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Abstract: Two new members of the [Mng] family of single-molecule magnets (SMMs) of formulae
[Mng(113-O)2 (HaN-sa0)s(dmf)g](C1O04)> (1) and [Mng(113-O)2 (HaN-sa0)s (py)s (EtOH)>][ReO4 ]2 -4EtOH
(2), (dmf = N,N’-dimethylformamide, py = pyridine, HyN-saoH; = salicylamidoxime) have been
synthesized and characterized structurally and magnetically. Both compounds were straightforwardly
prepared from the deprotonation of the HyN-saoH; ligand in the presence of the desired manganese
salt and solvent (dmf (1) vs. py (2)). Compound 1 crystallizes in the triclinic system with space group
P1and 2 crystallizes in the monoclinic system with space group P2; /n. In the crystal packing of 1 and
2, the (C1O,4)~ (1) and [ReOy4] ™~ (2) anions sit between the cationic [Mng]?* units, which are H-bonded
to -NH, groups from the salicylamidoxime ligands. The study of the magnetic properties of 1 and 2

I metal ions and the occurrence of slow relaxation

revealed ferromagnetic coupling between the Mn
of the magnetization, which is a typical feature of single-molecule magnet behavior. The cationic
nature of these [Mng]** species suggests that they could be used as suitable building blocks for

preparing new magnetic materials exhibiting additional functionalities.

Keywords: manganese(IIl); salicylamidoxime; molecular magnetism; single-molecule magnets

1. Introduction

Single-molecule magnets (SMMs) have attracted a great deal of attention during the last
two decades [1], because of their potential applications in quantum information processing [2],
low-temperature cooling [3], and molecular spintronics [4,5]. Most of the reported SMMs are based on
paramagnetic 3D metal ions, the Mn!"! ion being one of the more explored in this multidisciplinary
research [6].

In this context, the combination of phenolic oximes and Mn!!! has proven to be particularly
successful in the preparation of SMMs [7]. Thus, a large family of hexanuclear [Mn'!!
based on salicylaldoxime and salicylamidoxime ligands (Scheme 1), along with their derivatives,
has been investigated [8-20]. All the family members display the SMM phenomenon, with remarkably
different magnetic behavior, antiferromagnetic or ferromagnetic, that is strongly affected by the
structural distortion of the Mn—-N-O-Mn torsion angles. As a result, it established a semi-quantitative
magnetostructural correlation that enables the prediction of the magnetic behavior of new [Mn!!¢]
systems [8-20].

A search on the Cambridge Structural Database (CSD) revealed more than 100 hits of discrete
[Mn'"s] molecules based on salicylaldoxime and salicylamidoxime ligands. However, only six of them
were cationic [Mn!H]?* systems, the rest being neutral complexes [17-19]. This singular type of SMMs
suggests that they could be used as suitable building blocks for preparing new magnetic materials,

6] complexes
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just by replacing the anion by another anionic species exhibiting an additional functionality [17-19].
For that reason, we are motivated to investigate the crystal structure and magnetic properties of
cationic [Mn"¢]* SMMs.

NOH
NH.
OH

Scheme 1. Structure of the salicylamidoxime ligand (H,N-saoHj).

Herein we report two novel cationic [Mng]** complexes with the formulae [Mng(p3-O),(HoN-
$a0)s(dmf)s](ClO04), (1) and [Mne(u3-O)2(H2N-sa0)s(py)e(EtOH),][ReOy4],-4EtOH (2) (dmf =
N,N’-dimethylformamide, py = pyridine, HyN-saoH, = salicylamidoxime), which have been

characterized structurally and magnetically. Both 1 and 2 behave as SMMs.
2. Materials and Methods

2.1. Reagents and Instruments

All manipulations were performed under aerobic conditions, using materials as received (reagent
grade). Although no problems were encountered in this work, care should be taken when using the
potentially explosive perchlorate anion. The salicylamidoxime ligand was prepared following the
synthetic method described in the literature [21].

