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ABSTRACT

Two new dinuclear Mnit compounds [ {Mn(phen)(H20)}2(u-4-CH3CsH4COO)2(p-O)](ClO4)2-
3CH3CN-H20 (1-3CH3CN-H20) and [{Mn(phen)(H20)} (u-O)(u-2-

BrCsH4COO)2{Mn(phen)(NO3)} ]NO3 (2) have been synthetized. Their structural data reveals



significant differences in the shape of the coordination octahedron around the Mn ions in both
compounds. The different distortion from the ideal octahedron incite a very different magnetic
behavior, affecting both, the zero-field splitting parameters of the Mnui ions (Dmnand Emn) and
the magnetic interaction between them. Compound 1, with elongated coordination octahedra,
in the monodentate ligand direction, shows a ground state S = 0 and Dmn < 0, while compound
2 with compressed coordination octahedra, in the oxo bridge direction, shows a ground state S
=4 and Dmn > 0. Theoretical CASSCF and DFT calculations corroborate the different magnetic
anisotropy and exchange coupling founded in both compounds. Moreover, with the help of
theoretical calculations, some interesting magneto-structural correlations have been found
between the degree of distortion of the coordination octahedra and the magnetic coupling, it
becomes more antiferromagnetic when the elongation parameter, 4, in absolute value is

increased.

INTRODUCTION

The magnetic properties of the dinuclear Mnm compounds with the core [Mn2(p-O)(p-
R’COO0O)2]2+ have been widely studied; the electronic configuration of the Mn ions (d4) with
an empty d orbital is the responsible of the weak magnetic interaction between the Mnur ions
and the magnetic behavior could be ferro- or antiferromagnetic.1 Several structural parameters
influence the kind and degree of this interaction. The most important factor is the shape of the
coordination octahedron, due to the Jahn-Teller effect. It was observed that compounds with
tridentate blocking ligands show compressed octahedra around the Mnin ions, with the short
distortion axis pointing to the oxo bridging ligand. When the capping ligand is bidentate, the
sixth position is occupied by a monodentate ligand and this fact provides a major flexibility to
the coordination octahedra.2 Compounds with general formula [{Mn(NN)(L)}2(p-O)(p-n-

RCsH4COO)2]n+ usually shows elongation of the octahedra in the direction of the monodentate



ligand.3-9 There is only one compound reported in the literature with compressed octahedral
around the Mnm ions, [{Mn(bpy)(N3)}2(p-O)(n-CsHsCOO)2], which shows an important
ferromagnetic coupling.io,11

In last years, we have focused our attention to found the structural parameters that control
the magnetic behavior, and consequently the ground state of the system, S =0 or § = 4.4-7,12
Recently we reported the influence of the anisotropy of the Mnin ions and the orientation of the
distortion axis on the magnetic behavior at low temperature.o

The magnetic anisotropy provided by the Mni ions is quantified by the axial zero field
splitting (ZFS) parameter, Dm», which depends on the spin-orbit coupling. The magnetic
anisotropy of Mn ions have been widely studied in the last years because this ion was proposed
as source of magnetic anisotropy due to its presence in several polynuclear single molecule
magnets (SMM).

To further understand its magnetic anisotropy several theoretical studies have been devoted
to mononuclear Mn compounds,13 including a systematic study of the magnetic anisotropy of
mononuclear Mnimr complexes.i4 For these complexes the Dmn values ranges between -5 and
+4 cm-1, being negative for elongated systems and positive for compressed systems, and
showing that both usually employed approaches to calculate ZFS parameters (DFT and
CASSCEF) reproduce remarkably well the experimental values. 13,14

Regarding the theoretical study of the magnetic anisotropy of dinuclear Mnin compounds, it
is worth noting the study of the [{Mn(L)}2(u-O)(u-OAc)2](PFe)2 (with a tridentate capping
ligand L’ = trispyrrolidine-1,4,7-triazacyclononane) compound, in which the Mnir is in a
compressed octahedral environment and shows a ferromagnetic coupling and a positive D
value.15 Simulation changing structural parameters showed that the coupling constant is highly
sensitive to small structural variations becoming antiferromagnetic for shorter Mn—Ooxo

distance and larger Mn—Ooxo—Mn angle. In their model calculations it becomes



antiferromagnetic for a Mn—Ooxo—Mn angle of 123.91° and an Mn—Ooxo distance equal to 1.798
As

In this work we report the synthesis, crystal structure and magnetic study of two new
dinuclear Mnm  compounds [{Mn(phen)(H20)}2(u-4-CH3CsH4COO)2(p-0O)](ClO4)2-
3CH3CN-H20 (1-3CH3CN-H20) and [{Mn(phen)(H20)} (n-O)(p-2-
BrCsH4COO)2{Mn(phen)(NO3)} INO3 (2). The structural data reveals significant differences
in the shape of the coordination octahedra of both compounds. We have performed combined
experimental and theoretical studies to analyze the magnetic properties of these compounds,
being our goal in this manuscript to understand and rationalize the effect of the orientation of

the Jahn-Teller axis on the magnetic behavior.

EXPERIMENTAL SECTION

Synthesis. All manipulations were carried out at room temperature under aerobic conditions.
Reagents and solvents were obtained from commercial sources and used without further
purification. NBusMnO4 was prepared as described in the literature.is Yields were calculated
from stoichiometric reaction. Caution! Perchlorate salts of compounds containing organic
ligands are potentially explosive. Only small quantities of these compounds should be prepared

and handled behind suitable protective shields.

[{Mn(phen)(H20)}2(u-4-CH3CsH4COQO)2(n-0)](Cl04)2 3CH3CN-H20 (1:3CH3CN-H20)

4-CH3CeH4COOH (0.22 g, 1.62 mmol) and Mn(ClO4)2:6H20 (0.45 g, 1.24 mmol) were solved
in 15 mL of CH3CN. Then, 10 mL of NBusMnOa4 (0.11 g, 0.32 mmol) solution and 5 mL of
1,10-phenantroline-H20 (phen) (0.29 g, 1.46 mmol), both in CH3CN, were added at the same

time in the above-mentioned solution and immediately turned in dark-brown. The mixture was



stirred for 15 min and any precipitate was formed. The solution was left undisturbed in the
refrigerator. One month later dark brown crystals suitable for X-ray diffraction were obtained.
The product was separated by filtration. Yield: 27%. Anal. Calcd for Mn2C40H34N4O15Cl2-0.5
H20 (M.W. =1000.51) (%): C, 48.01; H, 3.52; N, 5.60. Found: C, 47.90; H, 3.56; N, 5.65.
Selected IR data (KBr, main bands, cm-1): 3457(m), 3065(w), 1608(m), 1629(w), 1590(s),
1550(s), 1518(vs), 1427(s), 1385(vs), 1374(vs), 1341(s), 1110(vs), 849(s), 762(s), 721(s),

624(s).

