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ABSTRACT: 46 

 47 

From the reaction of manganese halides with the chiral Schiff bases obtained by condensation of o-48 

vanillin and (R)- or (S)-phenylglycinol, 11 complexes based on pentanuclear cages with trigonal 49 

bipyramidal [MnIIMnIII3M’] (M’=NaI, CaII, MnII) or enneanuclear [MnIIMnIII6NaI2] cores were 50 

synthesized. Structural, supramolecular chirality, and optical properties were explored. The magnetic 51 

properties of related systems were reviewed, and the magnetic response of the new systems was 52 

rationalized to the bond parameters. 53 

 54 

 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

63 



Introduction 64 

 65 

The characterization of the single-molecule magnet (SMM) response  of anisotropic systems with high 66 

spin[1] or the modelization of the oxygen evolving center[2] (OEC) have been relevant driving forces of 67 

the research on polynuclear manganese clusters during the last two decades. Syntheses of cluster 68 

compounds often follow a serendipitous self-assembly process, but Schiff bases have attracted the 69 

attention of magnetochemists because of their polynucleating properties with the 3d transition of 4f 70 

lanthanide cations and because the adequate arrangement of the N- and O-donors, combined with the 71 

relative rigidity of the ligand, can allow predetermined shapes and/or nuclearities. 72 

Condensation of o-vanillin and aminoalcohols yields multidentate Schiff bases for which a characteristic 73 

family of [MnIIMnIII 3Mn+] clusters with Mn+ =NaI and a trigonal bipyramidal arrangement of the 74 

cations has been reported,[3–10] together with a few examples in which Mn+ =Ca2+ or Ln3+.[3, 11] All 75 

of these clusters are characterized by the triangular arrangement of the trivalent manganese cations and 76 

the other two cations in apical positions resulting in a trigonal bipyramidal cage, in which the cations are 77 

held by three dianionic ligands. 78 

Schiff bases derived from the condensation of 3-amino-1,2- propanediol with o-vanillin gives H3L 79 

ligands that satisfy all the coordination sites of the apical cations, which are hosted in two predetermined 80 

octahedral cavities[6–9] (Scheme 1-I). On the contrary, the H2L ligands derived from 2-amino-1-ethanol 81 

with only three O donors keep the octahedral cavity around the Na+ cation, whereas they generate an 82 

open face on the MnII cation[3–5, 10] that usually fulfills its coordination sphere with anions or solvent 83 

molecules (Scheme 1-II). In addition, this coordination gives the possibility to share the central cation or 84 

the open faces by means of bridging ligands that can join the pentanuclear units, resulting in larger 85 

nuclearities.[10, 12, 13] In these systems, the three ligands are parallel, and only one example with the 86 

divalent cation Ca2+ instead of Na+ has been reported as the OEC model[3] with one of the ligands 87 

inverted with respect to the other two (Scheme 1-III). A common point in these structures is the 88 

presence of three additional bridging ligands on the elongated coordination sites of the trivalent 89 

manganese cations. These co-ligands are usually carboxylates, halides, or pseudohalides (especially 90 

azide) in the search of ferromagnetic interactions and high-spin ground states.[14] 91 

The employment of chiral 2-amino-1-ethanol aminoalcohols with substituents on the hydroxoethyl 92 

fragment generates chiral Schiff bases. Supramolecular chirality[15] is a growing field, which is of 93 

interest in chiral catalysis and Circular Polarized Luminescence (CPL) emission,[16] in the search for 94 

chiral magnets with d or f cations,[17, 18] or by its role in biological environments.[19] The synthesis of 95 

chiral clusters from enantiomerically pure ligands becomes of interest to reach multiproperty or 96 

multifunctional systems, in which optical, ferroelectric, or emissive properties can be combined with 97 

magnetic response. On the other hand, chiral clusters provide interesting examples of chirality transfer, 98 

chiral supramolecular arrangement, and chiral recognition.[20] 99 



Following our work in this field[13], we chose the Schiff bases obtained from the condensation of o-100 

vanillin with (R)- or (S)-phenylglycinol (Scheme 2, top) to explore their reactivity in manganese 101 

chemistry, with focus on the characterization of new chiral systems based on the [MnIIMnIII 3Mn+] 102 

pentanuclear fragment. We report the characterization of 11 new chiral complexes with [MnIIMnIII 103 

3NaI], [MnIIMnIII 3CaII], [MnII 2MnIII 3], and [MnIIMnIII 6NaI 2] nuclearity with formula 104 

[Mn4NaOL3Br4]·[Mn4NaOL3Br4(H2O)]·[Mn4NaOL3Br3(MeOH)(MeCN)(H2O)]·[Mn4NaOL3Br3(105 

MeOH)(MeCN)2]Br2·6CH3CN·5CH3OH (1R) and 106 

[Mn4NaOL3Br4(H2O)]·[Mn4NaOL3Br3(MeOH)(H2O)2]Br·6CH3CN· CH3OH (1S),  107 

[Mn4CaOL3X5]·solvents (X=Cl, 2R and 2S; X=Br, 3S), [Mn5OL3X5]·solvents (X=Cl, 4R· and 108 

4S·1.5MeCN; X=Br, 5S), and [Mn7Na2(O)2L6X6]·solvents (X=Cl, 6R and 6S; X=Br, 7R), 109 

respectively. This series of compounds includes one enantiomeric pair of the chloro complexes for each 110 

nuclearity (2R/2S, 4R/4S, and 6R/6S), and for comparative purposes, one example each of the 111 

corresponding bromo derivatives (3S, 5S, and 7R). Structural trends and the confirmation of stability in 112 

solution for complexes 1 and 6 were reported in a previous communication.[13b] The new systems were 113 

structurally characterized and their chiroptical and magnetic properties studied pointing out the different 114 

response of the types II and III (Scheme 1) classes of clusters. It is remarkable that compounds 2 and 3 115 

with [MnIIMnIII 3CaII] nuclearity join the scarce number of similar complexes with this topology and 116 

that the [MnII 2MnIII 3] and [MnIIMnIII 6NaI 2] nuclearities with trigonal bipyramidal or double 117 

trigonal bipyramidal topology, respectively, are the first members of this family of complexes. 118 

 119 

 120 

121 



RESULTS AND DISCUSSION 122 

 123 

Structural description 124 

 125 

General trends 126 

The reported complexes show some common features that will be described before the detailed 127 

comments of each structural type to avoid repetitive text. Several structures contain similar but 128 

nonequivalent molecules in the unit cell, and thus to simplify the discussion, all data in the main text are 129 

in relation to the “A” labeled molecule. All compounds possess a common core that can be described as 130 

a trigonal bipyramidal arrangement of three MnIII cations in the equatorial plane and two cations in the 131 

apical sites, resulting in the discrete [MnIIMnIII 3NaI] (1R, 1S), [MnIIMnIII 3CaII] (2R, 2S, 3S), [MnII 132 

