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ABSTRACT:

The MnlJIII) dinuclear compounds [ {MnlJbpy)IJH20)} 1Ju-2,6-CI2C6H3COO)21Jp-
0){MnlJbpy)IJX)} X, where X = ClO4 (1) or X = NO3 (2), were synthesised and characterised by X-
ray diffraction spectroscopy. In both cases there were hydrogen bond interactions between the aqua
ligand and counteranions, but with different connectivity patterns. For compound 1, the interactions
connected two dinuclear complexes through two perchlorate counteranions to generate a tetranuclear
unit. For compound 2, the hydrogen bond was “intramolecular” between the cationic complex, nitrate
counteranion and crystallization water (Mn—LW-:-NO3 —--H20O---LN-Mn). This unusual interaction
was responsible for the perfect orthogonality of the coordination octahedra on the dinuclear entity and
noticeable elongation of these polyedra. Both compounds showed antiferromagnetic coupling, which
was unusually strong for compound 2 with a nitrate anion (J = —9.2 and —27.3 cm—1 for 1 and 2,
respectively) (H =-J-S1-S2). The effect of the counteranion (X) on the magnetic interaction was
analysed by density functional theory studies. For both compounds, hydrogen bonds between the aqua
ligand and counteranions weakened the antiferromagnetic interaction. Moreover, for 2, replacement of

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

Interest in MnlJIII) dinuclear compounds with a [Mn21Ju-O)IJu-R’COQO)2]2+ core is based on the
possibility of obtaining compounds with two spin ground states: S = 0 or S = 4. Several magneto-
structural correlations have been reported for acetate and benzoate derivatives as carboxylate bridging
ligands. Systems with major “flexibility” are hexacoordinated MnlJIII) ions achieved by diimine chelate
ligands, together one oxo and two bridging benzoate derivatives, [ {MnLIJNN)} [Ju-O)lJp-
RC6H4CO0)2{MnL'(NN)}]X2—n. The X— anion (N3—, NO3— orClO4—)1-12 can be incorporated as a
ligand in the sixth position. Consequently, three classes of systems have been obtained: dicationic
complexes with neutral ligands such as H20 or EtOH remaining both X as counteranions; neutral
complexes when these anions acts as ligands; monocationic complexes when the two metallic ions
present different charged ligands as a neutral and an anion.

The nature of the monodentate ligand (L, L") is one of the most influential factors for distortion of the
coordination octahedral around MnlJIII) ions (compression or elongation)2,3 and in the orientation of
the distortion axes.1,4 These facts are related to the magnetic interaction and spin ground state. From the
28 compounds of this type characterized magnetically and structurally, only two have shown
compressed octahedral in the oxo bridge direction, resulting in ferromagnetic interaction in the two
cases with ground spin state S = 4. These compounds have L =L'=N3,1 and L =H20 and L' = NO3,4
respectively.

Despite these two exceptions, the remainder of the compounds have distortion axes in the monodentate
ligand direction, and the octahedra are elongated or show rhombic distortion. The degree of
elongation/rhombicity is one of the main parameters affecting the magnetic interaction.

Nevertheless, other parameters are also revealed to modify magnetic coupling, such as the relative
disposition of the coordination octahedra (L—Mn---Mn—L' torsion angle), the Mn—O—Mn angle, and the
twist of the aromatic ring of the benzoate derivative bridge.2,3

The coordination of nitrate or perchlorate anions has a significant influence on the degree of elongation
of the coordination octahedra.3 Moreover, if there is at least one aqua ligand, hydrogen bonds between
this ligand and the counteranion are observed. This interaction could be limited to the aqua ligand of the
cationic complex (LW) and the counteranion (X—) or extended connecting neighbour dinuclear entities.
For the nitrate compounds, most of them form one-dimensional systems due to the hydrogen bonds
connecting with dinuclear entities directly, i.e., LW-+-LN (aqua and nitrate as ligands) or through the
counteranion LW---NO3 —--LW.2-4,6,9—12 Moreover, they predominantly show a ground state of S = 4
for the dinuclear entity.

For the perchlorate compounds, only half of them result in one-dimensional systems by hydrogen
bonding, as in the preceding case, both types are found (LW---C1O4 —--LW and LW---LCl).3,6,7,10,11
Nevertheless, other cases present these interactions by connecting only two dinuclear entities to make a

tetranuclear unit.2,4,6 From the magnetic viewpoint, most of these compounds show a spin ground state
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S = 0. Only few of them with ground spin state S = 4 have hydrogen bonds between dinuclear entities to
generate a one-dimensional system.

