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ABSTRACT: 52 

 53 

The crystal structure of Mn(II) carboxylate with 3-methylbenzoate as a bridging ligand [Mn(3-54 

MeC6H4COO)2(H2O)2]n shows a rhomboidal layer, where each pair of neighbor Mn(II) ions are 55 

bridged through only one carboxylate group with a syn–anti conformation. The magnetic exchange 56 

between neighbor ions is weakly antiferromagnetic (J = −0.52 cm−1, g = 2.04), and at low temperature 57 

the system shows spin canting with TB = 3.8 K. Computational studies, based on periodic calculations 58 

of the energies of the significant spin states on the magnetic cell and some higher supercells, corroborate 59 

the weak AF interaction between the adjacent Mn(II) ions and preclude the negligible effect of 60 

frustration caused by very weak interactions between the non-adjacent ions in the magnetic response of 61 

the system. The results provide compelling evidence that the observed spin canting is due to the local 62 

coordination geometry of the manganese ions leading to two antiferromagnetically coupled subnets with 63 

different axial vectors. 64 

65 



INTRODUCTION 66 

 67 

Carboxylate ligands are of great interest in coordination chemistry due to their ability to coordinate 68 

metal ions leading to systems with a wide range of nuclearity. This rich diversity of structures is related 69 

to their coordination mode versatility. A carboxylate bridging ligand could be coordinated in different 70 

modes and this fact influences the magnetic exchange between the metallic ions. The simplest 71 

coordination mode is a μ1,3 bridge that can be arranged in a syn–syn, syn–anti or anti–anti fashion. It is 72 

well known that the magnetic exchange through the carboxylate bridge is weak, however, some 73 

differences have been observed, the antiferromagnetic interaction being stronger for the syn–syn 74 

coordination mode than for the other conformations.1 75 

Most of the Mn(II) polymeric or extended compounds with carboxylate ligands have two or three 76 

bridging ligands that can be a carboxylate or carboxylate and another ligand. In the last few years a wide 77 

range of manganese(II) carboxylates with polycarboxylate ligands has been reported.2–10 However, the 78 

number of systems where the manganese(II) ions are bridged through only one carboxylate group is 79 

rather scarce. To the best of our knowledge, two chains have been reported, one with the carboxylate in 80 

a syn–anti conformation,11 and the other with an anti–anti conformation,12 a 3D system13 and three 2D 81 

systems where the carboxylate group bridges the Mn (II) ions in a syn–anti conformation.14–17 82 

Despite the weak magnetic interaction expected for Mn(II) systems with only carboxylate bridging 83 

ligands, the flexibility and versatility in their coordination mode could provide a way to obtain 1D and 84 

2D magnetically ordered systems. There are several examples of systems with an antiferromagnetic 85 

interaction between similar spins that show weak ferromagnetism at low temperature, due to the non-86 

perfect alignment of the antiferromagnetically coupled spins (spin canting).18–21 87 

In this work we report the synthesis, crystal structure and magnetic properties of a new 2D magnetic 88 

system with the chemical formula [Mn(3-MeC6H4COO)2(H2O)2]n and a syn–anti conformation of the 89 

carboxylate ligand. The analysis of the experimental magnetic data has been carried out by a fitting 90 

procedure using the expansion series for a weakly anisotropic quadratic-layer antiferromagnet reported 91 

by Lines.22 This methodology provides the value for the exchange coupling constant J between the 92 

neighboring Mn(II) ions. One computational approach to obtain the J value theoretically is the division 93 

of the layer in equivalent dinuclear Mn(II)–Mn(II) fragments and calculate the magnetic interaction 94 

inside one of them. Although this dominant coupling constant alone can be considered the leading 95 

interaction on the system, the theoretical analysis of the magnetic properties for a 2D magnetic net is not 96 

trivial: this methodology stands only for a local description and ignores the real dimensionality of the 97 

system, the interactions between the non-adjacent ions, and the reciprocal influence between the 98 

different couplings.23 In addition, for very weak magnetic interactions the fitting of the magnetic data 99 

can lead to some uncertainties on the magnitude or even on the sign of the exchange coupling constants 100 

when error intervals are of the order of the J value. These facts can be important for bi-dimensional 101 

systems and an estimation of the non-neighboring Mn(II) coupling constants can be valuable to interpret 102 



the low temperature magnetic behavior. To overcome these uncertainties we propose to perform a 103 

computational study using periodic calculations with hybrid DFT functionals by means of the 104 