2MnIII 3] (4R, 4S, 5S), and the sharing vertex [MnIIMnIII 6NaI 2] (6R, 6S, 7R) metallic cores. In all 133 

cases, an oxo donor is placed in the center of the triangle determined by the MnIII ions with MnIII@O 134 

ond distances about 1.9 a. Also, two m-Cl (complexes 2, 4, and 6) or m-Br donors (complexes 1, 3, 5, 135 

and 7) are in all complexes and are coordinated in the elongated coordination sites of the trivalent 136 

manganese cations. Each pentanuclear unit is assembled by three Schiff bases in the deprotonated 137 

dianionic form, linking three different cations (Scheme 1-II and -III). The deprotonated O-alkoxo and O-138 

phenoxo donors act as bridges between the equatorial cations and the cations in the apical sites. The 139 

oxidation state of the manganese cations was assigned according to the shape of the coordination 140 

polyhedral and bond valence sum (BSV) calculations (Table S1). The supramolecular aspects derived 141 

from the chiral character will be described for all compounds in the next section. 142 

 143 

[MnIIMnIII 
3NaI] complexes 1R and 1S  144 

Complexes 1R and 1S show the above described core with three L2@ ligands in the type-II molecular 145 

arrangement. The main bond parameters are summarized in Table 1, and a view of the pentanuclear unit 146 

is shown in Figure 1. O-phenoxide and O-alcoxide donors form a distorted octahedral pocket that hosts 147 

the NaI cation, which is linked to the three MnIII ions by means of NaI-Ophenoxide-MnIII bridges, 148 

whereas the linkage between the divalent and trivalent manganese ions is provided by three MnII-149 

Oalcoxide-MnIII bridges. In the center of the equatorial plane, one m4-O ligand links the three MnIII 150 

cations and the NaI cation. This oxo donor is slightly shifted from the center of the triangle toward the 151 

NaI cation, which can be assumed as heptacoordinated. Three faccoordination sites of the divalent 152 

manganese cation are occupied by three O-alkoxo donors, but the remaining coordination sites are 153 

fulfilled in multiple forms that differ in the coordination of the MnII cation. Structure 1R contains four 154 

non-equivalent clusters that contain one tetrahedral Mn4A cation (MnO3Br environment), two 155 

hexacoordinated Mn4B and Mn4C cations (MnO5N and MnO4N2 environments, respectively), and one 156 

pentacoordinated Mn4D (MnO4Br environment). Complex 1S also exhibits two nonequivalent units 157 



with Mn4A and Mn4B in MnO4Br and MnO6 coordination environments, respectively. Consequently, 158 

MnIII-O-MnII bond angles show characteristic values as a function of the Mn4 coordination number, 159 

which are close to 1228 (octahedral MnII), 1188 (pentacoordinated MnII), and 1118 (tetrahedral MnII) 160 

(Figure 1 and Table 1). 161 

Units 1RA, 1RD, and 1SA are neutral but 1RB, 1RC, and 1SB are cationic, and thus, the charge balance 162 

is fulfilled with two (1R) or one (1S) Br@ counteranion. 163 

Compounds 1R and 1S are not enantiomers in a strict sense because they crystallize in different space 164 

groups (P1 and P21, respectively), but on the other hand, cell parameters, bond parameters for the cage, 165 

and its helicity follow the similitude or mirror image that must be expected for a normal pair of 166 

enantiomers. These differences are due to the plasticity of the MnII coordination sphere, which links 167 

different solvents or Br@ ligands and is limited to the Mn4 environment. 168 

 169 

[MnIIMnIII 
3CaII] complexes 2R, 2S, and 3S 170 

Complexes 2R, 2S, and 3S show the trigonal bipyramidal metallic core described above with three 171 

MnIII cations in the equatorial plane, however for these compounds, the apical sites are occupied by one 172 

MnII and one CaII cation (Figure 2). The main bond parameters are collected in Table 2. The three 173 

structures contain two nonequivalent clusters, but in this case, there are only minor differences between 174 

them. The main difference with the previously described complexes consists in the reversed 175 

coordination of one of the ligands and the concomitant loss of the C3 symmetry (type-III arrangement in 176 

Scheme 1). As in the previous case, the oxo donor placed in the center of the triangle defined by the 177 

three MnIII cations is also shifted toward the CaII ion, which is assumed to be heptacoordinated, and 178 

then the O donor is a m4-O ligand. The environment of Mn4 is defined by two O-alkoxo donors, one 179 

phenoxo/methoxide bidentate group, one solvent molecule, and one chloro donor, whereas the 180 

environment for Ca1 is defined by two phenoxo/methoxide bidentate groups, one O-alkoxo donor, one 181 

coordinated chloro ligand, and contact with the m4-O donor resulting in neutral clusters in all the cases. 182 

The important asymmetry derived from the 2:1 reversed Schiff bases is translated to the MnII-O-MnIII 183 

bond angles which show significant differences with respect to complexes 1R and 1S; the MnII-184 

Oalkoxo-MnIII bond angles are larger than the MnII-Ophenoxo- MnIII bond angles. In the same way, 185 

the MnIII 3 triangle becomes scalene. The main intermolecular contacts consist of weak CH···Cl 186 

hydrogen bonds involving the chloro ligands coordinated to the MnII cations. 187 

 188 

[MnII
2MnIII

3] complexes 4R, 4S, and 5S 189 

The neutral complexes 4 and 5 show the same structure as that of the analogous 2 and 3 complexes but 190 

with one MnII cation in the position that was occupied before by the calcium ion (Figure 3). In contrast 191 

with the CaII analogues, the oxo donor is centered in the MnIII 3 plane and should be assumed strictly 192 

as a m3-O ligand. The coordination of the cations and the intermolecular contacts are very similar to 193 



those of the isostructural CaII complexes. The two MnII cations show an octahedral MnO5X (X = Cl, 194 

Br) environment but are not equivalent because Mn4 links two O-alkoxo donors and one Ophenoxo 195 

donor, whereas Mn5 links one O-alkoxo and two Ophenoxo donors with the consequent asymmetry and 196 

different MnIII-O-MnII bond angles as a function of each kind of bridge (Table 3). 197 