From the first study of the magnetic coupling mediated by hydrogen bonds in mononuclear complexes
of CulJII) ions, 13 some other cases of mononuclear and polynuclear compounds with intermolecular
magnetic interaction have been reported.14-23 Moreover, in at least one case, an intramolecular
hydrogen bond that provides a new way for magnetic coupling has been reported.24 There are also two
clusters with SMM properties that have been affected by magnetic interaction through hydrogen bonds
between the clusters.25,26

In the present study, we report two newMnlJIII) dinuclear compounds with a dichlorobenzoate bridge,
[{MnlJbpy)IJH20)}1Ju-2,6-C12C6H3COO0)21Ju-O) {MnlJbpy)1JX)} ]X, where X = C104 — (1) or NO3 —
(2). We wished to observe the influence of the steric hindrance and electronic effect of the two chloro
substituents of the benzoate bridge on structural parameters and magnetic properties. Moreover, the
network of hydrogen bonds generated by the counteranions and their influence on magnetic behaviour
was analysed. To clarify the role of the hydrogen bonds between the counteranion and cationic

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

Synthesis

MnlJII) dinuclear compounds were obtained by a comproportionation reaction between MnX2 (X =
ClO4 (1), NO3 (2)) and Bu4NMnO4 in the presence of the carboxylic acid 2,6-C12C6H3COOH and
2,2'-bipyridine (bpy). Compound 1 [ {MnlJbpy)IJH20)}Ju-2,6-C12C6H3CO0)21Jp-O) {Mnllbpy)-
1JCI04)} ]Cl1O4 crystallised by slow diffusion of n-hexane into an CH3CN solution of 1 layered with
CH2CI2. Compound 2-H20 -CH3CN [{MnlJbpy)IJH20)} Ju-2,6-C12C6H3COO0)21Jpu-O) {MnlJbpy)-
IJNO3)} INO3-H20-CH3CN crystallised directly from the acetonitrile mother liquor by slow
evaporation at room temperature.

The infrared spectra of these compounds showed characteristic bands of the carboxylate ligand at ~1600
cm—1 and 1390 cm—1 corresponding to asymmetric (va) and symmetric (vs) vibrations, respectively.
The value of Av =valJCOO) —vsIJCOO) ~210 cm—1 is indicative of carboxylate ligands coordinated in
bidentate bridging mode (u1,3).27 In addition, compound 1 showed the characteristic band of C104 — at
~1100 cm—1. For compound 2, NO3 — showed a very strong band at ~1385 cm—1; this band overlapped
with the vs of the carboxylate group and therefore it was not possible to distinguish between coordinated
and non-coordinated ions. The bipyridine ligand showed three characteristic bands in the 1500-1445
cm—1 region and the Mn—Ob—Mn group usually displayed a band at ~730 cm—1.

Description of the structures

The crystal structures of compounds 1 and 2-CH3CN-H20 showed a dinuclear cationic complex
[{MnlJbpy)IJH20)}1Ju-2,6-CI12C6H3COO0O)21Ju-0) {MnlIbpy)1JX) } ]+ and non-coordinated perchlorate
or nitrate counteranions (X). The cationic complexes of these compounds are shown in Fig. 1 and 2. In
both compounds, the two MnlJIII) ions were bridged by one oxo and two 2,6-C12C6H3COO— ligands.
Each manganese ion was chelated by a 2,2"-bipyridine (bpy) ligand, and hexacoordination was
completed by a monodentate ligand, which was a water molecule in one manganese atom and X anion in
the other one. The structural parameters of 1 and 2 were in agreement with those reported for analogous
compounds with the same [Mn21Ju-O)IJu-R'CO0)2]2+ core.1-12 Select interatomic distances and
angles are shown in Tables 1 and 2.

The Mn---Mn distance was ~3.16 A and Mn—Ob—Mn angle was ~124°. The Mn—O bond length of the
oxo bridge was ~1.79 A and Mn-N distance was ~2.06 A. The carboxylate bridging ligands were
coordinated in a syn—syn conformation. One of the oxygen atoms was placed trans to the monodentate
ligand with a Mn—Ot distance of ~2.15 A for 1 and ~2.21 A for 2, whereas the other oxygen atom was
placed in the cis position with a shorter Mn—Oc distance (~1.97 A) and was similar for both compounds.
The Mn—OW distance for the aqua ligand was similar in both compounds (~2.23 A), whereas Mn—OL
distance involving the anion as a monodentate ligand (ON and OCIl atoms, respectively), was larger for

ClO4— than for NO3— (2.33 and 2.21 A for 1 and 2, respectively).
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The carboxylate group and aromatic ring of the benzoate derivative bridge was not coplanar; the twist
angle w(O—Ccarb—Car—Car) was ~74° for both compounds, probably due to the hindrance of chlorine
atoms in the aromatic ring. No significant difference was observed between 1 and 2, despite the
dissimilar shape and volume of the monodentate ligand on Mn2. The relative disposition of the
coordination octahedral could be analysed by the torsion angle between the elongation axes, T(L—
Mn---Mn-L). This angle was ~106° for 1 whereas for 2 the octahedra were perfectly orthogonal (t angle
of 90°).

The arrangement of the coordination octahedra in compound 2 was due to crystallisation solvent
molecules, 2-H20 -CH3CN, [{MnlJbpy)IJH20)}1Ju-2,6-C12C6H3CO0)21Ju-O) {MnlJbpy)-

IJNO3)} INO3-H20-CH3CN, which propagated the interaction between the monodentate ligands in the
two MnlJIII) ions, through a “net” of hydrogen bonds Mn2—-LN-:-W---NO3—--LW-Mn1 (Fig. 3). The
interaction between the aqua ligand and nitrate ion was stronger than that of the nitrate ligand and
crystallization water (abbreviated as W). The hydrogen-bond distances between the involved oxygen
atoms were: dIJO6:--012) = 2.746 A, d1JO11---013) = 3.033 A and dIJO13---09) = 2.843 A.