CRYSTAL code24 to evaluate in a consistent way both the nearest-neighbor and the non-adjacent ions’ 105 

magnetic coupling constants from the energies of the significant spin states on the magnetic cell and 106 

some higher supercells. This methodology has been carried out for Cu(II) and Ni(II) ionic lattices,23,25 107 

and we try to extend its use to the more complex polymeric coordination compounds containing 5 108 

unpaired electrons in each paramagnetic center. This kind of calculation is scarce and can be useful to 109 

support the interpretation of the experimental magnetic data or to suggest the need for using alternative 110 

approaches. 111 

112 



RESULTS AND DISCUSSION 113 

 114 

Description of the crystal structure 115 

The asymmetric unit of compound 1 shows a Mn(II) ion, one carboxylate ligand and one water molecule 116 

(Fig. S1 of the ESI†); the octahedral environment of the manganese ion is generated by symmetry. A 117 

view of the sheet is depicted in Fig. 1 and Fig. 2 shows the environment of four Mn(II) ions in the 118 

crystal structure of compound 1, where the 3-MeC6H4 groups are omitted for a better visualization of 119 

the disposition of the Mn(II) ions in the layer. The most relevant interatomic distances and angles are 120 

shown in Table 1. 121 

Four carboxylate ligands are placed in the equatorial plane of the octahedron and the axial positions are 122 

occupied by water molecules. Each carboxylate ligand bridges two metallic centers in a μ1,3 mode and a 123 

syn–anti conformation, generating a wavy sheet with all the Mn(II) ions in the same plane. The layer 124 

consists of a repetition of rhombi of four Mn(II) ions with each pair of ions bridged through only one 125 

carboxylate ligand. In the rhombus, two water ligands coordinated to the opposite metallic centers point 126 

to the inside of the ring. 127 

All the Mn–O distances are very similar; the Mn–Ocarboxylate distances (Mn–O1 and Mn–O2) are 128 

slightly shorter (2.172 and 2.175 Å, respectively) than the Mn–Ow distances (2.178 Å). Therefore, the 129 

coordination octahedra are slightly elongated in the direction of water ligands. The phenyl ring is almost 130 

coplanar to the carboxylate group. The Mn⋯Mn distances between the adjacent Mn(II) ions (A⋯B and 131 

A⋯D) are 4.99 Å, while between the opposite ions, the distances are not equivalent: the Mn_B⋯Mn_D 132 

distance (6.89 Å) is shorter than the Mn_A⋯Mn_C distance (7.23 Å) (Fig. 2). Consequently, two 133 

different angles are found between the Mn(II) ions: α(Mn_A–Mn_B–Mn_C) is 87.28° while β(Mn_B–134 

Mn_A–Mn_D) is 92.72°. Hence, we conclude that the structure of this compound could be described, 135 

from the crystallographic point of view, as a rhombic layer. 136 

The four Mn(II) ions in the rhombus are in the same plane; the coordination octahedra of the alternated 137 

ions are parallel (Mn_B and Mn_D, Mn_A and Mn_C), while the coordination octahedra of the adjacent 138 

Mn(II) ions are tilted, the angle between the elongation axis being τ(Ow–Mn⋯Mn–Ow) = −71.2° (Fig. 139 

3). 140 

The Ow⋯Ow distance between the water molecules coordinated to the non-adjacent Mn(II) ions is 141 

3.634 Å; due to the syn–anti conformation of the carboxylate bridging ligands, there are hydrogen bonds 142 

between the water molecules and the carboxylate ligands (d(O2⋯Ow) = 2.714 and 2.78 Å) (Fig. S2 of 143 

the ESI†). 144 

The separation between the layers is 16 Å and due to the steric hindrance of the methyl group of the 145 

carboxylate ligands, shows a staggered disposition, as shown in Fig. S3 of the ESI.† 146 

 147 

 148 

 149 



Magnetic properties 150 

The variable-temperature magnetic susceptibility of 1 was measured under various applied fields of 151 

3000–13.5 G, exhibiting a strong field-dependent magnetic behavior. Under an applied magnetic field of 152 