Elemental analyses (C, H, N) were performed with a CE Instruments CHNS 1100 Elemental
Analyzer (samples of 25 (1) and 20 mg (2)) by the Central Service for the Support to Experimental
Research (SCSIE) at the University of Valencia. Infrared spectra of 1 and 2 were recorded with a
PerkinElmer Spectrum 65 FT-IR spectrometer in the 4000-400 cm~! region. Variable-temperature,
solid-state direct current (DC) magnetic susceptibility data down to 2.0 K were collected on a Quantum
Design MPMS-XL SQUID magnetometer equipped (Quantum Design, Inc., San Diego, CA, USA) with
a7 T DC magnet. The experimental magnetic data were corrected for the diamagnetic contributions of
the constituent atoms (—990.3 x 107° (1) and —1219.8 x 10~® emu mol ! (2)) and also for the sample
holder (—3.58 x 107% and —3.45 x 10~% emu g~! for 1 and 2, respectively).

2.2. Single-Crystal X-Ray Diffraction

X-ray diffraction data of single crystals of dimensions 0.26 x 0.16 x 0.04 (1) and 0.39 x 0.31 x
0.24 mm?3 (2) were collected on a Bruker D8 Venture diffractometer with PHOTON II detector and by
using monochromatized Mo-K  radiation (A = 0.71073 A). Crystal parameters and refinement results
for 1 and 2 are summarized in Table 1.

The structures were solved by standard direct methods and subsequently completed by Fourier
recycling by using the SHELXTL software packages. The obtained models were refined with
version 2013/4 of SHELXL against F? on all data by full-matrix least squares [22]. In both systems,
all non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were set in calculated
positions and refined isotropically by using the riding model. The highest difference Fourier map
peaks were 2.262 (1) and 1.282 eA—3 (2), which are located at 0.935 A of CI(1) and at 1.029 A of Re(1),
respectively. The graphical manipulations were performed with the DIAMOND program [23].

CCDC numbers for 1 and 2 are 1882221 and 1882222, respectively. These data can be obtained
free of charge from the Cambridge Crystallographic Data Center on the web (http://www.ccdc.cam.
ac.uk/data_request/cif).
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Table 1. Summary of the crystal data and structure refinement for 1 and 2.

Compound 1 2
CCDC 1882221 1882222
Formula C66H92O30N20C12M1’16 C84H94028N18MH6R82
Mr/g-mol ! 2046.13 2505.81
Crystal system triclinic monoclinic
Space group P1 P2y /n
a/A 12.603(8) 13.446(2)
b/A 13.256(8) 23.254(4)
c/A 14.501(9) 16.458(3)
«/° 114.71(2) 90
B/° 98.09(2) 105.06(2)
y/° 100.59(2) 90
V/A3 2098.2(2) 4649.1(1)
Z 1 2
D./g-em—3 1.619 1.675
(MoK )/mm 1 1.032 3.244
F(000) 1052 2496
Crystal size 0.26 x 0.16 x 0.04 0.39 x 0.31 x 0.24
Goodness-of-fit on F? 1.079 1.047
Ry [I>20()] 0.0623 0.0537
wRy [1>20(I)] 0.1731 0.1596
APmax, min/€ A3 2.262, —1.549 1.282, —2.359

2.3. Preparation of the Compounds

2.3.1. Synthesis of [Ml’lé(ug-O)z(HzN—SaO)é(dmf)g](CIO4)2 (1)

Mn(ClO4),-6H,0 (0.249 g, 0.688 mmol) was dissolved with continuous stirring in dmf (10 mL);
then, HyN-saoH; (0.103 g, 0.670 mmol) and NEt; (0.5 mL, 3.6 mmol) were added. The resulting dark
green mixture was stirred for 1 h, filtered and layered with Et,O (10 mL). Dark green crystals suitable
for X-ray diffraction were obtained in 4 days. Yield: 80%. Elemental analysis calculated (found) for
Ce6Ho2030N20ClaMng (1): C, 39.1 (39.7); H, 5.2 (5.0); N, 13.8 (13.9)%. Selected IR data (in KBr/cm™!):
3332 (m), 2925 (w), 1653 (vs), 1610 (vs), 1533 (m), 1438 (m), 1384 (m), 1317 (m), 1253 (m), 1150 (m),
1121 (s), 1109 (s), 1022 (m), 881 (m), 762 (w), 685 (s), 649 (m), 578 (w).