As mentioned above, in this type of compound, it is usual to find hydrogen bonding between the nitrate
counteranion and aqua ligand which, in most cases, forms a onedimensional system. However, this is the
first compound in which the intramolecular hydrogen bonding between the cationic complex and
counteranion generated a cycle, LW:--NO3—--W-:-LN, that blocked any other interaction with
neighbour entities.

The nitrate ligand coordinated to the Mn2 ion was perpendicular to the Ot-Mn—OL axis direction,
(Y(O9-N5-07-Mn2) = 91.91°) and the angle between the planes containing the coordinated and non-
coordinated nitrate ions was 47.36° (ESL 1 Fig. S1). The angle between the two planes containing the
hydrogen bonds that generated the extra bridge, 09-:-O13:--:O11 and O11::-:012---O6 was 59.88° (Fig.
4).

For compound 1, the intermolecular hydrogen bonding between the aqua ligand and perchlorate anion
connected two dinuclear entities, LW-:-ClO4—--LW. (Fig. 5). The OW:--OCl distance was slightly
different for both perchlorate anions: dIJO6:--012) = 2.874 A and dIJO6---014") =2.797 A.

In these types of compounds, the coordination octahedron around the MnlJIII) ions is elongated in the
direction of the monodentate ligand, and the Jahn—Teller axes are approximately in the Ot-Mn—OL
direction (z axis). Arbitrarily, the x axis could be considered in the Nt—Mn—Ob direction.

Approximate values of the axes length could be obtained by addition of the Mn—L distances of each axis
(x = dlJMn—-Ob) + dIJMn—Nt), z = d[JMn—OL) + dIJMn-Ot) and y = dIJMn-Oc) + dIJMn—-Nc)). For
both compounds, the length of x and y axes were similar, whereas some difference was observed in the
length of the z axes.

The most significant differences were in the Mn—L distances in the z axes. In both compounds, one site
showed a water molecule as a monodentate ligand and the other site the X anion. The Mn—OW distance

was similar for both compounds (~2.23 A) whereas the Mn—Ot distance (oxygen atom in trans to a
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water molecule) was shorter for 1 (2.17 A) than for 2 (2.22 A). In the other site, with the X group
coordinated to the MnlJIII) ion, the Mn—OCI distance in 1 was ~2.31 A (there was some delocalization
of the perchlorate ligand), whereas the Mn—ON distance in 2 was 2.21 A. The Mn—Ot distance (oxygen
atom trans to the X group) was shorter in 1 (2.13 A) than in 2 (2.20 A).

The degree of distortion was evaluated by elongation (A) and rhombicity (p) parameters, which were

calculated using the formulae:3

where Xy = (x + y)/2, A represents how different the Jahn—Teller axis is from the average length
between x and y axes, and p represents distortion within the xy plane. The axis length and distortion
parameters for compounds 1 and 2 are shown in Table 3. Interestingly, for compound 1, the most
elongated octahedron was that around Mn2 (with the perchlorate ligand) whereas, for compound 2, is
was around Mn1 (with the aqua ligand). Surprisingly, the average value for the elongation parameter of
both compounds was similar; the obtained value for compound 1 was in the expected range for
perchlorate compounds, but it is unusually large for the nitrate compound. The largest A value found
until now was for an analogous compound with a 3-MeOC6H4CO2 — bridge (12.4) that shows two
nitrate ligands.3 Hence, it seems that the unusual hydrogen bond present in compound 2 affected Mn—-L

distances.

Magnetic properties

Magnetic susceptibility data were recorded for compounds 1 and 2-CH3CN-H20O from room
temperature to 2 K (4 K for 2). yMT versus T plots are shown in Fig. 6. At 300 K, the yMT values were
lower than expected for two uncoupled MnlJIII) ions (5.6 and 4.5 cm3 mol—1 K for compound 1 and 2,
respectively). This fact, together with the decrease in yMT values on cooling, was indicative of a strong
antiferromagnetic interaction. This was also clearly evidenced by a maximum in the yM versus T plot, at
26 K for compound 1 and at 90 K for 2, which was indicative of a stronger magnetic interaction in 2
than in 1.

Experimental magnetic susceptibility data were fitted with the PHI program.28 We assumed that the two
MnlJII) ions had the same g value. The best fits of the experimental data corresponded to J =—9.2
cm—1 and g =2.01, with RIJYMT) = 8.1 x 10-5, RIJyM) = 3.6 x 10—3 for compound 1 and J =—27.3
cm—1 and g = 2.01, with RIJyMT) = 7.1 x 10-5, RIJyM) = 2.0 x 10—3 for compound 2 (considering H =
—J-S1-S2 as the spin Hamiltonian).
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Magneto-structural correlations

The magnetic coupling constant for perchlorate compounds range between +5.7 cm—1 to —12.6 cm—1,
and the result obtained for compound 1 was within this interval. For nitrate compounds, the magnetic
coupling constant for compounds reported in the literature range between +11.8 cm—1 to —2.3cm—1.
Consequently, the result obtained for compound 2 was out of this range and, moreover, out of the range
of perchlorate compounds, being compounds with stronger antiferromagnetic interactions.3