3000 G the χMT value is 4.44 cm3 mol−1 K at 300 K, which is in good agreement with the spin-only 153 

value for one isolated high-spin MnII ion with g = 2.0. Upon cooling, the χMT value decreases to a 154 

minimum of 0.7 cm3 mol−1 K at 3.3 K, indicating an antiferromagnetic coupling between the adjacent 155 

Mn(II) ions (Fig. 4). A small peak is observed from the χMT vs. T plot below 5 K, when the applied 156 

field is small (200 G or lower). An anomalous behaviour is also observed from the χM vs. T plot that 157 

shows two maxima (Fig. 4, inset), at 6 K (χM ∼ 0.24 cm3 mol−1) and at 3 K (χM ∼0.31 cm3 mol−1). 158 

The experimental data between 300 and 5 K were fit by using the expansion series of Lines22 for a 159 

quadratic-layer of Mn(II) ions (see the Experimental section). The best fit for the χMT (and χM) data 160 

was obtained with J = −0.52 (−0.47) cm−1, g = 2.04 (2.0) and R = 1.20 10−4 (1.38 10−4). This value is 161 

in the range found for systems with only one carboxylate ligand bridging the Mn(II) ions (∼0 to −1.1 162 

cm−1).1,11–14  163 

Below 5 K, the χMT values increase abruptly up to a sharp maximum at 3.5 K and finally decrease again 164 

until 2 K. This fact suggests the existence of a weak long-range ferromagnetic order below 4 K. The 165 

value of the χMT maximum becomes strongly field-dependent (Fig. 5); this behavior is characteristic of 166 

spin canting,26 which was further evidenced in the bifurcated field-cooling (FC) and zero-field-cooling 167 

(ZFC) χMT vs. T plot for an applied field of 85 G (Fig. 6). The divergence of the ZFC and FC data 168 

below Tc = 3.8 K indicates some irreversibility arising from the formation of an ordered magnetic state. 169 

The shape of the isothermal magnetization plot at 2 K (Fig. 7) indicates that this system exhibits 170 

metamagnetism, with the antiferromagnetic to ferromagnetic transition near 1000 G. The magnetic 171 

hysteresis curve is shown in Fig. S4 (ESI†). 172 

The observed weak ferromagnetism may originate from spin canting: the local spin of the neighbor 173 

Mn(II) ions coupled antiferromagnetically is not completely antiparallel but canted to each other, 174 

resulting in an uncompensated residual spin on the rhombic unit. The correlation between the residual 175 

spins may lead to a long-range ordering as suggested by the χMT curves and ZFC and FC experiments. 176 

The observed magnetic order at low temperatures (spin canting) can be explained by the tilting of the 177 

coordination octahedral of the neighboring Mn(II) ions as shown in Fig. 3. 178 

AC susceptibility measurements at two frequencies (10 Hz and 900 Hz) gave superimposable graphs, 179 

indicating that the system does not show relaxation of the magnetization (Fig. S5, ESI†). 180 

As indicated, there are two compounds reported in the literature with similar topology and only one 181 

carboxylate group bridging neighbor Mn(II) ions, [Mn(BTA)2(H2O)2]n (A) (BTA− is 2-(1H-182 

benzotriazol-1-yl)acetate)14 and [Mn(tp)(H2O)2]n (B) (tp2– is terephthalate).16,17 The three 183 

compounds (1, A and B) show weak antiferromagnetic behavior, with A being weaker than 1 or B (any 184 

maximum on the χM vs. T graph was observed). However, the most significant difference between these 185 

compounds is found at low temperatures. Compound 1 shows spin canting while no order was observed 186 



for A. This difference can be attributed to the relative disposition of the distortion axes of the 187 

neighboring octahedra on the sheet. The τ(Ow–Mn⋯Mn–Ow) angle for A is 31.4° while for 1 is 71.2°. 188 

Compound B also shows magnetic order at a low temperature.16 Hence, the difference in the 189 

carboxylate bridge (steric hindrance and possibility to form hydrogen bonds) is crucial to the disposition 190 

of the ligands around the Mn(II) ions and consequently to the presence or absence of spin-canting. 191 

 192 

Theoretical analysis 193 

The magnetic properties of compound 1 have been evaluated from a theoretical point of view using band 194 

structure calculations, by estimating the coupling interaction between the adjacent and non-adjacent 195 