[{Mn(phen)(H20)}(u-O)(p-2-BrCsH4COO)2{Mn(phen)(NO3)}|NO3 (2)

2-BrCsH4COOH (0.13 g, 0.65 mmol) and Mn(NO3)2:-xH20 (0.10 g, 0.56 mmol) were solved
in 5 mL of CH3CN. Then, SmL of NBusMnOs4 (0.03 g, 0.08 mmol) solution and 5 mL of 1,10-
phenantroline-H20 (phen) (0.13 g, 0.66 mmol), both in CH3CN, were added at the same time
in the above-mentioned solution and some precipitate was formed. The mixture was heated in
a microwave devise from 25 °C to 85 °C in 12 min. The final temperature was maintained for
5 min and then, the mixture was slowly cooled down until 25 °C. The obtained microcrystalline
powder was removed by filtration and the mother solution was left undisturbed at room
temperature. After few days, dark brown crystals suitable for X-ray diffraction were obtained.
Yeld: 45%. Anal. Calcd for Mn2C38H26N6O12Br2 (1028.33) (%): C, 44.38; H, 2.55; N, 8.17.
Found: C, 44.21; H, 2.51; N, 8.01. Selected IR data (KBr, main bands, cm-1): 3433(m),
1627(w), 1594(s), 1561(w), 1518(w), 1426(s), 1384(vs), 1104(w), 1022(s), 873(w), 844(m),

755(m), 718(s).

Physical measurements and instruments

The synthesis of compound 2 was carried out in an Anton Paar Monowave 300
Synthesis Reactor. Chemical analyses of C, H, N were carried out by the “Servei de

Microanalisi” of the “Consell Superior d’Investigacions Cientifiques (CSIC)”. Infrared spectra



were recorded on KBr pellets in the 4000 — 400 cm-1 range with a Thermo Nicolet Avatar 330
FT - IR spectrometer. Magnetic susceptibility (yM) measurements between 2 — 300 K were
carried out in a Quantum Design MPMS XL5 SQUID Magnetometer at the “Unitat de Mesures
Magnetiques (Universitat de Barcelona)”, using a field of 200 G. Pascal’s constants were used
to estimate the diamagnetic corrections for each compound. Magnetization measurements

(M/Nug), were carried out in the range 1.8 — 6.8 K and at six different magnetic fields (0.5, 1.0,
2.0,3.0,4.0 and 5.0 T). The accuracy of the fit was calculated by the functions Rsus = Xf(ymT)exp

— (ZMT)calc]2/2[(}(MDexp]2 and Rmag = 2[(M/Nuﬁ)exp — (M/NMB)calc]2/Z[( M/Nuﬁ)exp]l

Crystallographic Data Collection and Refinement

X-ray crystallographic data for crystals of 1 and 2 were collected at 100 K. Compound 1 was
mounted on a MAR345 diffractometer with an image plate detector and compound 2 on a D8
Venture system equipped with a Multilayer monochromator. For compounds 1 and 2 the
structure was solved by Direct methods, using SHELXS computer program and refined by full-
matrix least-squares method with SHELX97 computer program.i17 All H atoms were computed
and refined, using a riding model with an isotropic temperature factor equal to 1.2 time the
equivalent temperature factor of the atom which are linked. Crystal data collection and

refinement parameters are given in Table 1.



Table 1. X-ray Crystallographic Data for compounds 1 and 2

1-3CH3CN-H20

2

chemical formula
formula weight /g mol-1
T/K

L (MoKa)/A
crystal system
space group
crystal size / mm
A/A

B/A

C/A

o/ deg.

B/ deg.

x / deg.

V/As

Z

Pcaled / g cM-3

QU / mm-1

F(000)

O range / deg.
limiting indices

data / restraints / parameters
goodness-of-fit on F2

final R indices [[>206(I)]

R indices (all data)

C46H45C12Mn2N7016
1132.67

100(2)

0.71073

P

Triclinic
0.1x0.09x0.08
11.734(5)

12.925(4)

18.325(6)

91.91(2)

108.60(2)

103.83(2)

2539.5(16)

2

1.481

0.678

1164

1.63 to 32.29
h=-14—16,k =-18—15,
1=-26—26

12500/9 /771

1.087

R1=0.0626, wR2 =0.1729
R1=0.0786, wR2 =0.1837

C38 H26 Br2Mn2N6sO12
1028.35

104(2)

0.71073

Pna2l
Orthorhombic
0.74x0.17x0.126
18.0696(5)
20.3810(5)
10.5036(3) A

90

90

90

3868.23(18)

4

1.766

2.792

2048

2.181 to 30.044
h=-25-25, k=-28—28,
1=-14—12

10651 /5/517
1.028

R1=0.0477, wR2 =0.1136

R1=0.0613, wR2=0.1217

Compound 1: A prism-like specimen of CasH4sCl2Mn2N7016, approximate dimensions
0.080 mm x 0.090 mm x 0.100 mm, was used for the X-ray crystallographic analysis. The X-
ray intensity data were measured on a MAR345 system equipped with a graphite
monochromator and a Mo fine-focus sealed tube (A = 0.71073 A). The frames were integrated
with the Bruker SAINT software package using a MARSCALE algorithm. The integration of
the data using a triclinic unit cell yielded a total of 22266 reflections to a maximum 6 angle of

32.29° (0.67 A resolution), of which 12500 were independent (average redundancy 1.781,



completeness = 69.2 %, Rint = 3.96 %, Rsig = 4.24 %) and 9675 (77.40 %) were greater than
206(F2). The final cell constants of @ = 11.734(5) A, b = 12.925(4) A, ¢ = 18.325(6) A, a =
91.91(2)°, B = 108.60(2)°, y = 103.83(2)°, volume = 2539.5(16) As, are based upon the
refinement of the XYZ-centroids of reflections above 20 o(I). Data were corrected for
absorption effects using the empirical method (SADABS). The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.5000 and 0.5000. The
structure was solved and refined using the Bruker SHELXTL Software Package, using the
space group P -1, with Z = 2 for the formula unit, C46H45Cl2Mn2N7016. The final anisotropic
full-matrix least-squares refinement on F2 with 771 variables converged at R1 = 6.26 %, for
the observed data and wR2 = 18.37 % for all data. The goodness-of-fit was 1.087. The largest
peak in the final difference electron density synthesis was 2.403 e- A3 and the largest hole was
-0.647 e- A3 with an RMS deviation of 0.075 e- A-3. On the basis of the final model, the
calculated density was 1.481 g cm-3 and F(000), 1164 ¢-.