Table S1 in ESIT summarizes the most relevant magnetostructural parameters for the 30 compounds
(including 1 and 2) of this type reported until now. Half of them are nitrate compounds (X = NO3) and,
between them, 11 compounds show at least one nitrate ion acting as a ligand. Interestingly, three
compounds with para susbstituents3,4,8,9 remain nitrate uncoordinated, whereas those with ortho-
position nitrate ions are coordinated to one or two MnlJIII) ions. Nevertheless, compounds with meta
substituents have a nitrate ion as a counteranion or ligand for 3-C110 and 3-M¢eO,3 respectively, which
should be related by the electronic properties of these groups. Table 4 summarizes the magneto-
structural parameters for compounds with an ortho mono and disubstituted carboxylate bridge.

n the last years, we have analysed different structural factors affecting the magnetic interaction for
compounds with a general formula [ {MnIJL)IJNN)}21Ju-O)1Ju-n-RC6H4CO0)2]1X2. We found strong
influences of the Mn—Ob—Mn angle (o) on the magnetic interaction; major angle values corresponded to
greater antiferromagnetic interaction, with a dependence of ~5 cm— 1 per degree. 4 For this type of
compound, the o angle is in the range 121-125° (Table 4 and Table S1 in ESI{). However, other
structural parameters enhance the antiferromagnetic interaction: elongation of the coordination
octahedra (A parameter), relative orthogonal disposition of octahedra, (evaluated as the angle between
the Jahn—Teller axes ©(L—Mn---Mn-L)) and the coplanar or perpendicular disposition of the benzylic
ring and carboxylate group, 1 O CC Ccarbarar 0 0 0 0 0 [0 .2,3,7

Moreover, as mentioned above, most of the nitrate compounds showed coordination of this anion and a
ferromagnetic interaction between MnlJIII) ions. Previously,6 we analysed the influence of the
disposition of the nitrate ligand on the magnetic interaction due to their m-acid character. The disposition
of the nitrate ligand could be defined by two angles: f(Mn—O—-N) and the angle between the planes
containing the MnN202 fragment and NO3 group (y) (Fig. 7). When 3 and y angles were close to 90°
the z2 orbital of the MnlJIII) ion and 7*(NO3) were orthogonal and any overlap between them was
possible. The best overlap should be achieved for B = 90° and y = 0°. In this situation, some spin density
of the MnlJIII) ion could be delocalized into the nitrate ligand, thereby decreasing the antiferromagnetic
interaction.6

Compounds with 3-MeO and with an unsubstituted benzoate bridge showed similar values for these
angles (B = 130-134° and y = 84-88°, see Table S1 in ESI{). Compounds with a substituent on the
carboxylate bridge in the ortho position showed a greater range for these angles: p = 118-140° and y =

30-89°.



272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307

Despite of the influence of the different structural parameters on the magnetic interaction, compound 1
followed the expected trends as, for example, the similarity with A and B (Table 4).

The structural parameters of 2 were substantially different from those of compounds with a 2-Cl
substituent, J and K, and with most nitrate compounds; their A, ® and T parameters were more similar to
those of the perchlorate compounds.

The most relevant differences between compound 1 and 2 were in the t angle and the presence of the
nitrate ligand. The difference in this angle could explain the major antiferromagnetic behaviour of 2.
However, the disposition of this ligand, with a small y angle, suggested some delocalization of the spin
density from the z2 orbital of the MnlJIII) ion to the nitrate ligand, which should decrease the
antiferromagnetic interaction.

Another factor to take into consideration was the electronic effect of the second chlorine substituent on
benzoate bridges. Indeed, 2,6-CI2C6H3COOH (pKa = 1.59) was more acidic than 2-CIC6H4COOH
(pKa = 2.92), indicating a major withdrawing character of the aromatic ring. Previously, we observed
that compounds with 2-RC6H4COO— bridges show a weaker antiferromagnetic interaction when R = F
(electronwithdrawing group) than when R = Me (electron-donating group).6 In the case reported here,
the second chlorine substituent decreased the electronic density on the carboxylate group, and a weaker
antiferromagnetic interaction could be expected. However, the experimental data showed an opposite
tendency to that expected with regard to electronic factors. Thus, the fact that the structural parameters
mentioned above are more relevant became evident. However, the proposed question was if the

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

DFT studies

With the aim of observing the influence of the counteranion on the magnetic properties of these
compounds, several calculations were carried out. The coupling constants between transition metals
through hydrogen bonding can be theoretically predicted,13 so we attempted to understand the
contribution of the bound counteranions. In particular, we were interested in compound 2, for which the
unusual hydrogen bonds generated an extra bridge between the MnlJIII) ions (Fig. 3). There were
several compounds in which the presence of magnetic interaction through hydrogen bonds could be
evidenced.14-26

First, from the crystallographic data we calculated the magnetic interaction in the isolated cationic
dinuclear complexes of 1 and 2 ([ {MnlJbpy)IJH20)}1Ju-2,6-C12C6H3CO0)21Ju-0O){Mnllbpy)IIX)} |+
with X = ClO4— or NO3—, respectively). The results of these calculations suggested that the cationic
complex of 1 showed a weaker antiferromagnetic interaction compared with that of the cationic complex
of 2 (Tables 5 and 6). This trend was in agreement with the experimental results and confirmed that the
structural differences were responsible for the stronger interaction in 2 than in 1. Nevertheless, the

second calculation was carried out for the whole compound. In both cases, there were hydrogen bonds
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between the dinuclear complex and counteranion but, as mentioned in the structural section, the
situation was very different between 1 and 2 and they were analysed separately.