 198 

[MnIIMnIII
6NaI

2] complexes 6R, 6S, and 7R 199 

The nonanuclear [MnIIMnIII 6NaI2] core of the (R) and (S) pair of enantiomers of 6 consists of two 200 

pentanuclear units (similar to those described for complex 1) sharing the octahedral MnII cation (Figure 201 

4). The main bond parameters are summarized in Table 4.The 22 positive charges are balanced by the 202 

six dianionic Schiff bases, two m3-oxo donors, and six m-Cl bridges in the axial coordination sites of 203 

the MnIII cations. The L2@ ligands and the MnIII cations in each pentanuclear subunit are related by 204 

one C3 axis (R3 space group), but the lack of inversion center between them determines different bond 205 

parameters around the divalent Mn3 in each subunit; the Mn2-O4-Mn3 bond angle takes a mean value 206 

of 125.8(3)8, whereas the mean bond angle for Mn1-O1-Mn3 is 122.9(3)8. Complex 7R exhibits the 207 

same core and similar bond parameters to those of complex 6, except for the logically larger MnIII@Br 208 

bonds. However, in this case the complex crystallizes in the triclinic P1¯ space group, the C3 symmetry 209 

is lost, and the MnIII-O-MnIII bond angles are slightly different, ranging be- tween 117.3–120.38. The 210 

main bond parameters and a labelled plot are shown in Table S2 and Figure S1, respectively. 211 

Notably, in all cases the oxo ligands are slightly shifted out of the MnIII 3 plane toward the NaI cation, 212 

with Na@O bond distances of about 2.7 a, and thus, the coordination of the sodium ions can be formally 213 

described as an apicated octahedron, and the oxo donors can be assumed as m4-O ligands. 214 

 215 

Chirality transfer 216 

The employment of enantiopure chiral ligands determines the configuration of the derived complexes. 217 

Chirality can be transferred to the environment of the cations, to the overall complex or even to the 218 

crystalline network. This “predetermined chirality” is propagated in the opposite sense by the 219 

corresponding enantiomeric ligands, resulting in mirror-image clusters or networks.[15] The reported 220 

complexes offer a variety of situations, from the conventional chirality transfer to some unusual 221 

responses. 222 

For compounds 1R and 1S, the L2@ ligands are tilted in the same sense with respect to the main axis of 223 

the complex, and thus, the whole molecule shows a helical arrangement that turns in opposite sense for 224 

each cluster (L for 1R and D for 1S), as shown in Figure 5. Locally, the environment of the manganese 225 

cations is not chiral but the tris-bidentate donors around the NaI cation define a propeller shape, with 226 

chirality also L for 1R and D for 1S. In this case, the different orientation in the network of the 227 

nonequivalent molecules does not transfer the chirality to the network. 228 



The related complexes 2–5 also show a helical arrangement of the Schiff bases, but surprisingly, the 229 

helicity of the two parallel ligands turns in opposite sense with respect to the reversed ligand, and thus, 230 

the propeller shape of the cluster is not achieved. 231 

The two nonequivalent molecules in the network also turn in opposite sense to one another, that is, the 232 

parallel ligands in molecule A turn D and the reversed ligand turns L, whereas for the molecule labeled 233 

B, these ligands turn L and D, respectively (Figure 6). As a direct consequence, the cations linked to 234 

three bidentate fragments (CaII for 2 and 3 or one of the MnII cations for 4 and 5) also show opposite 235 

conformation that cannot be classified as purely L or D. The reason for this highly unusual feature can 236 

be found in the packing of the clusters, which show a parallel arrangement in the cell with the 237 

nonequivalent units rotated 1808 relative to each other. This arrangement shows an equivalent 238 

distribution of the pending phenyl groups at each side of the molecules, probably favouring a most 239 

effective packing of the clusters. This structure is ex tremely unusual because the presence of two quasi 240 

mirrorimage molecules in the same cell for a chiral system means that there is a poor chiral induction 241 

from the ligand onto the system. This configuration has been observed only once for the related CaII 242 

complex reported by Powell et al.[3] 243 

Finally, complexes 6 and 7 also offer an unusual feature: in this case, the three ligands are parallel, 244 

similar to that which occurs in complexes 1R and 1S, and thus, the [MnIIMnIII 3NaI] subunits show the 245 

expected propeller shape but the two fragments turn in the opposite sense, and consequently, the tris-246 

bidentate environment of the Na1 and Na2 cations of the same cluster show opposite D and L 247 

configurations. However, some degree of transference of chirality arises from the central MnII cation, 248 

which is slightly distorted from Oh symmetry to trigonal prism, and this trigonal rotation is transferred 249 

to the two moieties of the molecule, breaking a strict regular alternate shape for the two [Mn3OCl3] 250 

triangular planes. This rotation takes place in the opposite sense for each enantiomer, as well as in the 251 

arrangement of the phenyl groups in the molecular shell, which also show a mirror image between them 252 

(Figure 7). 253 

 254 

Comments on the syntheses 255 

The reaction of the Schiff base H2L with manganese halides and further air oxidation led to the 256 

formation of [MnIIMnIIIM’] mixed-valent pentanuclear cages with trigonal bipyramidal shapes. 257 

Notably, the syntheses of isolated or fused cages or the nature of M’ is related to the reaction conditions 258 

(Scheme 3). Reaction of manganese bromide with the (R)- or (S)-H2L ligand in the presence of sodium 259 

azide allowed the crystallization of compounds 1R and 1S, which contain m-Br donors in the elongated 260 

coordination sites of the MnIII cations and one MnII and one NaI cation in the apical sites of the core. In 261 

this reaction, the azide anion is not coordinated, and its role is then limited to provide basic medium and 262 

to contribute to deprotonation of the organic ligand. However, the base is not innocent because complex 263 

7R, which consists of two pentanuclear units sharing the MnII cation, was obtained when sodium 264 



hydroxide was employed instead of sodium azide. In contrast, when manganese chloride was employed 265 

as the starting salt, only the nonanuclear [MnIIMnIII6NaI2] cages were obtained in all cases. 266 

In these cages with the [MnIIMnIII3NaI] core, the sodium cation is placed in a NaO6 cavity determined 267 

by the bidentate phenoxo/methoxide fragments of the ligands. This cavity seems a priori quite flexible, 268 

and thus, the reaction with larger cations such as KI or CsI was tried by employing the corresponding 269 

hydroxides to deprotonate the ligands. The result of this reaction, independent of the starting manganese 270 

halide, was the characterization for the first time of the related pentanuclear [MnII2MnIII3] systems 271 