Compound 2: A red prism-like specimen of C3sH26Br2Mn2NsO12, approximate dimensions
0.126 mm x 0.170 mm x 0.520 mm, was used for the X-ray crystallographic analysis. The X-
ray intensity data were measured on a D8 Venture system equipped with a multilayer
monochromator and a Mo microfocus (4 = 0.71073 A). The frames were integrated with the
Bruker SAINT software package using a narrow-frame algorithm. The integration of the data
using an orthorhombic unit cell yielded a total of 84643 reflections to a maximum 6 angle of
30.04° (0.71 A resolution), of which 10651 were independent (average redundancy 7.947,
completeness = 99.5 %, Rint = 6.00 %, Rsig =4.55 %) and 9096 (85.40 %) were greater than
206(F2). The final cell constants of a = 18.0696(5) A, b = 20.3810(5) A, ¢ = 10.5036(3) A,
volume = 3868.23(18) As, are based upon the refinement of the XYZ-centroids of reflections
above 20 o(I). Data were corrected for absorption effects using the psi-scan method

(SADABS). The structure was solved using the Bruker SHELXTL Software Package, and



refined using SHELXL,17 using the space group P n a 21, with Z = 4 for the formula unit,
C3sH26Br2Mn2NeO12. The final anisotropic full-matrix least-squares refinement on F2 with 517
variables converged at R1 =4.77 %, for the observed data and wR2 = 12.17 % for all data. The
goodness-of-fit was 1.028. The largest peak in the final difference electron density synthesis
was 2.829 e- A3 and the largest hole was -1.710 e- A3 with an RMS deviation of 0.127 e- A.
On the basis of the final model, the calculated density was 1.766 g/cm3 and F(000), 2048 e-.

Computational Details

Due to the strong dependence of the magnetic coupling constant and ZFS parameters with
small structural changes all the calculations were performed using the crystallographic
geometries obtained by X-ray diffraction.

The calculation of the ZFS parameters have been performed with the MOLCAS code
(version 7.8)18 using the procedure described by Maurice et al,19 that consist in performing a
CASSCEF calculation first, followed by the mixing of the energy of these CASSCF states within

the SO-RASSI approach. After that, the axial (Dm») and rhombic (Emn) ZFS parameters

together with the g and D tensors were extracted using the Single-Aniso software.20 The
calculation of the magnetic anisotropy of each Mni ions has been done using the geometry of
the whole complex but replacing one of the Mnii ions for a Gam ion. This procedure was done
for both sites of the dinuclear entity. The electronic configuration of Mni is d4, so the selected
active space CAS(4,5) contains 4 electrons in the 5 essentially atomic d orbitals. All the quintet,
triplet and singlet states were included in the calculations.

For the evaluation of the magnetic coupling constant of the dinuclear Mni systems, the
employed methodology has been previously described by Ruiz et al.21-23 The calculations were
carried out using the density functional theory (DFT) with the Gaussian09 software (version
£09d01),24 the hybrid B3LYP functional2s and the triple-C basis set proposed by Schaefer et.

al.26 The initial wave function was generated previously with the Jaguar software (version



7.5)27 including the effects of the ligands field.2s Two spin distributions have been calculated
for the Mnm dinuclear system, the high spin one (St = 4), in which the spin in both Mn ions are
parallel, and the low spin one (ST = 0), where the spin of Mn2 is reversed. The exchange
coupling constant has been obtained from the energy difference between the two spin
distributions (Eis — Ens = 10J).

The influence of the structural parameters has been analyzed by the construction of three
kind of models based on the crystal structures of 1 and 2: a) The angle formed by the Mn ions
and oxo bridge (Mn-Ob-Mn) have been modified in the 120-125° range; this variation provokes
a slight change in the Mn-Ob distances (Tables S1 and S2). b) The Mn-L distance, being L the
monodentate ligand, have been varied in the 2.1-2.3 A range (Tables S3 and S4). And ¢) the
Mn-N: distances, where Nt is the nitrogen atom trans to the oxo bridge, have been modified
between 2.025 and 2.1 A; the shift of the Nt atoms shift also the other nitrogen atom, N, of the

ligand (Tables S5 and S6).

RESULTS AND DISCUSSION

Synthesis

These dinuclear Mnm compounds were obtained by a comproportionation reaction between
MnX2 (X = ClO4 (1) or NO3 (2)) and BusNMnOes, in the presence of the carboxylic acid
(4-MeCsH4COOH for 1 and 2-BrCsH4COOH for 2) and 1,10-phenanthroline leading to
compounds with general formula [{Mn(L)(phen)} (u-n-RCeH4COO)2(p-
0){Mn(L’)(phen)} ] X2-m. L and L’ are monodentate ligands that can be H20 or X. For
compound 1 L and L’ are H20 molecules, while for 2, one of the monodentate positions is
occupied by the nitrate anion; so compound 1 shows a divalent cation while 2 a monovalent

cation.

10



The synthesis of compound 2 by the traditional method was unsuccessful due to the formation
of sub-products and the low crystallinity of the desired compound. So, the reaction was
performed heating the sample above the boiling point of the solvent, in a microwave device,

on a closed vessel.