For compound 1, the aqua ligand of two neighbour cationic complexes interacted through a hydrogen
bond with two perchlorate counteranions. Hence, in this case, two perchlorate anions acted as extra
bridges between two cationic dinuclear complexes of |, Mn LCIOLManWWWW DO O OOOOO4
200 . To observe the effect of the extra hydrogen bond bridges, several models based on the structural
data of 1 were analysed (Table 5 and Table S2 in ESIY).

The 1A model corresponded to the cationic complex of 1, having only ligand directly bound to
manganese atoms. 1B and 1C incorporated only one perchlorate (the two perchlorate counteranions were
non-equivalent) together with the cationic complex of 1, interacting with the aqua ligand by hydrogen
bonding. Nevertheless, 1D contained two perchlorate anions bound to the cationic complex of 1. The 1E
model added a terminal aqua ligand of the neighbouring complex to the 1D one, bound by hydrogen
bonds. Finally, the 1---1’ model considered the two neighbouring units as a tetranuclear complex (two
complexes and two counteranions).

Calculations on the isolated cationic complex of 1 predicted a stronger antiferromagnetic interaction
than the experimental one. To analyse the influence of the hydrogen bonds of the aqua ligand with the
neighbouring complex, we took the isolated cationic complex of 1 as reference.

Inclusion of a single perchlorate anion (1B and 1C) decreased the antiferromagnetic interaction in the
two models. The spin density on the aqua ligand increased while it decreased in the manganese ion with
the coordinated water (MnW). This effect was greater when the two anions were present (1D). However,
the influence of these hydrogen bonds was negligible on the other manganese ion of the complex
(MnCl). The perchlorate anions transferred some electron charge to the aqua ligand, and the latter
transferred some electron charge to the manganese ion. Addition of a terminal water molecule did not
modify this description significantly.

For the tetranuclear model 1:--1', with two cationic complexes interacting through the perchlorate
counteranions, the magnitude of the magnetic interaction was intermediate between the models 1E/1D
and 1C/1B. The anions transferred now electron charge to the two complexes. The calculations for 1---1'
showed negligible magnetic interactions (<10—4cm—1) between the MnlJIII) ions of neighbouring
complexes. This was significantly different to the other cases reported in the literature where magnetic
interaction between neighbouring entities is present.14—-19,21-26 Consequently, the calculation for the
isolated cationic complex of 1 indicated a stronger antiferromagnetic interaction that the experimental
data. However, when the perchlorate counterions were present, a certain degree of weakening of this
interaction was found. Nevertheless, a disagreement between theoretical (1---1") and experimental
coupling of only 5 cm—1 was found, probably induced by disorder in the perchlorate anions.

The modification on electronic structure by counteranions is depicted qualitatively in Fig. 8.
Perchlorates acted as donors of electron density and transferred it to the aqua ligand, and this was water-

bound to the MnlJIII) ion. However, water delocalized mainly B (down) spin density on MnW and
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counteracted its o (up) spin density. The final effect was a decrease in spin density on the metal in
comparison with the model 1A without counteranions. It is well known that the net magnetic interaction
between the MnlJIII) ions is the balance between ferro- and antiferromagnetic contributions. One of the
antiferromagnetic contributions involves the z2 orbital of the first center (pointing towards the aqua
ligand) and the xz of the second one (in the N202 plane). Consequently, the minor spin density on the
first metal could diminish the value of this antiferromagnetic contribution.6

In compound 2, there were intramolecular hydrogen bonds between two sites of the cationic complex
through one counteranion and one crystallisation water molecule, MnW-LW---NO3—:--W---LN-MnN
(see the description of the structures section). Hence, in this case, we carried out calculations with the
whole compound (2-H20), including the counteranion and water, and good concordance between
experimental and theoretical coupling constants was noted. Alternatively, we considered the isolated
cationic complex of 2 by removing both nitrate and water bound by hydrogen bonds to determine the
influence of this approach in the magnetic interaction (2A). An extra bridge between the two MnlJIII)
ions of the complex decreased the antiferromagnetic interaction (Table 6).

Aiming to understand the effect of this extra bridge, different models were generated from the
crystallographic data of 2, by replacing the NO3— anion by neutral and anionic species (X). 2B and 2C
corresponded to the models with neutral X groups (MeNO2 and HNO3, respectively) with trisubstituted
nitrogen (Table 6 and Table S3 in ESI{). An identical bridging core was present in the 2D model with
anionic NO2—, but now disubstituted nitrogen had an electron lone pair. Finally, 2E and 2F containing
anionic X groups with carbon as the central atom (HCO3— and MeCO2—, respectively) were considered
to evaluate the effect of electronegativity.

The calculated magnetic interaction was dependent on the LN---W---X.--LW interaction. The calculated
magnetic interaction was similar for models 2A (only the cationic complex), 2B and 2C (neutral X).
However, a decrease of ~13% in the antiferromagnetic interaction was observed when an anionic X
species was involved in the hydrogen bond bridge.