(complexes 4R, 4S, 5S). This fact proves that the size of the O6 pocket is selective for sodium cations 272 

and that the system prefers the coordination of a second MnII cation instead of the larger alkaline ions. 273 

Given that the size of the cations plays a determinant role in the conformation of the final cage, the CaII 274 

cation, which has a similar ionic radius to that of NaI (close to 1 a in a hexacoordinated environment), 275 

was selected to attempt the characterization of new [MnIIMnIII3CaII] cages. The employment of 276 

calcium methoxide as a base to deprotonate the organic ligands led effectively to the desired core in 277 

complexes 2R, 2S, and 3S. 278 

When the cavity is occupied by NaI, the three Schiff bases exhibit a parallel arrangement along the main 279 

axis of the molecule. However, the substitution by a divalent cation induces the antiparallel coordination 280 

of one of the ligands, in agreement with the same type-II ligand arrangement reported by Powell et al.[3] 281 

for a related cage containing the calcium cation instead of sodium. 282 

All samples were prepared at room temperature, and during the different syntheses, we realized that they 283 

were poorly sensitive to changes in the manganese/ligand ratio and to the source of basic medium if 284 

alkaline ions were present. The complexes are stable at room temperature in the mother solution for 285 

weeks.  286 

 287 

UV/Vis and ECD spectroscopy 288 

Tong et al.[4] previously reported the UV/Vis and electronic circular dichroism (ECD) spectra for the 289 

H2L ligand; the absorptions in the UV region were assigned to the transitions of the aromatic groups (p–290 

p*) of the Schiff base, and the less intense band at about 400 nm was assigned to the n–p* transition of 291 

the azomethine chromophore. As expected, the UV/Vis spectra for 1–7 show common absorptions for 292 

all complexes that are attributable to ligand transitions (Figure S2). 293 

ECD spectra confirm the enantiomeric nature of the reported systems, with mirror images of the spectra 294 

for all the reported pairs of clusters. Complexes 1–7 exhibit several structural variables such as the choro 295 

or bromo donors at the axial coordination sites of the MnIII cations, different cations in one of the core 296 

sites (NaI, CaII, or MnII) or different nuclearity (complexes 6 and 7). To elucidate the factors that can 297 

influence the resulting spectra, an inspection of the shape of the spectra evidences a clear similitude 298 

between the plots for the 1 and 6 pairs of enantiomers, which show a practically identical distribution of 299 

absorptions and intensities in the 275–800 nm range (with a minor difference in the intensity of the 275 300 

nm band) and a different response for complexes 2 and 4, which show an intense transition centered at 301 



400 nm and apparently no features above 450 nm (Figure 8). These data indicate that halide or cation 302 

substitutions are irrelevant and that the main differences in the ECD spectra must be related to the 303 

relative position of the ligands for 1, 6, and 7 compared to that of 2–5. This assumption is reinforced by 304 

the perfect agreement between the spectra of complexes 2 and 4 which contain two very electronically 305 

different cations such as CaII or MnII, suggesting that the weak absorptions at larger wavelengths 306 

involves transitions between the iminic fragments and the MnIII cations. 307 

It becomes relevant that the EDC spectra can unambiguously differentiate the type-II and III topologies 308 

(Scheme 1), and thus, provide a new example of the application of this technique to obtain structural 309 

information of complexes in solution. 310 

 311 

Magnetic properties 312 

The magnetic properties for complexes 1–7 were measured for powdered samples in the 2–300K 313 

temperature range. The high number of superexchange pathways (from 6 for 1 to 12 for 6–7), the zero 314 

field splitting (D) of the anisotropic MnIII cations, and the intermolecular interactions imply a large 315 

number of variables that, unless the symmetry is simplified, bring overparametrized Hamiltonians. 316 

Therefore, the fit of the experimental data requires rational criteria to employ simplified Hamiltonians to 317 

extract significant information about the values of the J coupling constants and to rationalize the 318 

magnetic response. 319 

The interaction between the apical MnII cation and each MnIII cation is mediated by a single MnII-320 

Oalkoxide-MnIII bridge that gives antiferromagnetic interactions in this type of cluster. The MnIII 321 

cations are held together by one m3-O bridge with short MnIII@O bond distances and additional m2 322 

ligands that link the coordination sites on the elongated Jahn–Teller axis. Thus, the interaction between 323 

these cations seems apparently mediated by the main superexchange MnIII-O-MnIII pathway, for which 324 

previous studies have shown that the ferromagnetic-antiferromagnetic (FM/AF) limit for a [MnIII3(m3-325 

O)] fragment is found around the 1208 MnIII-O-MnIII bond angle and that the shift of the central m3-O 326 

from the Mn3 plane favors the ferromagnetic interactions.[21, 22] The assumption of one AF interaction 327 

between the MnII and the MnIII cations and the FM/AF bond-angle dependence of the interaction 328 

between the MnIII cations has been systematically applied as general criterion to rationalize the 329 

magnetic properties of [MnIIMnIII3M’] systems,[3–10] although these correlations were performed for 330 

MnIII triangles with the elongated axis perpendicular to the MnIII3 plane and with m2 ligands (oximate 331 

and others) in the triangular edges which strongly contribute to the superexchange mechanism. 332 

Preliminary attempts to fit the reported systems applying this usual criterion were satisfactory for 333 

complex 1 but were unable to adequately reproduce the experimental data for the new topologies of 2–7. 334 

To check the commonly accepted explanation of the magnetic response of these systems, we reviewed 335 

and analysed the main bond and magnetic parameters for the 12 [MnIIMnIII3Na] complexes reported up 336 

until now; this is summarized in Table 5 (see also Scheme 4). A simple inspection of the reported data 337 

points out several facts: 1) the MnII-O-MnIII interaction is effectively antiferromagnetic in all cases; 2) 338 



the shift of the m3-O donor from the Mn3 plane is very similar in all cases, and thus, its influence is not 339 

a relevant variable; 3) often the systems have low symmetry due to the m2 additional ligands that, in 340 

some cases, induces large deviations from 1208 for the MnIII-O-MnIII bond angle (usually lower than 341 

1208 for monoatomic bridges such as Cl@, m1,1-N3, etc. or much larger than 1208 for syn-syn 342 

carboxylates or m1,3-N3). 343 

Surprisingly, it becomes evident that there is a complete dispersion of J values versus the MnIII-O-344 

MnIII bond angle (Figure S3) and that very different J values have been reported for the same m2 ligand 345 

and bond angle as is the case for the m2-Cl ligand (LIQXOA compared with WIMBIF) or the pairs of 346 

complexes with m1,1-N3, m1,1-N3, m1,3-N3 m2 ligands (XIJMAG compared with RILZAP) and the 347 

pair of complexes with H2O, H2O, PhCOO@ ligands (XIJMIO compared with RILZUJ), as shown in 348 