The infrared spectra of these compounds show two characteristic bands of the carboxylate
ligand at ~1600 and ~1380 cm-1, corresponding to the asymmetric and symmetric vibrations,
respectively. The values of Av= va(COO) — vs(COO), being ~200 cm-1, are indicative of
carboxylate ligands coordinated in a bidentate bridging mode (1t1,3).29 The nitrate anions show
a very strong band at ~1384 cm-1, which appears overlapped with the carboxylate one. The
perchlorate anions display broad bands at ~1100 cm-1 and a band of moderate intensity at 623
cm-1. Bidentate phen ligands show characteristic bands in the 1600-1400 cm-1 and 850—-600
cm-1 regions. The Mn—Obv—Mn group usually displays a band at ~730 cm-1, but is masked by

1,10-phenanthroline bands.

Description of Structures.

The crystal structures of compounds 1 [{Mn(H20)(phen)}2(u-4-CH3CsH4COO)2(u-
0)](Cl04)2:3CH3CN-H20 and 2 [{Mn(H20)(phen)}(p-2-BrCsH4COO)2(p-O){Mn(NO3)
(phen)} INO3 are shown in Figure 1. In both compounds the two Mnii ions are bridged by one
oxo and two n13-n-RCsHsCOO- ligands (n-R = 4-Me for 1 and 2-Br for 2). Each manganese
ion is chelated by a 1,10-phenanthroline (phen) ligand and the hexacoordination is completed
by a monodentate ligand. In compound 1 the monodentate ligands are water molecules, while
in compound 2 one of the monodentate ligands is a nitrate anion and the other one is a water

molecule.

11



Figure 1. Crystal structures of the cationic complexes of compounds 1 (left) and 2 (right).

Hydrogen atoms are omitted for clarity.

The structural parameters of these compounds are in agreement with those reported for
analogous compounds with the same [Mn2(u-O)(u-RCsHsCOO)2]2+ core.2,4-6,9,11,12,30-32
Selected bond lengths and angles are listed in Table 2. The Mn---Mn distance is ~3.14 A and
the Mn—-O-Mn angle is ~123°. The Mn—O bond lengths of the oxo bridge are ~1.79 A and the
Mn-N distances ~2.09 A.

The carboxylate bridging ligands are coordinated in a syn-syn conformation mode. One of
the oxygen atoms is placed trans to the monodentate ligand, with Mn—O distance of ~2.15 A
for 1 and ~2.13 A for 2, whereas the other oxygen atom is placed in a cis position with a shorter
Mn—Oc distance (~1.96 A for 1 and ~2.01 A for 2). A significant difference between these
compounds can be found in the Mn—OL bond lengths: for compound 1, the Mn—Ow distances
are 2.233 and 2.198 A, whereas for compound 2 the Mn—Ow distance is 2.130 A and the Mn—

Onos distance is 2.164 A.

12



Table 2. Selected bond lengths (A) and angles (deg.) for compounds 1:3CH3CN-H20 and 2.

1-:3CH3CN-H20

Mn(1)-O(1) 1.803(2) Mn1-O1 1.778(4)
Mn(1)-N(2) 2.082(2) Mn1-N1 2.086(4)
Mn(1)-O(5) 1.967(2) Mn1-O2 2.028(4)
Mn(1)-N(1) 2.095(3) Mn1-N2 2.127(5)
Mn(1)-O(3) 2.1505(19) Mnl-05 2.105(5)
Mn(1)-O(7) 2.233(2) Mn1-09 2.130(4)
Mn(1)---Mn(2) 3.136(1) Mn1---Mn2 3.1419(10)
Mn(2)-O(1) 1.779(2) Mn2-0O1 1.777(4)
Mn(2)-N(4) 2.073(3) Mn2-N4 2.071(4)
Mn(2)-O(4) 1.952(2) Mn2-04 1.999(4)
Mn(2)-N(3) 2.097(3) Mn2-N3 2.093(5)
Mn(2)-O(6) 2.157(2) Mn2-03 2.154(4)0
Mn(2)-O(8) 2.198(2) Mn2-06 2.164(4)
Mn(1)-O(1)-Mn(2) 122.16(12) Mn(1)-O(1)-Mn(2) 124.2(2)
O(1)-Mn(1)-N(2) 171.32(10) O1-Mnl-N1 167.74(18)
O(5)-Mn(1)-N(1) 168.70(9) 02-Mnl-N2 169.30(17)
O(3)-Mn(1)-O(7) 172.58(8) 05-Mn1-09 170.91(17)
O(1)-Mn(2)-N(4) 170.10(10) 01-Mn2-N4 169.82(18)
0O(4)-Mn(2)-N(3) 169.06(10) 04-Mn2-N3 168.03(17)
O(6)-Mn(2)-O(8) 173.16(8) 03-Mn2-06 164.77(15)
O(7)-Mn(1)-Mn(2)-O(8) 83.8(1) 09-Mn1-Mn2-06 —96.3(2)
0(3)-C(26)-C(27)-C(28) —0.3(4) 05-C32-C33-C38 —65.1(9)
0(6)-C(34)-C(35)-C(40) —5.5(4) 03-C25-C26-C27 35.8(8)

The carboxylate group and the aromatic ring of the benzoate derivative bridge are almost
coplanar in compound 1; the twist angle @(O-Ccarb-Car-Car) is close to zero. In contrast, a
significant twist of the aromatic ring is found in compound 2, probably due to the steric
hindrance between phen ligands and the bromo-substituent, in ortho position. The relative
disposition of the two coordination octahedra is almost perpendicular, with a torsion angle 7(L-
Mn:---Mn-L) smaller for compound 1 (83.8°) than for compound 2 (96.3°). Some hydrogen

bonds connecting the monodentate ligand and the counter-anion are presents in the crystal

13



structure of compounds 1 and 2. For 2, the net of hydrogen bonds generate a zig-zag chain (Fig
S1, S2 and Table S7).

As it was mentioned above, in this kind of compounds, the Mni ions show an elongated
octahedron in the direction of the monodentate ligand; hence, the Jahn-Teller elongation axis
should be approximately situated on the O«-Mn-L direction (z axis). Moreover, there are some
rhombic distortion, due to the fact that the Mn-Ob distance is shorter than the Mn-O. distance
and the x axis could be considered in the N--Mn-Ob direction (Figure 2). Approximate values
of the octahedron axis lengths can be found by addition of Mn—ligand distances: x = d(Mn—Ob)

+ d(Mn—Ny), y = d(Mn—Oc) + d(Mn—Nc¢) and z = d(Mn—Ox) + d(Mn—OL).