2.3.2. Synthesis of [Mng(113-O)2(HzN-sa0)s(py)s(EtOH), [[ReO4 ], -4EtOH (2)

Mn(NO3),-4H,0 (0.173 g, 0.688 mmol) was dissolved with continuous stirring in EtOH (20 mL),
then HyN-saoH, (0.103 g, 0.670 mmol) was added, followed by pyridine (1 mL, 12.4 mmol) and NEt3
(0.1 mL, 0.72 mmol). Next, (NHy)[ReOy4] (0.184 g, 0.688 mmol) was added to the dark green solution,
which was stirred for 1 h. The final dark brown solution was left to evaporate in a fume hood at room
temperature. Crystals of 2 were obtained in 3 days and were suitable for X-ray diffraction. Yield: 70%.
Elemental analysis calculated (found) for Cg4HgsOnsN1sMngRe; (2): C, 40.3 (40.8); H, 3.8 (4.0); N, 10.1
(9.9)%. Selected IR data (in KBr/cm™1): 3426 (vs), 3314 (vs), 1614 (vs), 1564 (m), 1529 (s), 1483 (w), 1442 (s),
1384 (w), 1311 (w), 1251 (w), 1147 (vw), 1022 (m), 910 (s), 881 (m), 755 (w), 683 (m), 642 (w), 580 (vw).

3. Results and Discussion

3.1. Synthetic Procedure

By reacting Mn(ClOy4),-6H,0 (1) and Mn(NO3),-4H,0 (2) with the salicylamidoxime ligand
(Scheme 1) in the presence of the coordinating solvent dmf (1) and py (2), along with NEt; (1 and 2)
and [ReO4]™ (2), we obtained dark green crystals of hexametallic Mn! complexes of the well-known
family of [Mng] systems. Both (ClO4)~ and [ReO4]™ anions were chosen because of their diamagnetic
character, and also for giving a suitable solubility to the final compounds. The crystallization techniques
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employed for 1 and 2 were slow diffusion by layering with Et,O (10 mL) and slow evaporation
at room temperature of the resulting solutions, respectively. Both compounds were obtained in
satisfactory yields.

It is worth noting that both 1 and 2 are cationic oxime-based [Mng]“* complexes, and only
six systems of this type exist in literature, all of them being obtained with the salicylamidoxime
ligand [17-19]. This fact is in contrast to the results obtained from analogous reactions employing
similar phenolic oximes, such as salicylaldoxime and its alkyl derivatives, where the isolated complex
of the reported works is always a neutral [Mng] or [Mn3] system.

2+

3.2. Description of the Crystal Structures

The crystal structure and exact chemical composition of 1 and 2 were established by single-crystal
X-ray diffraction. While 1 crystallizes in the triclinic crystal system with space group P17, 2 crystallizes
in the monoclinic crystal system with space group P2, /n (Table 1). The structures of 1 and 2 are made
up of [Mng]?* cations (1 and 2) and (C1O,4)~ (1) and [ReO4]~ (2) anions. There are solvent molecules of
crystallization in only 2, these are EtOH molecules.

Each cationic [Mng]** unit contains two symmetry equivalent {Mn3(u3-O)} triangular moieties,
which are linked by two phenolate and two oximate O-atoms and related by an inversion center
(Figure 1). Each edge of the triangle is spanned by the -N-O- group of the salicylamidoxime ligand,
with the central oxo ion displaced 0.102 (1) and 0.184 A (2) above the plane of the [Mn3] triangle,
towards the dmf (1) and py (2) terminal ligands.

