen bonds to determine the 356 

influence of this approach in the magnetic interaction (2A). An extra bridge between the two MnĲIII) 357 

ions of the complex decreased the antiferromagnetic interaction (Table 6). 358 

Aiming to understand the effect of this extra bridge, different models were generated from the 359 

crystallographic data of 2, by replacing the NO3− anion by neutral and anionic species (X). 2B and 2C 360 

corresponded to the models with neutral X groups (MeNO2 and HNO3, respectively) with trisubstituted  361 

nitrogen (Table 6 and Table S3 in ESI†). An identical bridging core was present in the 2D model with 362 

anionic NO2−, but now disubstituted nitrogen had an electron lone pair. Finally, 2E and 2F containing 363 

anionic X groups with carbon as the central atom (HCO3− and MeCO2−, respectively) were considered 364 

to evaluate the effect of electronegativity. 365 

The calculated magnetic interaction was dependent on the LN⋯W⋯X⋯LW interaction. The calculated 366 

magnetic interaction was similar for models 2A (only the cationic complex), 2B and 2C (neutral X). 367 

However, a decrease of ∼13% in the antiferromagnetic interaction was observed when an anionic X 368 

species was involved in the hydrogen bond bridge. 369 

Magnetic properties were dependent on the presence of the extra bridge, so we considered the 2A model 370 

as the reference. When neutral X groups were incorporated, the main changes in the electronic structure 371 

affected both the aqua ligand and molecule that received electron density from a neighbouring neutral 372 

molecule and nitrate ligand, respectively. The spin densities on both MnN and MnW atoms decreased 373 

slightly, delocalizing it in their ligand, whereas it was zero for bridging water and neutral molecules (as 374 

expected for diamagnetic extra bridges). This observation could be explained by redistribution of the 375 

spin density from MnN to MnW through the extra bridge (Fig. 9, left). Our calculations revealed that 376 

these variations on the spin density of the MnĲIII) ions did not affect the antiferromagnetic interaction. 377 

Conversely, in systems with anionic X groups (2, 2E and 2F), the MnN was mostly affected by the extra 378 

bridge, which decreased its spin density. The spin density also decreased in the nitrate ligand and 379 

increased in the aqua ligand of MnW (Fig. 9, right). Moreover, lower spin densities on MnN and MnW 380 

were obtained for models replacing nitrogen by a low electronegative carbon as the central atom in the 381 



X groups (2E vs. 2C, and 2F vs. 2B). Also, new bridging extra ligands had negligible spin density. 382 

Consequently, we could associate the decrease in the spin density on manganese atoms with the low 383 

antiferromagnetic interaction in these models. As in compound 1, the antiferromagnetic z2/xz 384 

contributions decreased due to the lower spin density on the z2 orbital. 385 

A special case was the NO2− model (2D), which unexpectedly showed a significant amount of spin 386 

density in the extra bridge. Now, the spin density on both manganese ions decreased, especially on 387 

MnW, and also on the nitrate ligand, being transferred to the nitrite group and aqua ligand. This could be 388 

interpreted as delocalisation of the spin density from MnW, and in minor extension from MnN, to the X 389 

group interacting by hydrogen bonds (Fig. 9, bottom). 390 

Then, the effect of the extra bridge between the manganese ions on the dinuclear compound was 391 

different depending on the nature of the X group. When X was neutral, electron density was transferred 392 

to MnW and to the nitrate ligand (LN), whereas anionic groups transferred it to LW, LN and MnN. 393 

Slightly different behaviour was observed for the nitrite group (2D) because it was transferred to LW, 394 

MnW and LN. 395 

396 



EXPERIMENTAL 397 

 398 

Synthesis 399 

All manipulations were carried out under aerobic conditions. Reagents and solvents were obtained from 400 

commercial sources and used without purification. NBu4MnO4 was prepared as described in the 401 

literature.29 Caution! Perchlorate salts of compounds containing organic ligands are potentially 402 

explosive. Only small quantities of these compounds should be prepared. 403 

[{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)ĲClO4)}] ClO4 (1) MnĲClO4)2·6H2O 404 

(0.45 g, 1.25 mmol) was dissolved into 20 mL of MeCN and a solution of 2,6-Cl2C6H3COOH (0.30 g, 405 

1.6 mmol) was added. Then, MeCN solutions of 2,2′-bipyridine (0.0.25 g, 1.6 mmol) and NBu4MnO4 406 

(0.12 g, 0.32 mmol), which had been filtered previously, were added to the abovementioned solution. 407 