\ P
\//Ob\\/ 3

LN, J\ =
/ R

y

Figure 2. Schematic structure of the dinuclear Mnm complexes with the axes of the

octahedron.

Recently, we reported the importance of quantify separately the elongation and the

rhombicity of the coordination octahedron for this kind of compounds. The elongation (A) and

rhombicity (p) parameters could be calculated using the following formulae:o

z-Xxy

y—X
and =
Xy P x

A:

These parameters are dimensionless and for clarity, it could be expressed in percentage. As

it was reported, if 4> p and both values positives, the octahedron is elongated in the z direction

14



with small or moderate thombic distortion.o Table 3 summarizes the axis length and the
distortion parameters A and p for compounds 1 and 2. For both compounds the trend of the
length axis is z > y > x, as it was observed for analogous compounds. The A and p values for
this kind of systems (with terminal bidentate + monodentate ligand) range between 9.0—15.6%
and 3.5-5.4% respectively (average values for the two Mnmi ions).9 The parameters found for
compound 1 are in these range and the coordination octahedra is elongated in the monodentate
ligand direction.

Table 3. x, y and z axis length, and elongation (4) and rhombicity (p) parameters for

compound 1 and 2 (z axis in the monodentate ligand direction, Figure 2).

z/A y/A x/A Al % pl %

Mnl 4.384 4.062 3.885 10.32 4.56

: Mn2 4.355 4.049 3.852 10.24 5.11
Av. 10.28 4.84

Mnl 4.235 4.155 3.864 5.62 7.53

’ Mn2 4318 4.092 3.848 8.77 6.34

Av.7.20 Av.6.94

For compound 2 the anomalous result observed for Mn1, where p> A, indicates that the axes
are not correctly assigned. Moreover, Mn2 shows quite similar values of the elongation and
rhombicity parameters, suggesting a great degree of rhombicity or a bad axis assignment.
Therefore, for this compound we consider a new set of axis, the z axis being in the Mn-Ob
direction and the x axis pointing to the monodentate ligands. The reassignment of the axes and
the new values of the distortion parameters are summarized in Table 4. These results confirm
that Mn1 shows a compressed octahedron in the direction of the oxo bridge, in agreement with

the negative value of 4. For Mn2 it is clear that shows an important rhombic distortion, but the

15



magnitude of the distortion parameters is similar with both assignation of the axes. So, the
disposition of the Jahn-Teller axis from the structural parameters is ambiguous.

As indicated previously, to the best of our knowledge, there is only another compound of this
kind, with bidentate capping ligand and compressed octahedra, reported in the literature. This
is the neutral complex [{Mn(N3)(bpy)}2(u-CsHsCOO)2(u-O)]io,11 (A), where both manganese
ions are equivalent. In this case, with the same assignation axis than for compound 2, the
distortion parameters A and p are -7.68 and -1.62 respectively. These parameters are similar to

the ones found for Mn1 in compound 2.

Table 4. x, y and z axis length (x in the monodentate ligand direction and z in the oxo bridge
direction), and elongation (A4) and rhombicity (p) parameters for compound 2 and for

compound [ {Mn(N3)(bpy)}2(u-CsHsCOO)2(p-O)] (A).10,11

x/A y/A z/A Al % pl %

Mnl 4.235 4.155 3.864 -7.89 -1.89

’ Mn2 4.318 4.092 3.848 -8.49 -5.23
Av.-8.19 Av.-3.56

A Mn 4.253 4.184 3.895 -7.68 -1.62

Magnetic properties

Magnetic susceptibility data were recorded for compounds 1 and 2 from room temperature
to 2 K. For compound 1 the ymT product is ~5.9 cm3 mol-1 K at room temperature, which is
close to the expected value for two uncoupled Mniu ions (6.0 cm3 mol-1 K). The ymT values

decrease slightly with the temperature until ~50 K, below this temperature the ym7 values
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decreases more abruptly on cooling reaching a value of 2.4 cm3 mol-1 K at 2 K (Figure 3). This
behavior is indicative of an antiferromagnetic coupling between the Mnin ions. However, the
M7 value at low temperature and the shape of the M/Nus vs H plot, at 2 K, (Figure 3, inset)
suggest the presence of more than one spin state populated at this temperature. Both facts could
be explained by the population at low temperatures of excited states with S # 0 and zero-field
splitting (ZFS). Recently it was reported the importance on the disposition of the Jahn-Teller
axis and the ZFS parameters of the Mnu ions (Dmn and Emn) on the magnetic behavior of weak
antiferromagnetic dinuclear systems.o The fit of the experimental data was performed with the
PHI programss assuming that the two Mniu ions present the same g, Dvn and Emn values.
Taking in consideration that the Jahn-Teller axes of the coordination octahedra are mostly
orthogonal, the Euler angle £ was assumed as 90° (-45° for Mn1 and +45° for Mn2). The best
fit of ymT and M/N up data was obtained with J =—1.82 cm-1, Dva = —4.07 cm-1 Emn = +0.77

cm-1and g = 1.99, with Rsus = 5.3 X 10-5 and Rmag = 5.4 x 10-4 (values reported using the spin

Hamiltonian H = —JS1-52).

z"Ts‘ em’ mol” K

Figure 3. ymT vs. T and M/Nus vs. H (inset) plots for compound 1. The solid line is the best

fit to the experimental data.

For compound 2 the ym7T values increases on cooling from ~6.6 cm3 mol-1 K at room

temperature to 9.25 cm3 mol-1 K at 17 K. Below this temperature ymT decreases reaching a
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value of ~ 7.5 cm3 mol-1 K at 2 K. (Figure 4 inset). This behaviour is characteristic of a
ferromagnetic coupling. The ymT value expected for a system with a ground spin state S =4 is
10 cm3 mol-1 K; the lower values found for the (ymM7)max and the decreasing of ym7 below this
temperature could be explained by the presence of zero-field splitting on the ground state
and/or intermolecular antiferromagnetic interactions. As mentioned, this compound shows
hydrogen bonds between dinuclear entities, through nitrate anions; thus, intermolecular
antiferromagnetic interactions could contribute to the decreases of the ymT values at low
temperature.

Magnetization measurements were carried out at six different fields (0.5 —35 T) in the 1.8 —
6.8 K range. M/Nup versus HT-1 plots are shown in Figure 4. The non-superposition of the lines

indicates significant zero-field splitting within the ground state.
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Figure 4. M/Nus vs. HT-1and ymT vs. T (inset) plots for compound 2. The solid line is the best

fit to the experimental data.