(a) (b)

Figure 1. (a) Molecular structure of the [Mng(u3-0),(HyN-sao)g(dmf)g]?* cation of 1. H atoms and
(ClO4)~ anion have been omitted for clarity. Thermal ellipsoids are depicted at 50% probability level.
(b) Molecular structure of the [Mn6(u3-0)2(H2N-sa0)6(py)6(EtOH)2]2+ cation of 2. H atoms, [ReO4] ™
anions and EtOH solvent molecules have been omitted for clarity. Thermal ellipsoids are depicted at
50% probability level. Color code: Pink, Mn; red, O; blue, N; grey, C.

The six Mn! ions in the core of 1 and 2 exhibit coordination environments rather similar to those
of previously reported salicylamidoxime-based [Mng** complexes [17-19], with distorted octahedral
geometries and Jahn-Teller axes approximately perpendicular to the [Mn3] planes. The remaining
coordination site on the third Mn ion [Mn(2a)] ((a) =1 —-x,1 —y,1 —zforland (a)=1—-x,1 -,
—z for 2) is occupied by a dmf (in 1) or EtOH (in 2) molecule. The Mn—-N-O-Mn torsion angles of the
[Mn'5(113-0O)-(H,N-sa0)s3] triangular units are 46.5°, 36.3° and 30.3° for 1 and 41.4°, 38.1°, 28.9° for 2
(Table 2).
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Table 2. Selected magneto-structural parameters for compounds 1 and 2.

Crystal Space o/° 1 _1 _1
Compound System Group  (Mn-N-O-Mn) J1/em Ja2lem g Tols F*/K
1 triclinic P 46.5,36.3,30.3 +0.90 +084 199 1.6x 1071 66
2 monoclinic P2y /n 41.4,38.1,289 +1.88 +0.72 1.98 8.4 x 1077 41

In the crystal packing of 1 and 2, the (ClO4)™ (1) and [ReO4]™ (2) anions sit between the cationic
[Mng]?* units, which are H-bonded to -NH; groups from salicylamidoxime ligands. In 2 the O---N
distances are shorter than in 1, linking the anions and cations into chains [N(4)---O(14b) distance
of 2.895(1) A; (b) = % — X, % +y, % — z], as shown in Figure 2. In 1, the cationic [Mng]?* units are
somewhat less separated from each other, the shortest intermolecular Mn---Mn distance being 9.831(1)
A [Mn(1)---Mn(2¢), (¢)=1—x,1 — y, 2 — z] (Figure 3), whereas the shortest intermolecular Mn:--Mn
distance in 2 is 10.467(1) A [Mn(1)---Mn(2b), (b) = 1 — x, 1 +y, 1 — z] (Figure 4).

Figure 2. Perspective view of the one-dimensional arrangement of [Mng(113-O) (HoN-sa0)(py)e (EtOH),]%*
cations and [ReOy4]~ anions in the crystal of compound 2 through H-bonding interactions (dashed
lines). H atoms and solvent molecules have been omitted for clarity. Color code: Pink, Mn; red, O; blue,
N; black, C; green, Re.

Figure 3. View along the crystallographic b axis of a fragment of the packing of 1 showing the
arrangement of the [Mng]?* cations and (ClO4)~ anions (space-filling model). H atoms have been
omitted for clarity. Colour code: Pink, Mn; red, O; blue, N; black, C; green, Cl.
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Figure 4. View along the crystallographic a axis of a fragment of the packing of 2 showing the
arrangement of the [Mng]?* cations and [ReO,]~ anions (space-filling model). H atoms have been
omitted for clarity. Color code: Pink, Mn; red, O; blue, N; black, C; green, Re.