Table 5. 349 

We also realized that some fits were poorly reliable because they were unable to reproduce the full 350 

experimental susceptibility plots and were performed with the discarding of data below 25–50 K. This 351 

lack of correlation points out that the problem is more complex and cannot be reduced to a simple 352 

correlation with the MnIII-O-MnIII parameter and also that the contribution of the m2-ligand pathway 353 

and the differentiation of different values for the MnII-O-MnIII interactions cannot be discarded. 354 

Considering these features and taking into account that in our case the contribution of the m2-Cl 355 

additional ligands is constant for all complexes, our procedure was: 1) to employ isotropic 356 

Hamiltonians, to employ a zJ parameter for the low T deviations to reduce computational requirements 357 

in the cMT fits, and to take into account the D effect in the more sensitive magnetization simulations; 2) 358 

to join under the same J parameter the pathways mediated by the same kind of bridges independently of 359 

slight differences in the bond parameters. This means to assume one common J1 coupling constant 360 

between MnIII-MnIII cations inside the m3-O centered triangles, one common J2 coupling constant 361 

between MnIII-MnII cations linked by O-alkoxo bridges, and a different J3 coupling constant between 362 

MnIII-MnII cations linked by O-phenoxo bridges in the case of compounds 2–5. 363 

On the basis of the above considerations, the interactions can be described as is shown in Scheme 5. 364 

As is expected from the structural data, the magnetic behaviour of the reported complexes is similar for 365 

each core, independently of the chirality of the Schiff base, and thus, one example of each core and 366 

bridging halide placed in the axial coordination sites of the MnIII cations will be discussed. 367 

The room-temperature cMT value for complex 1S is 10.5 cm3mol@1 K, lower than the value expected 368 

for three MnIII and one MnII isolated cation (13.375 cm3mol@1K for g=2.00). On cooling, cMT 369 

decreases continuously down to a plateau between 25–5 K and finally decreases slightly at lower 370 

temperatures, reaching a value of 6.2 cm3mol@1K at 2 K (Figure 9). Assuming a common J constant 371 

for each MnIII-MnIII or MnIII-MnII pathway, and according to Scheme 5, the two-J Hamiltonian is 372 

given by Equation (1): 373 

 374 

 375 



 376 

 (1) 377 

 378 

 379 

Fit of the experimental data gave an excellent fit for J1=0.96 cm@1, J2=@3.1 cm@1, g=1.86, and 380 

R=1.3V10@5 (corrected with a zJ=@0.005 cm@1 for the low T decay). The calculated energy of the 381 

spin levels shows a well-isolated S=7/2 ground state with a gap of 27 cm@1 to the first S=9/2 excited 382 

state. This ground state, which comes from the antiferromagnetic interaction of the MnII (S=5/2) with 383 

the local S=6 from the MnIII3 triangle, is confirmed by the magnetization measurement that tends to an 384 

unsaturated value of 5.7 NmB under the maximum applied field of 5 T, in agreement with data reported 385 

for related [MnIIMnIII3Na] systems with ST=7/2.[8, 10] This value is close to that expected for seven 386 

electrons, assuming the calculated g value from the susceptibility fit (6.5 NmB). The difference must be 387 

attributed to a D effect, and the fit of the magnetization data as an isolated 7/2 spin was satisfactory for a 388 

D value of @0.4 cm@1 (inset of Figure 9). 389 

Room-temperature cMT values for complexes 2R and 3S are 12.4 and 12.7 cm3mol@1 K, respectively. 390 

On cooling, cMT decreases down to well-defined minimums at 12 K (8.9 cm3mol@1K for 2R and 9.0 391 

cm3mol@1K for 3S). Below the minimum, cMT increases to reach 10.2 cm3mol@1K for 2R and 11.2 392 

cm3mol@1K for 3S at 2 K (Figure 10). 393 

The core of complexes 2R and 3S is similar to that of the above described complexes 1R and 1S, but in 394 

this case, the system is fully asymmetric due to the antiparallel orientation of one of the Schiff bases. 395 

The MnIII-O-MnIII bond angles are slightly different, and there are two alkoxo and one phenoxo MnIII-396 

O-MnII bridge. Assuming one J coupling constant for each kind of superexchange pathway, and 397 

according to Scheme 5, the resulting 3J-Hamiltonian is given by Equation (2): 398 

 399 

 400 

 (2) 401 

 402 

 403 

Fit of the experimental data in the full temperature range of 2–300K was satisfactory for J1=@2.7 404 

cm@1, J2=2.1 cm@1, J3=@1.8 cm@1, g=1.94, and R=8.1V10@5 for 2R and J1=@1.1 cm@1, J2=1.3 405 

cm@1, J3=@3.4 cm@1, g=1.97, and R=8.2V 10@5 for 3S. A simple analysis of the shape of these 406 

plots evidence the following facts. First, the increase of cMT at low temperature discards a response 407 

similar to that of complex 1S because for a ferromagnetic MnIII3 triangle (local S=6) interacting with 408 

one MnII cation, only monotonically increasing or decreasing plots tending to S=17/2 or 7/2 should be 409 

expected (S=6:5/2 possible ground levels). Second, the cMT increase at low temperature suggests that 410 

low-lying S levels with larger spin must be very close to the S ground state. Calculation of the energy of 411 

the S levels for the calculated J values shows two quasi-degenerated ground spin levels S=7/2 and S=9/2 412 



that are highly populated at 2 K (49.8% and 49.3 %, respectively, for 2R and 24.9% and 73.1 %, 413 

respectively, for 3S, Table S3). The population of the larger spin level determines the increase of cMT at 414 

low temperatures, and in fact, the experimental cMT values at 2 K are intermediate between 7.875 415 

cm3mol@1K (S=7/2) and 12.375 cm3mol@1K (S=9/2). Magnetization experiments reveal unsaturated 416 

plots tending to 6.21 and 6.72 NmB for 2R and 3S, respectively, under the maximum explored field of 5 417 

T (inset of Figure 10). The similar and close S levels in the vicinity of the ground state exclude the 418 

accurate fit of the magnetization. In this case, there is only one similar complex reported by Powell et 419 

al.,[3] with m1,1-N3 and m1,3-N3 bridges, which shows an S=1/2 ground state that was related to the 420 