The experimental data (M/Nus vs. HT-1and ymT vs. T) were fitted simultaneously with the
PHI program.33 To obtain a good fit was necessary to include the term of intermolecular
interactions, that was fixed to zJ° = —0.015 cm-1. The best fit was obtained with positive Dwn
values and negative and smaller Emn values. Note that the sign of the ZFS parameters is

opposite to that found for compound 1 and those reported previously for analogous
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compounds.s This fact agrees with the compression found in one of the manganese ions. Taking
in consideration the different disposition of the Jahn-Teller axis, at least for one of the Mni
ions, several fits were performed with different set of Euler angles. The best fit, considering «
=+25°, —25°, f=—-40° +40° and y=0°, 0° lead J = +11.8 cm-1, Dvn = +3.2 cm-1, Emn =— 0.7
cm-1and g = 1.98, with Rus = 3.1 x 104 and Rmag = 4.7 x 10-5 (values reported using the spin
Hamiltonian H = —-JS1-S2). However, similar graphs could be obtained with o = +15°, —15°, 8
=—40° +40° and y=0°, 0° lead J = +12.0 cm-1, Dvn =+3.8 cm-1, EMn =—0.6 cm-1and g = 1.98.

It has been previously reported that in Mnim dinuclear systems bridged by (pn-O)(u-RCOO)z,
the p-O bridge facilitates the superexchange coupling through an out of plane w interaction,
while the carboxylate bridge impedes the magnetic coupling reducing the antiferromagnetic
interaction, showing a countercomplementary effect.34 A qualitative analysis of the exchange
pathways through the p-O bridge can be done for both complexes. For each Mnim ion there are
four singly-occupied orbitals. Depending on their delocalization and overlap with the ligand
orbitals they will contribute differently to the coupling.

Figure 5 shows the disposition axis for both compounds. The qualitative analysis of the
exchange pathways shows similar = interactions through the p-O bridge in both complexes.
Although there is a different orientation of the axis the most important antiferromagnetic
contribution is common in both complexes, for 1 it is the xz(Mn1)/xy(Mn2) interaction while
for 2 it is the xz(Mn1)/yz(Mn2) interaction. The other common 7 interaction, in the MnOMn
plane, is the xy(Mn1)/xz(Mn2) interaction for 1 and yz(Mn1)/xz(Mn2) interaction for 2, which
is sensitive to the Mn-Ob-Mn angle. There are however three interactions that are present only
in 1 due to the different arrangements of the magnetic axis, the z2(Mn1)/z2(Mn2) interaction,
which will depend on the angle, the z2(Mn1)/xz(Mn2) and the xy(Mn1)/z2(Mn2) interactions.

The three of them are expected to be antiferromagnetic.
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Figure 5. Schematic representation of the axis disposition for both compounds.

This qualitative analysis shows that complex 1 have more antiferromagnetic contributions,
from the singly occupied z2 orbital, than compound 2, due to the different arrangement of the
magnetic axis. However, it has been previously seen that the magnetic interaction in these
complexes is very sensitive to very small structure variations as most of these contributions are
geometry dependent.

In a previous work we reported some magneto-structural correlation for this kind of dinuclear
compounds 9 As it was indicated, most of them show elongated octahedra with some rhombic
distortion. The exceptions are compound A (reported in table 4)11 and compound 2 that show
compressed octahedra. For the compounds with elongated/rhombic distortion, those with the
most elongated octahedra show an average value of 4= 15,6% and p=3.5% (4/p=4.5) and
antiferromagnetic behaviour.o In the other extreme, the compound with a major degree of
rhombicity shows A = 9.0% and p = 5.4% (A /p = 1.7) and ferromagnetic behaviour.9,32
Compound 1, with 4 = 10.3% and p = 4.8% (A /p = 2.1) shows weak antiferromagnetic
behavior, as expected for this structural distortion. Moreover, the correlation | EMn/Dwvn | Vs p
reported previously (|EMn/DMn | = 0.06 + 0.03 p, where p is in percentage)o fits well for
compound 1. In basis to the p value calculated from the structural parameters, the expected

| Evn/Dwmn | value should be 0.20 that is the same relationship found by the fit of the magnetic

data.
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The three structural parameters that modulate the magnetic interaction are the elongation
parameter A, the twist of the phenyl ring towards the carboxylate group (@) and the relative
disposition of the coordination octahedra (7). Compound 1 shows a moderate A value, a non-
relevant @ angle, due to the substituent in para position, and a small zangle (83.8°). This angle
for this kind of compounds range from 73.3° to 120;932 in general, compounds with small 7
angle show antiferromagnetic behavior. So, the weak magnetic behavior can be explained with
the competition of both factors: the significant degree of rhombicity (4 /p = 2.1) that promote
the ferromagnetic behavior and the small 7angle that works in the opposite direction.

Theoretical calculations

With the aim to found a relationship between the structural parameters and the magnetic
behaviour of 1 and 2, two kinds of calculations were carried out. For the calculation of the ZFS
parameter a multiconfigurational methodology was employed (CASSCF+RASSI), which has
been used satisfactorily to obtain ZFS parameters in other Mnim complexes.13 Each Mnut was
calculated independently, replacing the other Mnii ion by Gar ion and preserving the structural
data of the whole complex. The magnetic coupling constants (J) were obtained using a
procedure previously described in literature.21-23 Using DFT calculations with Gaussian basis
set and B3LYP functional the J value was obtained from the energy difference between the
high spin (St =4) and low spin configurations (St = 0), see computational details section. The
results of these calculations are collected in Table 5 together with the values obtained from the

fit of the experimental data.
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Table 5. Magnetic coupling constant (J) and ZFS parameters for the Mn ions obtained from
the fit of the experimental data. Calculated J values using DFT and the B3LYP functional and

calculated ZFS parameters at CASSCF+RASSI level. (H =—-J 51-%2).