Mn(II) magnetic centers and its possible influence on the low temperature magnetic behavior. The 196 

relevant interactions between the metal ions can be represented over the crystallographic unit cell as 197 

depicted in Fig. 8. 198 

Calculations have been performed using the experimental crystal structure described in the previous 199 

section. Taking advantage of its small size, we have built two different magnetic cells corresponding to 200 

the full ferromagnetic (FM) and the full antiferromagnetic (AF) spin configurations (Fig. 9). According 201 

to the experimental data, the AF solution should represent the spin distribution of the magnetic ground 202 

state of the system and the FM solution should correspond to the highest energy configuration. 203 

The energy gap between these solutions can be related to a given linear combination of the magnetic 204 

coupling constants of the magnetic system. In fact, to obtain the three J1, J2 and J3 values for compound 205 

1 we need two additional energy differences, in order to establish and solve a linear system of three 206 

independent equations. We have then designed two magnetic supercells corresponding to the unit cell 207 

doubled along the b and c crystallographic axes (Fig. 10) which describe two new and independent spin 208 

distributions (AF2b and AF2c, respectively) which preserve the periodic congruence. 209 

To extract the magnetic coupling constants from the energy differences between these magnetic 210 

solutions a mapping procedure has been applied following previous studies carried out by some of the 211 

authors [see for instance ref. 22 and 24 and references therein]. This mapping procedure considers the 212 

Ising Hamiltonian (spin Hamiltonian H = −Σij( JijSzi ·Szj ) up to the third nearest neighbor) to provide 213 

explicit relations for the expectation values of the energy differences. 214 

As we have performed the calculations over different multiples of the crystallographic cell, we have 215 

referred to the energies of all the magnetic solutions per Mn ion as depicted in Fig. 11. 216 

The electronic band structure calculations using the magnetic cells mentioned above describe the system 217 

as an antiferromagnetic insulator (indirect gap of 4.6 eV at the B3LYP level for all magnetic solutions) 218 

with a spin density strongly localized on the Mn(II) centers, corresponding to S = 5/2 spin particles. The 219 

most stable magnetic solution corresponds to the AF solution, in agreement with the experimentally 220 

observed behavior. 221 

Regarding the magnetic interactions, using a reasonably accurate basis set (BS2 in the Computational 222 

details section) with the B3LYP functional to estimate the energy differences between different 223 



magnetic solutions shown in Fig. 9, the calculated values are J1 = −1.200 cm−1, J2 = −0.007 cm−1 and 224 

J3 = −0.003 cm−1. The very small values of J2 and J3 indicate that J1 is the dominant magnetic 225 

interaction, leading to describe the magnetic system for this compound as a non-frustrated rhomboidal 226 

2D antiferromagnetic structure. A better estimate of the magnitude of J1 can be obtained using the very 227 

large all electron basis set (BS1 in the Computational details section) for all atoms: calculations with the 228 

B3LYP functional gave J1 = −1.009 cm−1 and with the PBE0 functional the value was J1 = −0.745 229 

cm−1. The smaller value provided by PBE0 is expected due to the larger amount of Fock exchange in 230 

this functional (25%) compared to B3LYP (20%) and in line with previously reported calculations.23,25 231 

It is worth mentioning that calculations on the double supercells using the BS1 basis set are 232 

unaffordable, so only the J1 value can be obtained at this precision level. To summarize, the electronic 233 

structure calculations describe this system as an antiferromagnetic insulator showing a simple 2D 234 

rhombic antiferromagnetic structure dominated by the nearest neighbor interaction J1. Hence, the weak 235 

ferromagnetic behavior observed below 4 K can be assigned to a canted antiferromagnetic structure 236 

induced by the tilting of coordination octahedra. 237 

For comparison, a rough estimation of the main exchange coupling constant has been performed from 238 

calculations on the dinuclear fragment [Mn2(RCOO)7(H2O)4]3− where the complete metal 239 

coordination spheres are included. The obtained values are −1.53 cm−1 for the B3LYP functional and 240 

−1.12 cm−1 for PBE0, which are almost 50% overestimated with respect to the periodic calculations 241 

using comparable all electron basis sets. 242 

243 



EXPERIMENTAL 244 

 245 

Synthesis of [Mn(3-MeC6H4COO)2(H2O)2]n (1) 246 

To a suspension of 22 mmol (2.5 g) of MnCO3 in 500 mL of water an aqueous suspension of 37 mmol 247 