AF interaction attributed to the end-to-end azido bridge and the large MnIII-O-MnIII angle. Trials to fit 421 

the systems by adding different superexchange parameters for the different MnIII-OMnIII bond angles 422 

did not improve the quality of the fits. 423 

The cMT plots for complexes 4R and 5S show very similar room-temperature values of 16.0 and 15.8 424 

cm3mol@1 K, close to the expected cMT value for three MnIII and two MnII isolated cations (17.75 425 

cm3mol@1K for g=2.00). On cooling, cMT decreases continuously down to 2.7 and 3.9 cm3mol@1K 426 

for 4R and 5S, respectively (Figure 10). According to the low symmetry and alkoxo/phenoxo 427 

distribution of the MnIII-O-MnII bridges, the proposed Hamiltonian based on Scheme 5 is given by 428 

Equation (3): 429 

 430 

 431 

 (3) 432 

 433 

 434 

Best fit of the experimental data was obtained for J1=@1.7 cm@1, J2=@0.57 cm@1, J3=@1.2 cm@1, 435 

g=1.96, and R=8.7V10@6 for 4R and J1=@1.6 cm@1, J2=@1.0 cm@1, J3=@0.82 cm@1, g=1.96, and 436 

R=1.8V10@5 for 5S. As a consequence of the competitive interactions in all the triangular faces of the 437 

core of these complexes, the ground state becomes not evident. The calculation of the energy of the S 438 

states shows an S=2 ground state for these two compounds but with several very close S=1, S=2, and 439 

S=3 spin levels. As a function of their population, the cMT value at 2 K is closer to an S=2 for 4R or 440 

intermediate between S=2 and S=3 for 5S (Table S3). In agreement, the magnetization plots show a 441 

continuous increase that corresponds to the population of larger S levels under higher fields (inset of 442 

Figure 10), reaching the unsaturated values of 5.61 and 4.46 NmB for 4R and 5S, respectively. The large 443 

number of close spin levels exclude the fit of the magnetization. Trials to fit the systems by adding 444 

different superexchange parameters for the different MnIII-O-MnIII bond angles did not improve the 445 

quality of the fits.  446 

The cMT plots for complexes 6R and 7R show, as in the previous cases, similar response for the m-447 

chloro or m-bromo complexes. The room-temperature cMT values of 19.3 and 17.9 cm3mol@1K for 6R 448 

and 7R, respectively, are close to the expected values for six MnIII and one MnII noninteracting cation 449 



of 22.375 cm3mol@1K (g=2.00). On cooling, cMT decreases down to a well-defined minimum around 450 

110 K, followed by an increase up to 27.7 cm3mol@1K (6R) or 26.7 cm3mol@1K (7R) at 13 K. At 451 

lower temperature, the cMT plot decreases to reach values around 22 cm3mol@1K (Figure 11). 452 

Complex 6R possesses one C3 axis, and consequently, all the MnIII-MnIII or MnIII-MnII pathways are 453 

strictly equivalent by symmetry, and the system can be simulated with only two coupling constants, J1, 454 

joining all the MnIII···MnIII interactions and J2, joining all the MnII···MnIII interactions. The same 455 

coupling scheme was applied to compound 7R. The applied two-J Hamiltonian is given by Equation (4): 456 

 457 

 (4) 458 

 459 

 460 

Fitting by employing the above Hamiltonian and taking into account the zJ parameter to include the 461 

decay of cMT below 15K was unable to correctly reproduce the low T region, and thus, the isotropic fit 462 

was performed in the 25–300 K range. Best fit parameters for these limited fits were J1=1.65 cm@1, 463 

J2=@2.85 cm@1, g=1.96, and R=4.2V10@5 for 6R and J1=0.77 cm@1, J2=@3.74 cm@1, g=1.96, and 464 

R=5.2V10@5 for 7R. 465 

Magnetization experiments show a continuous increase in the magnetization, reaching the unsaturated 466 

values of 11.95 and 12.21 NmB for 7R and 6R, respectively. These values are far from the expected 467 

values corresponding to the ground state S=19/2 derived from the antiferromagnetic interaction of the 468 

central S=5/2 ion with two ferromagnetic MnIII triangles with S=6 local spins. Surprisingly, the fit of 469 

the experimental data as isolated spins is satisfactory for a S=15/2, D=0.2, and g=1.83 for 6R and 470 

S=13/2, D=0.3, and g=1.87 for 7R, which seems to be not compatible with the values derived from the 471 

susceptibility data. Considering the lack of consistence of the magnetization and the difficulties to fit the 472 

low-temperature cMT data, and that any other simplification cannot be proposed because of the strict C3 473 

symmetry of the complexes, we decided to explore the effect of the interaction between the two 474 

ferromagnetic triangles through the MnII cation in a similar manner to the typical interaction between 475 

the peripheral cations in a simple linear trinuclear system, which in this case is equivalent to a S=5/2 476 

central ion and two peripheral S=6fragments. 477 

The inclusion of the interactions between the MnIII cations of the two triangles revealed to be extremely 478 

important, and as can be seen in Figure 12, the S=19/2 spin level remains the ground state until an 479 

interaction value close to @0.5 cm@1, however, for larger AF interactions, the ground state changes 480 

quickly to lower values. 481 

In the same way, low-temperature cMT decreases and the magnetization strongly decreases when the 482 

S=19/2 and 17/2 spin levels increase in energy. 483 

In light of these calculations, a new fit including the intertriangle interaction for the J value 484 

corresponding to the ground state suggested by the fit of the magnetization yield is an excellent fit for 485 

the whole range of temperatures for an intertriangle interaction of @0.7 cm@1 and J1=3.3 cm@1, 486 



J2=@3.4 cm@1, g=1.84, and R=8.8V10@5 for 6R and an intertriangle interaction of @0.75 and J1=3.3 487 

cm@1, J2=@3.2 cm@1, g=1.90, and R=2.0V10@4 for 7R. 488 

Absolute J and g values for this system must be assumed with caution because of the number of 489 

superexchange parameters, but independently of the fit approach, the sign of the interactions is always 490 

AF between MnII···MnIII and FM inside the triangular MnIII unit. Complexes 6R and 7R can be 491 

envisaged as two fused [MnIIMnIII3NaI] fragments with similar C3 symmetry and bond parameters, 492 

and as should be expected, the sign of the coupling constants is the same as that in compound 1 and the 493 

two complexes with m2-Cl bridges reported in the literature.[8, 13] 494 

Alternate current measurements were performed for all the complexes, but no out-of-phase signals were 495 

observed either at zero field or under static fields, discarding a SMM response, probably as a result of 496 

the sum of several factors such as the unfavorable arrangement of the easy axis of the MnIII cations, low 497 