From the fit of the

experimental data B3LYP CASSCF + RASSI

J(em-1)  D(cm-1)  E(ecm-1) | J(cm-1) | Di/D2(cm-1)  |E1 |/|E2| (cm-1)

-3.17 0.89
1 -1.8 —4.1 +0.8 -3.14

-3.12 0.94

+3.53 0.66
2 +11.8 +3.2 —0.7 +12.89

+3.35 0.83

The calculated ZFS parameters of each ion in these compounds corroborate the values
obtained from the experimental fit, giving a Dmvn < 0 for the elongated compound 1 and a Dwin
> 0 for the compressed compound 2. It is worth noting, that for compound 2, the Dwmn of both
ions is of positive sign, indicative of a compressed octahedron. Moreover, the | E/D | ratio for
Mnl is 0.19 while for Mn2 0.25 in agreement with the major rhombicity found for Mn2.

It was previously reported that the qualitative sign and magnitude of the D value of the single
ion in mononuclear first row transition metal compounds can be predicted based in the
coordination and electronic structure of the metal center.3s The Dux value is calculated from
the elements of the diagonalized D tensor (D = D:z - (Dxx + Dyy)/2). Looking at that equation is

possible to obtain the sign of the Dux value, as it will depend on the relative value of the D::
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and (Dxx + Dyy)/2 terms. If the former term is larger the Dumn value is negative while in the
opposite case (| (Dxx+ Dyy)/2 | >| D= |) the Dmn value is positive. The analysis of the components
of the tensor, Dii, showed that the principal contributions D-- came from the excitation between
pair of orbitals with the same |mi| value, while the principal contributions to Dxx and D,y came
from the excitation between pair of orbitals with m: changes of £1, and that the Dii value is
inversely proportional to the energy difference between the orbitals involved in the excitation.

The structural distortion due to the Jahn-Teller effect in the studied complexes will affect to
the splitting of the 3d orbitals (Figure 6) and consequently to the Dmn value. For an elongated
octahedron, as in compound 1, the empty orbital is the dx2-y2 while for compound 2 should be
the d-2. For 1, the first excitation involves the dxy and dx2-y2 orbitals, with the same mu value,
giving to a larger Dz contribution and consequently a negative Dmn value. However, for 2, the
first excitations involve the dx: or dy- and d-2 orbitals, with a difference in m: value of £1, giving
to a larger Dxx and Dyy contributions and consequently a positive Dmn value. In both cases the
first excitation is expected to involve large excitation energies from the nonbonding (dxy or dx-
or dyz) to the antibonding (dx2-)2 or d-2) orbitals giving to relative small Dmn values, although
the relative energy of those orbitals can change depending on the coordinated ligands and the
distortion from the octahedron. The calculated and experimentally obtained Dwmn values are in
concordance with this qualitative model, with relative small Dmn values (around 3 cm-1) being

negative for 1 and positive for 2.
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Figure 6. Schematic orbital diagram for d4 metal ion in octahedral geometry depending on the

distortion, elongated vs compressed.

In addition, it is expected that the axis will show different orientation because for compound

1 the elongation z axis is approximatively pointing to the monodentate ligand, while for

compound 2 the compression z axis points to the oxo bridge. Figure 7 shows the orientation of

the Dii components of the D tensor for 1 and 2. It can be observed that the anisotropy tensors

are almost aligned along the metal-ligand bonds. For 1, the Dz components are aligned with

the Mn-monodentate ligand bonds while the Dxx are aligned with the Mn-oxo bonds. However,

for 2 the D= components are aligned with the Mn-oxo bonds and the Dxx are aligned with the

Mn-monodentate ligand bonds.
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Figure 7. Principal axes of the Dii components of the D tensor for 1 (left) and 2 (right). Dxx,
Dyy and D:: are represented with blue, green and yellow arrows respectively. Manganese,
bromide, oxygen, nitrogen and carbon atoms are represented in pink, yellow, red, blue and grey

respectively.

These results indicate that in compound 1 both Mni ions have uniaxial anisotropy with the
easy axis oriented almost in the Mn-monodentate ligand bonds. In the case of compound 2,
both Mni ions are easy plane with the easy plane perpendicular to the to the Mn-oxo bonds.
These results corroborate that the geometry in Mn2 in compound 2 can be better assigned as
compressed octahedron with major rhombicity, second assignment performed in the
description of structures (x in the monodentate ligand direction and z in the oxo bridge
direction). The difference in the orientation of the axes between compounds 1 and 2 will affect
to different coupling pathways through the bridging ligands.

The magnitude and sign of the J values obtained from DFT calculations agrees with that

found from the fit of the experimental data, corroborating the obtained exchange coupling
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constants, antiferromagnetic for 1, with elongated geometry, and ferromagnetic for 2, with
compressed geometry. It has been previously observed that the exchange coupling constants
are very sensible to small changes in the geometry, and in this case, it is particularly sensitive
to the angle between both Mn ions through the oxo bridging ligand due to the contribution of
the p-O bridge to the exchange pathways. To gain more insight into it, we have modified the
Mn-Ob-Mn angle (&) moving the oxo bridge (Ob) atom along the axis formed by the O atom
and the middle point between both Mn ions, the pseudo C2 axis of the Mn20 core (dotted red
line in Figure 8). In this kind of dinuclear compounds, « usually varies between 120 and 125°,
been this range the selected one for the study. Moreover, the effect of the elongation or
compression along the monodentate ligand direction and along the Obridge-Ntrans directions have

been analyzed (Figure 8).

— n__
I\tN/ O/\N;
C U
A Y

Figure 8. Schematic structure of the dinuclear Mnm complexes showing the geometric
variations performed for the creation of the different models. The change in « has been done
moving Ob along the pseudo C2 axis of the Mn20 core (red dotted line), the variation of dvin-L
has been performed moving the monodentate ligand along the Mn-L bond (blue dotted lines),
and the change of dvn-Nt has been achieved moving the phen ligand along the Mn-Nt bond

(green dotted lines).
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Figure 9 shows the dependence of the calculated J value with the variation of the Mn-Ob-Mn
angle (see also Tables S1 and S2). Although 1 is antiferromagnetic having a smaller angle and
2 is ferromagnetic with a larger one in both cases the same tendency is observed, when « is
increased the magnetic coupling becomes more antiferromagnetic (or less ferromagnetic) and
when it is decreased the magnetic behavior becomes more ferromagnetic. In fact, for the
models derived of compound 1 when « is smaller than 121° a ferromagnetic coupling is

obtained.
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Figure 9. Dependence of the calculated J value with the Mn-Ob-Mn angle in the model. The

square represents the calculated J value for the experimental geometry.