Magnetic properties were dependent on the presence of the extra bridge, so we considered the 2A model
as the reference. When neutral X groups were incorporated, the main changes in the electronic structure
affected both the aqua ligand and molecule that received electron density from a neighbouring neutral
molecule and nitrate ligand, respectively. The spin densities on both MnN and MnW atoms decreased
slightly, delocalizing it in their ligand, whereas it was zero for bridging water and neutral molecules (as
expected for diamagnetic extra bridges). This observation could be explained by redistribution of the
spin density from MnN to MnW through the extra bridge (Fig. 9, left). Our calculations revealed that
these variations on the spin density of the MnlJIII) ions did not affect the antiferromagnetic interaction.
Conversely, in systems with anionic X groups (2, 2E and 2F), the MnN was mostly affected by the extra
bridge, which decreased its spin density. The spin density also decreased in the nitrate ligand and
increased in the aqua ligand of MnW (Fig. 9, right). Moreover, lower spin densities on MnN and MnW

were obtained for models replacing nitrogen by a low electronegative carbon as the central atom in the
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X groups (2E vs. 2C, and 2F vs. 2B). Also, new bridging extra ligands had negligible spin density.
Consequently, we could associate the decrease in the spin density on manganese atoms with the low
antiferromagnetic interaction in these models. As in compound 1, the antiferromagnetic z2/xz
contributions decreased due to the lower spin density on the z2 orbital.

A special case was the NO2— model (2D), which unexpectedly showed a significant amount of spin
density in the extra bridge. Now, the spin density on both manganese ions decreased, especially on
MnW, and also on the nitrate ligand, being transferred to the nitrite group and aqua ligand. This could be
interpreted as delocalisation of the spin density from MnW, and in minor extension from MnN, to the X
group interacting by hydrogen bonds (Fig. 9, bottom).

Then, the effect of the extra bridge between the manganese ions on the dinuclear compound was
different depending on the nature of the X group. When X was neutral, electron density was transferred
to MnW and to the nitrate ligand (LN), whereas anionic groups transferred it to LW, LN and MnN.
Slightly different behaviour was observed for the nitrite group (2D) because it was transferred to LW,

MnW and LN.
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EXPERIMENTAL

Synthesis

All manipulations were carried out under aerobic conditions. Reagents and solvents were obtained from
commercial sources and used without purification. NBu4MnO4 was prepared as described in the
literature.29 Caution! Perchlorate salts of compounds containing organic ligands are potentially
explosive. Only small quantities of these compounds should be prepared.
[{MnlJbpy)IJH20)}1Ju-2,6-C12C6H3COO0)21Ju-O) {MnlJbpy)LJC104)} ] C104 (1) MnlJC104)2-6H20
(0.45 g, 1.25 mmol) was dissolved into 20 mL of MeCN and a solution of 2,6-CI2C6H3COOH (0.30 g,
1.6 mmol) was added. Then, MeCN solutions of 2,2"-bipyridine (0.0.25 g, 1.6 mmol) and NBu4MnO4
(0.12 g, 0.32 mmol), which had been filtered previously, were added to the abovementioned solution.
The resulting solution was stirred for ~10 min and a first precipitate appeared. The yield was 42.1%. X-
ray quality single crystals where obtained by slow diffusion of n-hexane into the mother solution of 1
layered with CH2CI2 (1 : 1 : 1). Anal. Calcd for C34H24N4014Cl6Mn2 (M. W. =1035.2) (%): C,
39.54; H, 2.34; N, 5.43; Cl1, 20.33. Found (%): C, 38.91; H, 2.28; N, 5.51; Cl, 20.14.1IR (KBr pellet):
3416 (w), 1601 (s), 1572 (m), 1469 (m), 1447 (m), 1429 (s), 1386 (s), 1111 (s), 1084 (s), 770 (s), 728
(m), 626 (m), 499 (m) cm—1.

[{MnlJbpy)IJH20)}1Ju-2,6-C12C6H3COO0)21Ju-O) {MnlJbpy)IINO3)} ] NO3-H20-CH3CN
(2-H20-CH3CN)2,6-CI2C6H3COOH (0.31 g, 1.6 mmol) in MeCN was added to a solution of
MnlINO3)2-4H20 (0.32 g, 1.25 mmol) in MeCN. Then, previously filtered NBu4MnO4 (0.12 g, 0.32
mmol) dissolved in MeCN was added to the above-mentioned solution. Finally, an MeCN solution of
2,2"-bipyridine (0.25 g, 1.6mmol) was added (total volume, 150 mL), and the resulting solution was
stirred for ~5 min. A brown precipitate appeared from the initial solution. The precipitate was washed
with Et20 and dried in air. Dark crystals suitable for X-ray diffraction spectroscopy were obtained by
slow evaporation of the mother liquor at room temperature. Yield: 36.9%. Anal. calcd for
C34H24N6012C14Mn2-Et20 (M.W. = 1034.4) (%): C, 44.12; H, 3.31; N, 8.12; Cl, 13.71. Found (%):
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),
1445 (w), 1384 (s), 1299 (m), 1171 (w), 1156 (w), 1032 (m), 768 (m), 730 (w), 661 (w), 499 (w).