D values, or the mixing of multiple spin states in the vicinity of the ground state that provide fast 498 

relaxation. 499 

The magnetic response of the reported systems and the successful rationalization of their magnetic 500 

response provide some conclusions: first, in this case, the m2-ligands (Cl or Br) have a negligible 501 

influence on the magnetic properties, and second, the generally assumed criterion to justify the magnetic 502 

response of related complexes is dubious. The magnetic properties of these systems can be explained 503 

without the employment of different J constants for different MnIII-O-MnIII bond angles for a constant 504 

m2 ligand. 505 

506 



CONCLUSION 507 

 508 

The chiral Schiff base derived from the condensation of o-vanillin and phenylglycinol proved to be a 509 

versatile ligand that, in adequate experimental conditions, is able to generate a variety of nuclearities and 510 

conformations based on the pentanuclear fragment [MnIIMnIII3M’(m3-O)2L3]. New examples of the 511 

M’=NaI family, some rare M’=CaII complexes, and the first clusters with M’=MnII or the enneanuclear 512 

systems [MnIIMnIII6NaI2(m3-O)2L3] were characterized. ECD and IR spectroscopy proved to be able 513 

to differentiate the parallel or reversed arrangement of the ligands, with the latter related to the inclusion 514 

of divalent cations in the M’ position. The reversed arrangement is associated with the anomalous loss 515 

of molecular helicity for both enantiomers. A review of the previously published data for the 516 

[MnIIMnIII3NaI] family of clusters revealed that the usually accepted dependence of the MnIII-O-517 

MnIII bond angle of the triangular fragments is poorly reliable to analyze their magnetic properties and 518 

that the superexchange role of the axial ligands must be considered. 519 

520 



EXPERIMENTAL SECTION 521 

 522 

Experimental details 523 

IR spectra (4000–400 cm@1) were recorded with a Bruker IFS-125 FTIR spectrometer with samples 524 

prepared as KBr pellets. Variabletemperature magnetic studies were performed with a MPMS-5 525 

Quantum Design magnetometer operating at 0.03 T in the 300–2.0 K range. Diamagnetic corrections 526 

were applied to the observed paramagnetic susceptibility using Pascal’s constants. Analysis of the 527 

magnetic data was performed with the PHI program.[23] Quality of the fits was parametrized as the 528 

R=(cMTexptl @cMTcalcd)2/(cMTexptl)2 factor. 529 

The solution ECD and UV/Vis spectra were recorded with a Jasco J-715 spectrometer at RT in 530 

spectroscopic grade CH3CN (10@5m, compounds 1 and 6) or CH3OH (10@6m, compounds 2 and 4). 531 

The solutions were measured in quartz cells with a path length between 2 and 0.1 cm. All spectra were 532 

recorded by using a scanning speed of 100 nmmin@1, a step size of 0.1 nm, a bandwidth of 2 nm, a 533 

response time of 0.5 s, and averaged over four accumulations. The spectra were baseline-corrected by 534 

using the solvent spectrum under the same conditions and immediately before or after the sample 535 

measurement. For all compounds, the yields of the syntheses were about 30–40% of crystalline product 536 

that was employed for the instrumental measurements. 537 

 538 

Single-crystal X-ray crystallography 539 

Prismlike specimens of the 11 (R) and (S) enantiomers of 1–7 were used for the X-ray crystallographic 540 

analyses. The X-ray intensity data were measured with a D8-VENTURE system equipped with a 541 

multilayer monochromator and a Mo microfocus (l=0.71073 a). The frames were integrated with the 542 

Bruker SAINT software package using a narrow-frame algorithm. The final cell constants were based 543 

upon the refinement of the XYZ-centroids of reflections above 20 s(I). Data were corrected for 544 

absorption effects using the multi-scan method (SADABS). The structures were solved with the Bruker 545 

SHELXTL Software Package and refined using SHELXL.[24] Details of crystal data, collection, and 546 

refinement for 1R and 1S are summarized in Table S4, 2R, 2S, and 3S in Table S5, 4R, 4S, and 5S in 547 

Table S6, and 6R, 6S, and 7R in Table S7. Analyses of the structures and plots for publication were 548 

performed with Ortep3[25] and POVRAY programs. 549 

 550 

Synthetic procedures 551 

H2L Schiff bases: The corresponding (R)- or (S)-enantiomer of 2-phenylglycinol (0.5 g, 3.64 mmol) and 552 

2-hydroxy-3-methoxybenzaldehyde (0.55 g, 3.64 mmol) were dissolved in methanol (20 mL), and the 553 

solution was refluxed for 1 h and diluted to 50 mL with methanol. The resulting 0.072m yellow 554 

solutions of the H2L ligands were employed directly in the synthesis of the derived complexes. 555 

Complexes with [Mn4Na] core (1R and 1S): MnBr2·4H2O (0.104 g, 0.365 mmol) and NaN3 (0.024 g, 556 

0.365 mmol) were dissolved in acetonitrile (20 mL), and the solution was added to a sample of the 557 



previously prepared ligand solution of the corresponding enantiomer of H2L (5 mL, 0.365 mmol). The 558 

mixture was stirred at RT for 3 h, filtered, and layered with diethyl ether. Dark-brown crystals were 559 

collected after a week. The analogous reaction starting from MnCl2·4H2O led to complex 6. Elemental 560 

analysis calcd (%) for C217H233Br16Mn16N21Na4O49 (1R): C 42.25, H 3.81, N 4.77; found: C 42.0, 561 

H 3.6, N 4.4; elemental analysis calcd (%) for C220H234Br16Mn16N24Na4O53 (1S): C 41.86, H 3.74, 562 

N 5.33; found: C 41.6, H 3.7, N 4.7. A representative IR spectrum is shown in Figure S4. 563 

Complexes with [Mn4Ca] core (2R, 2S, and 3S): MnCl2·4H2O (0.099 g, 0.5 mmol) and a sample of the 564 

previously prepared ligand solution of the corresponding enantiomer of H2L (6 mL, 0.438 mmol) were 565 

mixed with Ca(MeO)2 (0.026 g, 0.25 mmol) in acetonitrile (20 mL) and stirred at RT for 3 h. The 566 

resulting solution was filtered and layered with diethyl ether. Dark-brown crystals of 2R or 2S were 567 

obtained after a few days. The same reaction but starting from MnBr2·4H2O (instead of MnCl2·4H2O) 568 

led to complex 3S. Elemental analysis calcd (%) for C100H107.5Ca2Cl10Mn8N7O26.25 (2R): C 44.46, 569 