In both compounds, additional weak C---C interactions of different types are also observed.
In 1, there exist 7---7 off-center parallel stacking interactions of approximately 3.38 A between
aromatic rings of salicylamidoxime ligands of adjacent [Mng]** complexes, and also weak C-H:--C(O)
interactions between dmf molecules of neighboring [Mng]?* cations (ca. 3.45 A). In 2, m-m
edge-to-face stacking interactions of ca. 3.49 A connect aromatic rings of coordinated py molecules and
salicylamidoxime ligands of adjacent [Mng]**
the supramolecular arrangement in 1 and 2.

units. All these additional interactions help in stabilizing

3.3. Magnetic Properties

DC magnetic susceptibility measurements were performed on microcrystalline samples of 1 and
2 in the 2.0-300 K temperature range and under an external magnetic field of 0.1 T. The magnetic
properties of 1 and 2 in the form of )T vs. T plot (XM being the molar magnetic susceptibility),
are shown in Figure 5. The x\T values observed at 300 K are approximately 20.2 and 20.7 cm3-mol !
K for 1 and 2, respectively. Although these values are somewhat higher than that expected for six
magnetically isolated Mn!! ions (ymT = 18.0 cm®-mol ! K with g = 1.99), they have been previously
observed in ferromagnetically coupled [Mng] systems [8-20]. Upon cooling, the xmT values rise
gradually with decreasing temperature for both compounds, reaching maxima of 38.9 cm3mol 'K at
8.0 K for 1 and 35.8 cm3-mol~! K at 17.0 K for 2. In both compounds, ymT values decrease at lower
temperatures giving final values of 23.0 (1) and 13.0 cm®-mol~! K (2) at 2.0 K, which are observed due
to the presence of intermolecular interactions and/or zero-field splitting (ZFS) effects.

The experimental data of the xMT vs. T plots of 1 and 2 were treated by using the 2]
model described by the Hamiltonian of Equation (1), where J; and |, are the exchange coupling
constants for the intramolecular Mn—-Mn interactions associated with exchange pathways involving
the Mn-N-O-Mn torsion angles of the [Mng] core, and g is the Landé factor for the Mn!"! ions.
The theoretical parameters thus obtained are summarized in Table 2.

H=-2]; (5153 + 5153 + 5151, + $1,55 + S5153)

PR A PR JulA o 1
—2J2 (51524 5253 + 51,52 + S2/53/) + upgHS M
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I metal ions in

These features reveal an intramolecular ferromagnetic coupling between the Mn
both 1 and 2. In previous studies dealing with DFT calculations on salicylamidoxime-based [Mng]
complexes [16], a critical angle (ca. 27.0°) that is directly correlated to the Mn-N-O-Mn exchange
pathway between neighboring Mn'" ions was found. Mn-N-O-Mn torsion angles upper than this
critical angle switch the magnetic exchange from antiferromagnetic (J < 0) to ferromagnetic (J > 0).
Given that 1 and 2 show Mn-N-O-Mn torsion angles higher than 27.0°, it would be expected to obtain
a ferromagnetic coupling as the predominant magnetic interaction for both compounds, as observed

experimentally (Figure 5 and Table 2).

50 50 1
X ¥
Y 40 - 40
<] ©
£ £
L) Py J
£ 301 s 30
o
_ -~ (e}
NE 20 Fs 204 °
= o)
(o]
10 10 4
0+ T T T T T 1 0+ T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK
(a) (b)

Figure 5. Thermal variation of the T product for compounds 1 (a) and 2 (b). The solid red line
represents the best-fit of the experimental data.

The complexes that form the large family of oxime-based [Mn!"ls] SMMs display ground state spin
values that vary from 4 to 12. In general, a spin value of S = 4 is found in antiferromagnetic [Mn!"¢]
systems, whereas ferromagnetic [Mn!'¢] complexes show a spin value of S = 12. A ground state spin
value of S = 12 was obtained for 1 and 2 from the magnetic susceptibility data, hence supporting the
ferromagnetic nature for both compounds. Thus, the isotropic simulation of the magnetic susceptibility
of 1 and 2 generated the plots of the energy versus total spin shown in Figure 6. The first excited state
found in 1is S = 11 placed at 2.25 ecm ! and the first excited state in 2 is also S = 11, which is located at

1.85cm™! (Figure 6).