The resulting solution was stirred for ∼10 min and a first precipitate appeared. The yield was 42.1%. X-408 

ray quality single crystals where obtained by slow diffusion of n-hexane into the mother solution of 1 409 

layered with CH2Cl2 (1 : 1 : 1). Anal. Calcd for C34H24N4O14Cl6Mn2 (M. W. = 1035.2) (%): C, 410 

39.54; H, 2.34; N, 5.43; Cl, 20.33. Found (%): C, 38.91; H, 2.28; N, 5.51; Cl, 20.14.IR (KBr pellet): 411 

3416 (w), 1601 (s), 1572 (m), 1469 (m), 1447 (m), 1429 (s), 1386 (s), 1111 (s), 1084 (s), 770 (s), 728 412 

(m), 626 (m), 499 (m) cm−1. 413 

[{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-O){MnĲbpy)ĲNO3)}] NO3·H2O·CH3CN 414 

(2·H2O·CH3CN)2,6-Cl2C6H3COOH (0.31 g, 1.6 mmol) in MeCN was added to a solution of 415 

MnĲNO3)2·4H2O (0.32 g, 1.25 mmol) in MeCN. Then, previously filtered NBu4MnO4 (0.12 g, 0.32 416 

mmol) dissolved in MeCN was added to the above-mentioned solution. Finally, an MeCN solution of 417 

2,2′-bipyridine (0.25 g, 1.6mmol) was added (total volume, 150 mL), and the resulting solution was 418 

stirred for ∼5 min. A brown precipitate appeared from the initial solution. The precipitate was washed 419 

with Et2O and dried in air. Dark crystals suitable for X-ray diffraction spectroscopy were obtained by 420 

slow evaporation of the mother liquor at room temperature. Yield: 36.9%. Anal. calcd for 421 

C34H24N6O12Cl4Mn2·Et2O (M.W. = 1034.4) (%): C, 44.12; H, 3.31; N, 8.12; Cl, 13.71. Found (%): 422 

C, 44.03; H, 2.99; N, 8.20; Cl, 13.97. IR (KBr pellet): 3421 (s), 1601 (s), 1497 (m), 1471 (m), 1446 (m), 423 

1445 (w), 1384 (s), 1299 (m), 1171 (w), 1156 (w), 1032 (m), 768 (m), 730 (w), 661 (w), 499 (w). 424 

 425 

Physical characterization 426 

Chemical analysis (C, H, N and Cl) was carried out by the Servei de Microanàlisi of the Consell 427 

Superior d'Investigacions Científiques. Infrared spectra were recorded on KBr pellets in the 4000–400 428 

cm−1 range with a Termo Nicolet Avatar 330 FT-IR spectrometer. Magnetic susceptibility 429 

measurements between 2 and 300 K were carried out in a Quantum Design MPMS XL5 magnetometer 430 

at the Unitat de Mesures Magnètiques, Universitat de Barcelona using a field of 300 G. The Pascal 431 

constant was used to estimate the diamagnetic corrections for each compound. The fit was undertaken 432 

by minimizing the function R = P[(χMT)exp − (χMT)calc]2/P[(χMT)exp]2. 433 



X-ray crystallography 434 

The data collection for compound 1 was carried out at 293 K whereas for 2 it was at 100 K, both on a 435 

Bruker D8Venture diffractometer equipped with graphite monochromated Mo Kα radiation (λ = 0.71073 436 

Å). Structures were solved and refined using the SHELXL2014 (ref. 30) program. Hydrogen atoms were 437 

treated by a mixture of independent and constrained refinement. Crystal data collection and refinement 438 

parameters are given in Table S4 in ESI.† For compound 1, the program SQUEEZE31 (part of the 439 

PLATON32 package of crystallographic software) was used to calculate the solvent disorder and 440 

remove its contribution to the overall intensity data. Twenty-three electrons were found in a 102 Å3 441 

void, which corresponded to the diffuse contribution of an acetonitrile molecule without specific atom 442 

positions. 443 

 444 

Computational details 445 

Unrestricted density functional calculations were carried out using the Gaussian09 package,33 with the 446 

B3LYP hybrid method.34,35 An all-electron triple-ζ basis set was used for all atoms.36 Evaluation of 447 

the coupling constants was carried out using high-spin and broken-symmetry states according to non-448 

projected DFT calculations.37 Atomic charges, orbital populations and spin densities were computed by 449 