H 4.01, N 3.63; found: C 43.9, H 3.8, N 3.8; elemental analysis calcd (%) for 570 

C103.5H113Ca2Cl10Mn8N9O25.5 (2S): C 44.95, H 4.12, N 4.56; found: C 44.3, H 3.9, N 4.3; 571 

elemental analysis calcd (%) for C103H109.5Br10Mn8N9O25.25 (3S): C 38.71, H 3.45, N 3.94; found: 572 

C 37.4, H 3.7, N 4.1. A representative IR spectrum is shown in Figure S4. 573 

Complexes with [Mn5] core (4R, 4S, and 5S): The same procedure described for complexes 2 and 3 but 574 

employing KOH or CsOH (2 mmol) as base led to 4R, 4S, or 5S. Elemental analysis calcd (%) for 575 

C101H104Cl10Mn10N8O23 (4R): C 43.90, H 3.88, N 4.15; found: C 42.5, H 4.0, N 4.0; elemental 576 

analysis calcd (%) for C105.5H115Cl10Mn10N9O24.5 (4S): C 45.17, H 4.13, N 4.49; found: C 44.1, H 577 

3.8, N 4.3; elemental analysis calcd (%) for C107H116Br10Mn10N8O24.75 (5S): C 39.10, H 3.56, N 578 

4.26; found: C 40.5, H 4.0, N 4.6. A representative IR spectrum is shown in Figure S4. 579 

Complexes with [Mn7Na2] core (6R, 6S, and 7R): MnCl2·4H2O (0.072 g, 0.365 mmol) and NaOH 580 

(0.015 g, 0.365 mmol) were stirred for 5 min in acetonitrile (20 mL). After that, a sample of the H2L 581 

ligand solution (5 mL, 0.365 mmol) was added. The resulting mixture was stirred at RT for 3 h and 582 

filtered. The resulting solution was layered with diethyl ether, and dark-brown crystals were obtained 583 

after a few days. The same reaction but starting from MnBr2·4H2O (instead of MnCl2·4H2O) led to 584 

complex 7R. Elemental analysis calcd (%) for C105H111Cl6Mn7N6Na2O23 (6R): C 50.24, H 4.46, N 585 

5.02; found: C 50.5, H 4.1, N 4.8; elemental analysis calcd (%) for C97.5H100Cl6Mn7N6Na2O23.5 586 

(6S): C 49.30, H 4.24, N 3.54; found: C 49.4, H 3.7, N 3.7; elemental analysis calcd (%) for 587 

C108H112Br6Mn7N10Na2O21 (7R): C 46.03, H 3.94, N 4.13; found: C 45.8, H 3.8, N 4.3. A 588 

representative IR spectrum is shown in Figure S4 589 
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Legends to figures 658 

 659 

Scheme 1. Arrangement of the ligands in pentanuclear cages based on the Schiff bases obtained by 660 

condensation of o-vanillin and 3-amino-1,2-propanediol (I, literature data) or 2-amino-1-ethanol (II and 661 

III, this work). See Figure 1 for the color key. 662 

 663 

Scheme 2. H2L Schiff bases employed in this work (top), and their coordination modes linking three 664 

cations (bottom). The asterisk denotes the chiral C atom. 665 

 666 

Figure. 1. A view of the 1RA molecule and its labeled core (top). Tetra-, penta-, and hexacoordinate 667 

environments for the divalent Mn4 cation (bottom). Color key for all figures: MnIII dark green; MnII 668 

orange; CaII forest green; NaI blue; Cl violet; Br firebrick; O red; N navy; C dark gray. 669 

 670 

Figure. 2. A view of the representative 2RA molecule (left) and its labelled core (right). 671 

 672 

Figure. 3 A view of the representative 4RA molecule (left) and its labelled core (right). 673 

 674 

Figure. 4 A view of the representative 6R molecule (top) and its labeled core 675 

(bottom). 676 

 677 

Figure. 5 Space-fill view of complex 1 showing the opposite helicity for 1R and 1S (top). Arrangement 678 

of the bidentate fragments around the NaI cations (bottom). Fragments depicted as red rings turn D, and 679 

fragments depicted as green rings turn L. Left, R enantiomer; right, S enantiomer. 680 

 681 

Figure. 6 Plot of the coordination of the O donors around the CaII cations and the ideal apicated 682 

octahedron polyhedron for complexes 2–5. The bidentate fragments show two mirror images of opposite 683 

helicities around the cation. Fragments depicted as red rings turn D, and fragments depicted as green 684 

rings turn L. 685 

 686 

Figure. 7 Trigonal rotation of the central MnII coordination sphere (top) that determines a L or D 687 

conformation (bottom) for 6R (left) and 6S (right), respectively. 688 

 689 

Scheme 3. Reaction scheme showing the conditions that lead to four different systems from the H2L 690 

ligand. 691 

 692 



Figure. 8 ECD spectra for the pairs of enantiomers of complexes 1 (top), 2 (middle), and 6 (bottom). 693 

(R)-enantiomers, red lines; (S)-enantiomers, blue lines. The spectrum of 4R (green line) appears to be 694 

identical to that of 2R. 695 

 696 

Scheme 4. Key for the structural parameters summarized in Table 5. 697 

 698 

Scheme 5. Coupling scheme for complexes 1 (top, left), 2 and 3 (top, middle), 4 and 5 (top, right), and 6 699 

and 7 (bottom). 700 

 701 

Figure. 9 cMT versus T and magnetization (inset) plots for complex 1S. Solid lines show the fit of the 702 

experimental data. 703 

 704 

Figure. 10 cMT versus T and magnetization (inset) plots for complexes 2R (squares), 3S (triangles), 4R 705 

(circles), and 5S (diamonds). Solid lines show the fit of the experimental data. 706 

 707 

Figure. 11 cMT versus T plots for complexes 6R (circles) and 7R (diamonds). Solid lines show the fit 708 

of the experimental data. 709 

 710 

Figure. 12 Evolution of the ground state for the MnIIMnIII6NaI2 system versus the intertriangle 711 

interaction, in relation to the 19/2 spin state (top). Effect on the cMT and M response of the intertriangle 712 

interaction (bottom). 713 
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FIGURE 7. 776 

 777 

 778 

 779 

 780 

 781 

 782 

783 



SCHEME 3. 784 

 785 

 786 

787 



FIGURE 8. 788 

 789 

 790 

 791 

792 



SCHEME 4. 793 

 794 

 795 

 796 

 797 

798 



SCHEME 5. 799 

 800 

 801 

802 



FIGURE 9. 803 
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