(5 g) of 3-MeC6H4COOH was added. The resulting mixture in a volume of ∼1 L was heated for 24 248 

hours at 80 °C, with constant stirring. Then, the warm suspension was filtered with the aim to remove 249 

the excess of MnCO3 and some MnO2 formed during the reaction. The clear solution was concentrated 250 

until ∼200 mL and then left undisturbed at room temperature. The pale rose crystalline product was 251 

filtered, washed with ether and dried in air. Good crystals suitable for X-ray diffraction were obtained 252 

from the mother liquor, after removing the first fraction of 1. Yield 4.3 g (64%). Anal. calcd for 253 

MnC16H18O6 (361.25 g mol−1): C, 53.20; H, 5.02. Found: C, 53.4; H, 4.9. IR (KBr, cm−1): 3400 (m), 254 

1597 (m), 1545 (s), 1484 (w), 1432 (m), 1395 (m), 753 (s), 675 (m). The three bands at 1600, ∼1545 255 

and ∼1395 cm−1 can be assigned to the asymmetric (the two former) and symmetric vibrations from the 256 

carboxylate group; the gap between these vibrations, Δ = νa(COO) − νs(COO) ∼ 200 cm−1 is indicative 257 

of the carboxylate ligands coordinated in a bidentate bridging mode (μ1,3).27 258 

 259 

Physical measurements 260 

Analyses of C and H were carried out by the “Servei de Microanàlisi” of the “Institut de Quimica 261 

Avançada de Catalunya, IQAC, Consell Superior d’Investigacions Científiques (CSIC)”. Infrared 262 

spectra were recorded on KBr pellets in the range of 4000–400 cm−1, with a Termo Nicolet Avatar 330 263 

FT-IR spectrometer. All magnetic measurements were carried out on a Quantum Design MPMS XL5 264 

SQUID Magnetometer at the “Unitat de Mesures Magnètiques (Universitat de Barcelona)”. Five 265 

different magnetic fields were used for the DC susceptibility measurements, 3000 (2–300 K), 1000, 198, 266 

44 and 13.5 G (2–30 K). AC susceptibility measurements were performed at two frequencies 10 and 997 267 

Hz in the temperature range of 10–2.2 K and 10 and 900 Hz in the temperature range of 3.85–3.95 K, 268 

with an alternating field of 4 G. ZFC and FC measurements were performed at 85 G in the temperature 269 

range of 2–7 K. Pascal’s constants were used to estimate the diamagnetic corrections for the compounds. 270 

The experimental data were fit by using the expansion series of Lines for an antiferromagnetic 271 

quadratic-layer of Mn(II) ions22 given by Ng2β 2/χ|J| = 3Θ + (ΣCn/Θn−1) in which Θ = kT/|J|S(S + 1), 272 

C1 = 4, C2 = 1.448, C3 = 0.228, C4 = 0.262, C5 = 0.119, C6 = 0.017, and N, g, and β have their usual 273 

meanings. This expression is based on the spin Hamiltonian H = −ΣnnJSi·Sj, where Σnn runs over all 274 

pairs of the nearest-neighbor spins I and j. The fit of the susceptibility data was performed by 275 

minimising the function R = Σ[(χMT)exp − (χMT)calc]2/Σ[(χMT)exp]2. 276 

 277 

 278 

 279 

 280 



Crystallographic data collection and refinement 281 

A specimen of C16H18MnO6, with approximate dimensions of 0.100 mm × 0.100 mm × 0.200 mm, 282 

was used for the X-ray crystallographic analysis. The X-ray intensity data were collected on a D8 283 

Venture system equipped with a multilayer monochromator and a Mo microfocus (λ = 0.71073 Å). The 284 

frames were integrated with the Bruker SAINT software package using a Bruker Saint algorithm. The 285 

integration of the data using a monoclinic unit cell yielded a total of 7101 reflections with the maximum 286 

θ angle of 24.71° (0.85 Å resolution), of which 1361 was independent (average redundancy 5.219, 287 

completeness = 99.8%, Rint = 5.98%, Rsig = 4.28%) and 1084 (79.65%) was greater than 2σ(F2). 288 

The final cell constants a = 16.057(2) Å, b = 6.8909(9) Å, c = 7.2259(10) Å, β = 94.608(5)°, and volume 289 