120 7 80 T
100 1
- 80- A\
£ £
Q Qo
> 60 =
> o
& ]
c 1=
w40 w
20 -
5 . i
T T T T T T T T T T T T T T

S value Svalue

(a) (b)

Figure 6. Plot of energy versus total spin state, extracted from the isotropic simulation of the
susceptibility data for 1 (a) and 2 (b).
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Additionally, variable temperature-variable field DC magnetization data were measured for 1
and 2 in the 2-7 K temperature and 0.5-7.0 T field ranges. The experimental data are given as reduced
magnetization (M/Npup versus u,H/T) in Figure 7, which were fitted to a Zeeman plus axial zero-field
splitting Hamiltonian (H = D(S,2 — S(S + 1)/3) + upgHS, where D is the axial anisotropy of the cationic
[Mng]** complex, y is the Bohr magneton, S, is the easy-axis spin operator, and H is the applied field)
assuming only the ground state is populated. The best fits afforded the parameters S = 12, g = 1.99
and D= —-048 cm~! for1and S =12, g=198and D = —-0.39 cm~! for 2, which are in line with those
values reported for similar cationic [Mng]** complexes [17-19].

22 4 22 -
21 4 21_-
e ]
e —
m m E
=5 - = .
= 20 oo o 3 2
s H——2O = 1
16 ] 19 ] X o O
LA 0 70T ] 0 70T
O 60T ] MR O 60T
18 4 $ 50T 18 1 O 50T
AN 40T . A 40T
17 T T T T T T T 1 17-""I'"'I""l'"'I""I""I""l""l
00 05 10 15 20 25 3.0 35 4.0 00 05 10 15 20 25 30 35 4.0
- A - -1
uHTHITK pHTITK
(a) (b)

Figure 7. Plot of the reduced magnetization (M/Npup versus p,H/T) for 1 (a) and 2 (b) at4,5,6 and 7 T
fields and temperatures 2-5 K. The solid lines represent the best fit of the experimental data.

AC susceptibility measurements were performed on samples of 1 and 2 in the temperature range
2-10 K, in zero applied DC field, and a 3.9 G AC field oscillating in the 5-1000 Hz range of frequencies.
Out-of-phase AC signals (x''y) for 1 and 2 are shown in Figure 8. The respective x'/\ versus T plots
exhibited frequency dependence of the x''y maxima for 1 and 2. This feature is consistent with SMM
behavior. In addition, it was observed that the x’'y; maxima increased with the decreasing frequency
for both compounds. These data were fitted to the Arrhenius equation (T = Toexp(E#/ kgT), where T, is
the pre-exponential factor, T is the relaxation time, E* is the barrier to relaxation of the magnetization,
and kg is the Boltzmann constant) and plotted in the respective insets of Figure 8. The values obtained
for the 7, and E* parameters are listed in Table 2. The E* values for 1 [66.0 K (45.9 cm™1)] and
2 [41.0 K (28.5 cm~1)] fall into the range for previously reported salicylamidoxime-based [Mn!'4]
complexes (24.0 K (16.7 cm ') < E* < 86.0 K (59.8 cm™!)). Nevertheless, it is worth pointing out
that the E* value calculated for 1 is the higher obtained so far for a cationic oxime-based [Mn! ]2+
single-molecule magnet.

This last result is interesting since this type of cationic SMMs can be used as precursors of new
multifunctional magnetic materials because the (ClO4)~ (1) and [ReO4]~ (2) anions can be changed
through the incorporation of anionic species that bring another physical property or functionality to
the final material, for instance, conductivity or luminescence.
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Figure 8. Out-of-phase AC susceptibility (x"yp) versus T plots for compounds 1 (a) and 2 (b). The insets
show the Arrhenius best-fit plot (see text).

4. Conclusions

In summary, two new members of the family of oxime-based [Mng] complexes have been
synthesized and magnetostructurally characterized. Both compounds display a magnetic behavior
consistent with the single-molecule magnet (SMM) phenomenon. The barrier value to the relaxation of
the magnetization (E¥) for compound 1 is the highest reported so far for cationic oxime-based [Mng]**
systems. Finally, due to their cationic character, these singular SMMs could be used as suitable building
blocks for preparing new magnetic materials, just by replacing the anion by another anionic species
exhibiting an additional functionality, namely, conductivity or luminescence. This work is in progress.
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