Physical characterization

Chemical analysis (C, H, N and Cl) was carried out by the Servei de Microanalisi of the Consell
Superior d'Investigacions Cientifiques. Infrared spectra were recorded on KBr pellets in the 4000—400
cm—1 range with a Termo Nicolet Avatar 330 FT-IR spectrometer. Magnetic susceptibility
measurements between 2 and 300 K were carried out in a Quantum Design MPMS XL5 magnetometer
at the Unitat de Mesures Magnétiques, Universitat de Barcelona using a field of 300 G. The Pascal
constant was used to estimate the diamagnetic corrections for each compound. The fit was undertaken

by minimizing the function R = P[(yMT)exp — (yMT)calc]2/P[(yMT)exp]2.
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X-ray crystallography

The data collection for compound 1 was carried out at 293 K whereas for 2 it was at 100 K, both on a
Bruker D8Venture diffractometer equipped with graphite monochromated Mo Ka radiation (A = 0.71073
A). Structures were solved and refined using the SHELXL2014 (ref. 30) program. Hydrogen atoms were
treated by a mixture of independent and constrained refinement. Crystal data collection and refinement
parameters are given in Table S4 in ESI.¥ For compound 1, the program SQUEEZE31 (part of the
PLATON32 package of crystallographic software) was used to calculate the solvent disorder and
remove its contribution to the overall intensity data. Twenty-three electrons were found in a 102 A3
void, which corresponded to the diffuse contribution of an acetonitrile molecule without specific atom

positions.

Computational details

Unrestricted density functional calculations were carried out using the Gaussian09 package,33 with the
B3LYP hybrid method.34,35 An all-electron triple- basis set was used for all atoms.36 Evaluation of
the coupling constants was carried out using high-spin and broken-symmetry states according to non-
projected DFT calculations.37 Atomic charges, orbital populations and spin densities were computed by
Natural Populations Analysis. These calculations have been used to provide quantitative results,7

including for magnetic coupling towards hydrogen bonds.13
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CONCLUSION

The two MnlJIII) dinuclear compounds [ {MnlJbpy)IJH20)}1Ju-2,6-CI2C6H3COO)21Jp-
0){MnlJbpy)IJX)} X (X = ClO4 for 1, NO3 for 2) showed different hydrogen bond connectivities,
which play important parts on the structural parameters of dinuclear entities. The unusual intramolecular
pattern of hydrogen bonds (Mn—LW---X---W---LN-Mn) for 2 could have been responsible for the perfect
orthogonality of the coordination octahedral and, indirectly, of the noticeable antiferromagnetic
interaction.

Comparison with the analogous compounds with a 2-chlorobenzoate bridge showed that the structural
effects of electron-withdrawing chlorine atoms was more important than its electronic factors. DFT
studies for both compounds revealed that hydrogen bonds between the counteranion and water molecule
decreased the antiferromagnetic interaction. For 1, the intermolecular hydrogen bonds propagated some
redistribution of the spin density on the dinuclear complex and modified its magnetic interaction. For 2,
the intramolecular hydrogen bonds provided the dinuclear entity with an extra bridge between MnlJIII)
ions, and the magnetic interaction weakened the anionic X groups with a major effect observed if the

central atom of this group was C instead of N.
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544  Legends to figures

545

546  Figure. 1. Crystal structure of the cationic complex of compound 1 showing the atom labelling scheme.
547  Hydrogen atoms have been omitted for clarity.

548

549  Figure. 2Crystal structures of the cationic complex of compound 2-H20-CH3CN showing the atom
550 labelling scheme. Hydrogen atoms have been omitted for clarity.

551

552 Figure. 3 Hydrogen bonds between both monodentate ligands through the crystallisation water molecule
553  and nitrate counteranion on 2-H20-CH3CN.

554

555  Figure. 4 Planes containing the atoms involved in the hydrogen bonds between LN:--W---NO3—--LW
556  for compound 2.

557

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

559 perchlorate anions, on compound 1.

560

561  Figure. 6 yMT versus T and yM versus T (inset) plots for compounds 1 and 2-H20-CH3CN. The solid
562  line is the best fit to the experimental data.

563  Figure. 7 Relative disposition of the nitrate ligand and equatorial plane of the coordination octahedron.
564

565  Figure. 8 Main redistribution of the spin density on compound 1 by the presence of hydrogen bonds
566  between the aqua ligands and perchlorate counteranions. Blue arrows represent modifications of the
567  electron density (o (up) and § (down) spin density), while dashed arrows affect mainly o (up) or 8

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

569

570  Figure. 9 Main spin density redistributions due to the hydrogen bonds in the extra bridge for compound
571 2 and models derived from it. Arrows as Fig. 7.
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Table 1 Select interatomic distances (A) and angles (°) for compound 1

Mn1.01
Mn1.02
Mni-N1
Mni-N2
Mn1.04
Mn1.06
Mni---Mnl
MnlO1
Mnl 05
Mn2 N3
Mnl N4
Mn2.03
Mn2.0O7
Mn2-O07

1.785(2)
1.972(2)
2052(3)
2.058(3)
2.166(2)
223%(3)
3.156(1)
1.783(2)
1.964(2)
2.048(3)
2.053(3)
2.131(2)
2325(12)
2298(13)

Mn2-O1-Mni
O1-Mni-N2
02-Mni-N1
O4-Mn1-06
01 - Mn2 N4
03-Mn2-O7
03-Mn2-OF
05 Mn2 N3
06 Mn1 Mnl 07
06 -Mn1-Mn2-OF
O4-C28C29-C34
03-C2»C22-C23
Mn1 O4 05 M2
Mn1 02 08 M2

124.4(1)
170.13(10)
16899 11)
169.22(9)
170.56{10)
164.4(3)
167.4(3)
165.45(10)
104.3(4)
107.7(3)
7464)
71.4(5)
24(1)
2.1(1)