= 796.94(19) Å3, are based upon the refinement of the XYZ-centroids of reflections above 20σ(I). Data 290 

were corrected for absorption effects using the multi-scan method (SADABS).28 The calculated 291 

minimum and maximum transmission coefficients (based on crystal size) are 0.6068 and 0.7451. 292 

The structure was solved and refined using the Bruker SHELXTL software package,29 using the space 293 

group P21/c, with Z = 2 for the formula unit, C16H18MnO6. The final anisotropic full-matrix least-294 

squares refinement on F2 with 143 variables converged at R1 = 4.25%, for the observed data and wR2 = 295 

11.30% for all data. The goodness-of-fit was 1.081. The largest peak in the final difference electron 296 

density synthesis was 0.546 e− Å−3 and the largest hole was −0.605 e− Å−3 with an RMS deviation of 297 

0.080 e− Å−3. On the basis of the final model, the calculated density was 1.505 g cm−3 and F(000) was 298 

374 e−. 299 

Table S1 of the ESI† contains the crystallographic data collection and structure refinement details. 300 

 301 

Computational details 302 

The computational study of the electronic structure and magnetic properties of [Mn(3-303 

MeC6H4COO)2(H2O)2] (1) has been performed using standard hybrid Density Functional Theory 304 

(DFT) based methods for periodic systems as implemented in the CRYSTAL09 program24 which has 305 

the advantage of using Gaussian atomic basis functions. A detailed description of the mathematical 306 

formulation and the algorithms in the CRYSTAL code has been previously published30–34 and is 307 

omitted here. Two different Gaussian atomic basis sets have been used to represent the electronic 308 

distributions in the system. In the first set of calculations, the TZVP35 standard all electron Gaussian 309 

basis set (or BS1) has been used for all the atoms to provide the best estimate for J1 and for the nature of 310 

the electronic structure of the material using the conventional crystallographic cell. However, to extract 311 

an estimate of the J2 and J3 values using large supercells we have to simplify the computational 312 

approach by using smaller basis sets (or BS2): for the Mn atoms a Hay and Wadt small core 313 

pseudopotential36 completed with a 311(d31)G basis set37 for external electrons, and for the 314 

nonmetallic atoms a 3-1G basis for H, a 6-31G for C and a 6-31d1G for O.38 A comparison of the 315 

results obtained from these two different computational approaches and the numerical estimates of the 316 

dominant J1 values shows that their values are consistent and provided confidence on the accuracy of 317 



the smaller basis sets. In order to compute the band structure and the properties of the system the 318 

B3LYP39,40 and PBE041 (also known as PBE1PBE42) hybrid DFT functionals have been used. Very 319 

strict computational parameters have been adopted to ensure enough accuracy to calculate energy 320 

differences smaller than 10−6 Hartree (0.2 cm−1). Note that the energy differences between different 321 

magnetic solutions are of the order of 20–25 cm−1 thus providing enough precision to extract the values 322 

of the relevant magnetic coupling constants. 323 

The calculations of the electronic band structure of this system, using the single and double cells 324 

depicted in Fig. 7 and 8, show that the open shell magnetic solutions are much more stable than the 325 

closed shell (or diamagnetic) solution. Analysis of the charge and spin densities of the different mag- 326 

netic solutions, using Mulliken population analysis, shows that the spin density is strongly localized on 327 

the Mn(II) ions in all cases. The B3LYP calculations on the most stable AF solution assign a spin 328 

density of 4.86 unpaired electrons and a positive charge of 2.24 electrons for each Mn atom, in 329 

agreement with the expected values for the Mn2+ ions. The C, H and O centers show an important 330 

covalence as suggested by the corresponding overlap populations of the bonded atoms with a very small 331 

spin density on C and O of the carboxylate groups due to spin polarization (<±0.02 electrons). The 332 

density of states (DOS) for the AF ground state are shown in Fig. S6 of the ESI.† The PBE0 calculations 333 

provided very similar results. 334 

Molecular electronic structure calculations on a cluster model have been performed for estimating J1. To 335 

this end, a molecular fragment was cut from the crystal including the two nearest-neighbour Mn2+ ions 336 

and its coordination sphere (outer ligands and a carboxylate bridge) with [Mn2(ROO)7(H2O)4]3− 337 