Natural Populations Analysis. These calculations have been used to provide quantitative results,7 450 

including for magnetic coupling towards hydrogen bonds.13 451 

452 



CONCLUSION 453 

 454 

The two MnĲIII) dinuclear compounds [{MnĲbpy)ĲH2O)}Ĳμ-2,6-Cl2C6H3COO)2Ĳμ-455 

O){MnĲbpy)ĲX)}]X (X = ClO4 for 1, NO3 for 2) showed different hydrogen bond connectivities, 456 

which play important parts on the structural parameters of dinuclear entities. The unusual intramolecular 457 

pattern of hydrogen bonds (Mn–LW⋯X⋯W⋯LN–Mn) for 2 could have been responsible for the perfect 458 

orthogonality of the coordination octahedral and, indirectly, of the noticeable antiferromagnetic 459 

interaction. 460 

Comparison with the analogous compounds with a 2-chlorobenzoate bridge showed that the structural 461 

effects of electron-withdrawing chlorine atoms was more important than its electronic factors. DFT 462 

studies for both compounds revealed that hydrogen bonds between the counteranion and water molecule 463 

decreased the antiferromagnetic interaction. For 1, the intermolecular hydrogen bonds propagated some 464 

redistribution of the spin density on the dinuclear complex and modified its magnetic interaction. For 2, 465 

the intramolecular hydrogen bonds provided the dinuclear entity with an extra bridge between MnĲIII) 466 

ions, and the magnetic interaction weakened the anionic X groups with a major effect observed if the 467 

central atom of this group was C instead of N. 468 

 469 

 470 
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Legends to figures 544 

 545 

Figure. 1. Crystal structure of the cationic complex of compound 1 showing the atom labelling scheme. 546 

Hydrogen atoms have been omitted for clarity. 547 

 548 

Figure. 2Crystal structures of the cationic complex of compound 2·H2O·CH3CN showing the atom 549 

labelling scheme. Hydrogen atoms have been omitted for clarity. 550 

 551 

Figure. 3 Hydrogen bonds between both monodentate ligands through the crystallisation water molecule 552 

and nitrate counteranion on 2·H2O·CH3CN. 553 

 554 

Figure. 4 Planes containing the atoms involved in the hydrogen bonds between LN⋯W⋯NO3−⋯LW 555 

for compound 2. 556 

 557 

Figure. 5 Hydrogen bonds connecting two dinuclear complexes, through the aqua ligands and 558 

perchlorate anions, on compound 1. 559 

 560 

Figure. 6 χMT versus T and χM versus T (inset) plots for compounds 1 and 2·H2O·CH3CN. The solid 561 

line is the best fit to the experimental data. 562 

Figure. 7 Relative disposition of the nitrate ligand and equatorial plane of the coordination octahedron. 563 

 564 

Figure. 8 Main redistribution of the spin density on compound 1 by the presence of hydrogen bonds 565 

between the aqua ligands and perchlorate counteranions. Blue arrows represent modifications of the 566 

electron density (α (up) and β (down) spin density), while dashed arrows affect mainly α (up) or β 567 

(down) spin densities. Local spin for paramagnetic ions are shown in pink. 568 

 569 

Figure. 9 Main spin density redistributions due to the hydrogen bonds in the extra bridge for compound 570 

2 and models derived from it. Arrows as Fig. 7. 571 
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FIGURE 1 576 
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FIGURE 2 582 
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FIGURE 4 592 
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FIGURE 6. 601 
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FIGURE 7. 606 
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FIGURE 8. 614 
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FIGURE 9. 619 
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Table 1 Select interatomic distances (Å) and angles (°) for compound 1 624 

 625 

 626 

  627 



Table 2 Select interatomic distances (Å) and angles (°) for compound 2 ·CH3CN·H2O 628 

 629 

 630 

 631 
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 633 

 634 
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Table 3 Length of x, y and z axes and elongation (Δ) and rhombicity (ρ) parameters for compounds 1 636 

and 2 637 

 638 

 639 

  640 



Table 4 Magnetic coupling constants J and selected structural parameters for [{MnĲL)ĲNN)}2Ĳμ-641 

O)Ĳμ-n-RC6H4COO)2]X2 compounds and [{MnĲL)Ĳbpy)}2Ĳμ-O)Ĳμ-2,6-Cl2C6H3COO)2]X2 642 

compounds (1, 2) 643 

 644 

 645 

  646 



Table 5 Calculated magnetic coupling constants and spin density on the MnĲIII) ions and on the aqua 647 

ligand for different models based on the crystallographic data of 1 (Mn–LW⋯ĲClO4−)1/2···LW–Mn′). 648 

A scheme for framework units in each model is also shown. (H = −JS1·S2) 649 

 650 

 651 



Table 6 Calculated magnetic coupling constants and spin density on the MnĲIII) ions, monodentate 652 

ligands, and the extra bridge (crystallization water and counteranion) for 2. A scheme for framework 653 

units in each model is also shown (H = −JS1·S2) 654 

 655 

 656 