628  Table 2 Select interatomic distances (A) and angles (°) for compound 2 -CH3CN-H20

629
Mn1-01 1.794(7) Mn2-O1-Mni 123.7(4)
Mn1-02 1.966(7) 01-Mn1-N2 168.7(3)
Mn1-N1 204509 02-Mn1-N1 167.6(3)
Mn1-N2 2.063(8) 04-Mn1-06 171.7(2)
Mn1-04 2.2206) 01-Mn2- N3 168.53)
Mn1-06 2.230(7) 03-Mn2-O7 167.0(3)
Mni--Mn2 3.16202) 05 Mn2 N4 168.5(3)
Mn2-O1 1.792(7)
Mn2 05 1.965(7) 06-Mn1-Mm2-O7 20.0(3)
Mnl N3 2.062(8) 04-C28-C29-C34 74.54(%)
Mnl N4 2.051(8) 03-C21-C22-C27 75.56(8)
Mn2 03 2.201(7) Mn1 O4 05 M2 18.3(3)
Mn2-07 2.212(8) Mn1-02-03-Mn2 18.54)
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636  Table 3 Length of x, y and z axes and elongation (A) and rhombicity (p) parameters for compounds 1
637 and?2

Compound 1
x(A) y(A z(A) A (%) # (%)

Mni (HO)f 3848 4024 4404 11.96 471

Mn2 (Chy) 3836 4012 4.443° 13.21° 4359
Av. 1259 Av.A6S

Compound 2

Mni1 (HO 3857 4.014 4450 1307 407

Mnl (NOy) 384 4.016 4413 1215 4.0
Av. 1261 Av 414

639 4 Average values.

640



641
642
643

644

645

646

Table 4 Magnetic coupling constants J and selected structural parameters for [ {MnIJL)IJNN)}21Ju-

0)Ju-n-RC6H4CO0)2]1X2 compounds and [ {MnlJL)Jbpy) } 21Ju-O)1Ju-2,6-CI2C6H3CO0)2]1X2

compounds (1, 2)
Ret ni NN X L Slem™ ae a* o'p r #r e
2 “ 26Ck, bpy NO, HONO, -273 1237 126 751 200 us i3
A 7 2cl phen clo, HOMH.0 -126 1229 112 779 883
B 2 2l bpy o, HocK,/ -10.9 1228 133 365 ns
1 = 26CL, bpy <o, HOXIO, -2 1244 126 730 1062
C - 2Me bpy clo, HOXCI0, -6 1223 138 469 1011
D - 2F bpy clo, HOXCI0, -5 1244 127 195 86
E 11 2MeO bpy NO, HONO, -23 1235 108 362 781 “o &7
F 11 2MeO bpy o, HOXCI0, -7 1228 122 292 952
G & 2 Me bpy NO, HONO, -as 123.1 10.7 8 7.2 ] 30
H 2 2ql phen NOJ/NO, -3 1244 2.7 g1 1017 07 47
1 6 2¥F bpy NO, HONO, 14 125.1 112 186 92 us &9
] 7 2ql phen o, HOM0 27 1229 27 460 1020
K 2 2l bpy NO, HONO, +30 1230 24 254 1085 06 77
L 12 2000H bpy NO, HONO/ 47 1235 112 199 %4 2 40
M 4 281 phen NO, HONO, 118 1242 -7.7 505 %3 08 &

“ This wark. * H = =}{55:).* Mn-O-Mn angle. ¥ Average dangation: 4 = [z - 5))/&5, ¥y = (x = /2. * awemge 0-C_,-C -C. ange " Relathe
odentaion of the O L-Mn-—Mn-L angle. * Mn-O-N angle. . Angle baween the equaorial plane of the ocmhedra N.O: and NO, plane;
¥ 3H001% abhreviaions: bpy = 2, 2%bipyridine, phen = 1, 10phenanoline.



647  Table 5 Calculated magnetic coupling constants and spin density on the MnlJIII) ions and on the aqua
648  ligand for different models based on the crystallographic data of 1 (Mn—-LW---1JC104—)1/2---LW-Mn').

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

650

X Jaalem™ A Ly)/me #MDy, yme #Mng) me
1A Ly none -199 43 3708 -3678
1B LTIy~ -16.7 53 3604 1686
1c L0, -165 52 3681 -3692
1D L4010, -135 &2 3686 -3677
1E Lo ACI0, Ly, -13.1 64 3687 -3678
11" Lo lCIO el -145 58 3686 -3684
P q

1D

651




652  Table 6 Calculated magnetic coupling constants and spin density on the MnlJIII) ions, monodentate
653  ligands, and the extra bridge (crystallization water and counteranion) for 2. A scheme for framework

654  units in each model is also shown (H =—-JS1-S2)

655
X e X + W)me AL yme AL,)/me #Mn,, yme M) me
24 Nane -313 s 46 3681 -3678
28 MeNO, -312 o -0 48 3690 -3676
2c HONO, -311 o -&8 30 1689 -3676
V) NO.” -186 &7 %0 £ 1666 -3674
2 OND s~ -176 1 - 58 3679 -3668
2E HOOO,” -265 1 - 39 3680 ~3664
2F MeOn,” -26.3 3 -9 57 3681 -3663

656