stoichiometry. The cluster model calculations have been performed using the Gaussian package43 and 338 

standard Gaussian all electron basis sets (6-3111+G for Mn and 6-31G* for H, C, and O). The spin 339 

unrestricted B3LYP and PBE0 functionals have been used to calculate the FM and AF solutions of this 340 

molecular fragment in the broken symmetry approach.23,25 341 

342 



CONCLUSIONS 343 

 344 

The crystal structure of Mn(II) 3-methylbenzoate, [Mn(3-MeC6H4COO)2(H2O)2]n, shows a 345 

rhomboidal layer, where the adjacent Mn(II) ions are bridged through only one carboxylate group with a 346 

syn–anti conformation. The magnetic exchange between the neighbor ions is weakly antiferromagnetic 347 

(J = −0.52 cm−1, g = 2.04), and at a low temperature the χMT curve shows a ferromagnetic order with 348 

TB = 3.8 K. The spatial disposition of the coordination polyhedra and their junction through only one 349 

carboxylate ligand with a syn–anti conformation is scarce and, to the best of our knowledge, there is 350 

only one reported system showing a low temperature magnetic order.16,17 Computational studies based 351 

on periodic electronic structure calculations describe this system as an antiferromagnetic insulator, with 352 

an indirect gap of 4.6 eV at the B3LYP level. Using the energies of the significant spin states on the 353 

magnetic cell and some higher supercells, the first-, secondand third-neighbour magnetic coupling 354 

constants have been estimated. The results show that a weak antiferromagnetic interaction between the 355 

adjacent Mn(II) ions dominates the magnetic structure with two very weak (two orders of magnitude 356 

lower) antiferromagnetic interactions between the nonadjacent Mn(II) ions, precluding the negligible 357 

effect of frustration caused by J2 and J3 interactions in the magnetic response of the system. The 358 

absence of the calculated positive magnetic coupling constants supports the fact that spin canting must 359 

be responsible for the ferromagnetic behavior experimentally observed at low temperatures due to the 360 

tilting of the Mn(II) coordination octahedra. The overall results provide a full 361 

362 
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Legends to figures 451 

 452 

Figure. 1. View of a layer in the crystal structure of 1. 453 

 454 

Figure. 2. Rhombic fragment of a layer in the crystal structure of 1, showing the syn–anti conformation 455 

of the carboxylate ligands. The 3-MeC6H4 groups of the bridging ligands are omitted for clarity. Note 456 

that all manganese centers are crystallographically equivalent. 457 

 458 

Figure. 3. View of a sheet (the 3-MeC6H4 groups are omitted for clarity) where the arrows show the 459 

elongation axes on the coordination octahedral of Mn(II) ions. Note that the blue arrows represent the 460 

axes of the same length and the different visual size is due to the perspective. 461 

 462 

Figure. 4 χMT vs. T and χM vs. T (inset) plots for compound 1, at two magnetic fields (3000 and 200 463 

G); solid line corresponds to the best fit in the 300–5 K range (data referred to one Mn(II) ion). 464 

 465 

Figure. 5. ffect of the magnetic field on the χMT vs. T and χM vs. T (inset) plots at low temperatures. 466 

 467 

Figure. 6. Thermal dependence of the zero-field cooled (ZFC) and fieldcooled (FC) χMT curves under 468 

an applied field of 85 G. 469 

 470 

Figure. 7. Field dependency of the magnetization of 1 at 2 K, and first derivative, dM/dH, is shown in 471 

the inset. 472 

 473 

Figure. 8. Representation of the relevant magnetic coupling constants J1, J2 and J3 represented in the 474 

FM solution using the conventional crystallographic cell. Black circles represent Mn ions with alpha 475 

(up) spin density. 476 

 477 

Figure 9. Representation of the spin distributions of the ferromagnetic (FM) and antiferromagnetic (AF) 478 

solutions. Black (white) circles represent Mn ions with alpha (beta) spin density. 479 

 480 

Figure. 10. Representation of the spin distributions of the relevant magnetic solutions based on two 481 

different supercells as discussed in the text. Black (white) circles represent Mn ions with alpha (beta)  482 

spin density. 483 

 484 

Figure. 11 Energy scheme and coupling constant mapping for the relevant magnetic states described in 485 

the text. 486 
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Table 1.. Selected bond lengths (Å) and angles (°) for compound 1 541 
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