However, although the change in the Mn-Ob-Mn angle clearly affects the magnetic behavior
and the observed tendency is the same for the models derived of both complexes, models
derived from compound 2 shows larger ferromagnetic behaviour. As described before in the
qualitative analysis of the exchange pathways it can be due to the presence of three extra

antiferromagnetic interactions in 1 through the p-O bridge. However, it can also be related to
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the different geometry (elongation vs compression) and distortion from the ideal octahedron.
To better understand how that will affect the exchange coupling two different models have
been created changing the distance between the Mn ions and monodentate ligand or the phen
ligand (Figure 8). These to ligands have been chosen because they are not bridging ligands
between both Mn ions, so we are not altering the coupling pathway, but the modification of
these Mn-ligand distances allows us to alter the elongation/compression and rhombocity of the
Mn ions.

The Mn-monodentate ligand bond distance (dmn-L) in this type of compounds usually varies
between 2.10 and 2.48 A, being for the complexes studied here between 2.13 and 2.23 A. We
have chosen to vary this distance between 2.1 and 2.3 A (see table S3 and S4). An increase in
dvn-L will increase the absolute value of the elongation parameter (A) while the rhombocity
parameter (p) will be constant for 1 but not for 2 because of the different orientation of the
axes. As it was explained in the precedent section, the A parameter represents the elongation
(A > 0) or compression (A < 0) of the octahedra and major |A | values means that the
coordination octahedra is further from the ideal geometry, independently of the orientation
axes. As Figure 10 shows, in both cases when dwmn-L increases ( | A | increases) the coupling
becomes more antiferromagnetic (less ferromagnetic). In the case of 1, for distances below
2.13 A the J becomes ferromagnetic.

In the case of the phen ligand, we have modified the distance between the Mn ions and the
N in trans to the oxo ligand (dvn-Nt), dotted green lines in Figure 8. We have kept the phen
ligand unaltered, so when dmn-Nt changes it translates all the phen ligand and consequently it
modifies the distance between the Mn and the cis N atom. Typical Mn-N distances oscillate
between 2.02 and 2.1 A, interval that we have chosen to vary dvinnt (see Table S5 and S6). The

increase on this distance decreases the | A | and | P | parameters. As shown in figure 10, the
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decrease of dmn-Nt (|A| increase) makes the coupling more antiferromagnetic (less

ferromagnetic).
10 35
1 2
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Figure 10. Dependence of the calculated J value with the average A parameter, in absolute
value, for the different models created for compounds 1 (left) and 2 (right). Circles represent
when the Mn-Ob-Mn angle () is changed, triangles represent the model where the Mn-

monodentate ligand distance (dmn-L) is modified and diamonds represent the model for which

the Mn-Nirans distance (dmn-Nt) is modified.

If we compare the three models we see that the structural parameter that affects more the
exchange coupling constant is &, the Mn-Ob-Mn angle, which is expected because the O atom
is bridging both Mn atoms and we are directly altering the coupling pathway. In all the cases
the increase in the | A | parameter makes the coupling more antiferromagnetic (less
ferromagnetic). As explained before, the A parameter represents the elongation (A > 0) or
compression (A < 0) of the octahedra and a larger | A | value indicates a more elongated or
compressed geometry, so in both cases the coupling is more antiferromagnetic when the Mn
coordination environment is more distorted, more elongated for compound 1 and more
compressed for 2. The modification of the Mn-ligand bond distances, dvn-L or dmn-Nt, gives to
a smaller variation of the magnetic coupling and very similar trends in all the cases, even when

the variation in the rhombocity parameter (p) are different in each case. It indicates that the
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elongation/compression is still affecting the magnetic coupling, even when the geometry of the
ligands involved in the coupling pathway is unaltered, and the larger importance of the 4
parameter in the coupling constant in comparison with the p parameter. Moreover, it is
important to notice that for compound 1, all the models considered are should be described
with the same axis assignment that in 1 (z axis in the Mn-L direction). For the models derived
of compound 2, the axis assignment of 2 is correct for all of them, except for the model with
the largest Mn-L distance (model 2-L7) where the A/p ration is greater for z in the Mn-L
direction than in the Mn-Ob direction (Tables S8-S11).

CONCLUSIONS

Two dinuclear Mni compounds with 4-methilbenzoato (1) and 2-Bromobenzoato (2) bridges
and different counteranion (ClO4- for 1 and NOs3- for 2) have been obtained in a crystalline
form. Their structural data reveals significant differences in the shape of the coordination
octahedron around the Mni ions in both compounds and different disposition of the Jahn-
Teller axis. For 1 the elongation axis point to the mondentate ligand, while for 2 the
coordination octahedra are compressed in the oxo-bridge direction. These factors affects to the
magnetic interaction and the zero-field splitting parameters of the Mnin ions (Dmn and Ewmn).
Compound 1 shows a ground state S = 0 and Dvn < 0, while compound 2 shows a ground sate
S'=4and Dwn > 0.

Theoretical calculations corroborate the experimental findings. In the case of Mn2 in
compound 2, it also shows larger | E/D| ratio, which agrees with the major rhombicity found
experimentally, and helps in the correct assignment of the axis. The different exchange
coupling observed for these compounds was also well reproduced. In addition, magneto-
structural correlations show that the most important structural parameter studied is, as

expected, the Mn-Ob-Mn angle. Moreover, they also show that the increase of the
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| A| parameter gives more antiferromagnetic character to the coupling and that the effect of the

rhombocity parameter (p) is smaller.
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Supporting Information. Detail of the models used for the calculations are listed in Tables
S1-Seé. Figures S1 and S2, and Table 7 show information about the hydrogen bonds presents
in the crystal structure of 1 and 2. X-ray crystallographic files in CIF format for the structure
determination of 1 (++++) and 2 ( ++++). “This material is available free of charge via the
Internet at http://pubs.acs.org.”
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TOC GRAPHIC AND SYNOPSIS

Different magnetic behavior for two similar Mnin dinuclear compounds with 4-Me or 2-
Brbenzoato bridges. The orientation of the Jahn-Teller axis is crucial for the magnetic

interaction and the sign of the ZFS parameters.

Two kind of distortions

Compresion in
the O, direction
§=4
Elongation in the Dy, =0
L direction §=10
Dy, <0




