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ABSTRACT KEYWORDS

A new linear trinuclear Mn"-Mn"-Mn" complex 1 has been synthesized Schiff base; mixed-valance
and characterized by elemental, spectral, X-ray and magnetic analy- Mn complex; X-ray crystal
sis. X-ray diffraction studies show that the central Mn" ion is located structure; magnetic

at a crystallographic inversion center and is triply bridged to the ter-  Properties

minal Mn" ions through one methoxide, one syn-syn carboxylate and
one hydroxyl oxygen bridges with the short Mn" ...Mn'" distance that
is 3.047 A. The intermolecular C-H...O, C-H ... and ring-metal inter-
actions are observed in the hydrogen-bonded assembly of 1. Magnetic
studies reveal that the mixed-valence complex1has S =3/2 ground state
with antiferromagnetic exchange interactions between Mn' and Mn'"
ions.

1. Introduction

Polynuclear manganese complexes continue to attract much attention from groups around
the world for its relevance to various areas such as bioinorganic chemistry and molecular
nanoscience as well as molecule-based magnet. In the bioinorganic area, the chemistry of
high-valent di- or polynuclear manganese complexes is of interest as models for various bio-
logical redox-active systems involving Mn ions, such as the oxygen-evolving center (OEC) of
photosystem II in green plants in which dioxygen is evolved by water oxidation in photosyn-
thesis, superoxide dismutases, manganese-catalases and manganese ribonucleotide reductase
[1]. With regard to the field of molecular magnetism, Mn complexes exhibit the new magnetic
phenomenon of single-molecule magnetism (SMM), which is the ability of certain molecules
to behave as magnets below a critical temperature exhibiting hysteresis loops in a plot of mag-
netization versus applied DC magnetic field [2]. Although there are many known species dis-
playing SMM behavior, most of which are manganese-carboxylate complexes [2,3], there is a
continuing need for new SMMs. In this context, the carboxylato group is the most extensively
studied bridging ligand for its versatility in coordination chemistry and a great number of
discrete polynuclear and infinite polymeric manganese-carboxylato complexes with diverse
structural motifs and magnetic properties have been reported [4].
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As a result of the above, there continues to be a need to develop new synthetic procedures
to polynuclear Mn complexes. Up until now, the structural and magnetic characterization of
linear trinuclear Mn" complexes [5] has been published by several research groups where
the carboxylate groups act as bridging ligands, but it is interesting to note that little attention
has been paid to systems that contain the Mn™-Mn"-Mn™ core as shown here [6]. In view
of the importance of manganese-carboxylate complexes and our interest in structural and
magnetic characterization of manganese complexes [7], we report here the synthesis of a new
linear trinuclear mixed valance Mn™'-Mn"-Mn'" complex along with its single crystal X-ray
structure, spectroscopic and also magnetic characterization.

2. Experimental

2.1. Materials and physical measurements

All chemical reagents and solvents were purchased from Merck or Aldrich and used without
further purification. Elemental (C, H, N) analyses were carried out by standard methods with
an LECO, CHNS-932 analyzer. FT-IR spectra were measured with a Perkin-Elmer Model Bx
1600 instrument with the samples as KBr pellets in the 4000-400 cm ™! range. 'H and °C
NMR spectra (Figs. S2 and S3) were recorded in (DMSO) on a Bruker Biospin (300 MHz).
DC Magnetic measurements were performed using a Cryogenics Squid S600 magnetometer
with applied field of 1 T. To avoid possible orientation effects, microcrystalline powders were
pressed in pellets. The data were corrected for sample holder contribution and diamagnetism
of the sample using Pascal constants. The effective magnetic moments were calculated by the
equation peg = 2.828 (xm 1) [8], where x 1, the molar magnetic susceptibility, was set equal
to M,,/H.

2.2. Synthesis of H,L

The tridentate Schiff base ligand H,L = [2-((E)-(2-hydroxyethylimino) methyl)-4-
chlorophenol] was synthesized from 5-chlorosalicylaldehyde and ethanolamine in a 1:1 molar
ratio in hot ethanol according to the method reported previously [9]. H,L: Yellow crystals,
yield 80%. Anal. Calc. for H,L: C, 54.15; H, 5.05; N, 7.02. Found: C, 54.11; H, 5.07; N, 7.06%.
'"H NMR (DMSO, § ppm): 3.74-3.88 (-NCH,CH,0H, 4H), 5.17 (-NCH,CH,OH, 1H), 6.69
(-HC=COH-, 1H), 7.29 (Cl-C=CH-, 1H), 7.50 (CI-C-CH C-, 1H), 8.54 (-HC N-, 1H).
C NMR (DMSO, § ppm): 60.83 (-N-CH,-), 62.15 (-HOCH,-), 119.95 (-HC=COH-),
125.90 ( C-COH), 127.84 (-HC=C-Cl), 130.96 (CI-C-CH-C-), 132.38 (CI-C=CH-),
161.45 (-C-COH), 165.91 (-C=N-). IR (KBr) cm™': v (O-H) 3165, v(C=N) 1642.

2.3. Synthesis of complex 1

Complex 1 was prepared by the addition of manganese(II) acetate monohydrate (0.245 g,
1 mmol) in hot methanol (30 cm?) to the ligand (H,L) (0.199 g, 1 mmol) in hot methanol
(30 cm?). The mixture has been warmed to 65°C and stirred for 15 min. A green solution was
obtained, which was allowed to stand at room temperature for several weeks to afford green
crystals. The synthetic route of the complex is outlined in Scheme 1. Complex 1: Yield 75%.
Anal. Calc. for C,,H,3Cl,Mn3;N,Oq: C, 38.94; H, 3.81; N, 3.78. Found: C, 37.80; H, 3.70; N,
3.76%. IR (KBr) cm~!: v(C=N) 1634.
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Scheme 1. The synthetic route of complex 1 evaluated in this study.

2.4. X-ray structure determination

Diffraction measurement was made on a Bruker ApexII kappa CCD diffractometer using
graphite monochromated MoK, radiation (A = 0.71073 A) at 100 K. The intensity data were
integrated using the APEXII program [10]. Absorption corrections were applied based on
equivalent reflections using SADABS [11]. The structure was solved by direct methods and
refined using full-matrix least-squares against F* using SHELXTL 6.12 [12]. All non-hydrogen
atoms were assigned anisotropic displacement parameters and refined without positional con-
straints. Hydrogen atoms were included in idealized positions with isotropic displacement
parameters constrained to 1.5 times the U.qy, of their attached carbon atoms for methyl
hydrogens, and 1.2 times the Uequy of their attached carbon atoms for all others. The crys-
tal data and structure refinement details for complex 1 are listed in Table 1. Selected bond

Table 1. Crystal data and structure refinement for complex 1.

Empirical formula Gy HygC,MnsN, O
Formula weight 740.20 g mol~"
Temperature 100(2) K

Crystal system Monoclinic

Space group pP2,/c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

6 range for data collection
Index ranges

Reflections collected
Independent reflections
Refinement method
Data/restraints/parameters
Goodness of fit on F2
Rindices [I>20(1)]

Largest diff. peak and hole

a=97709 (3) A o = 90°

b =14.9443 (4) A B = 91350 (2)°
c=9.6265(3) Ay =90°

1405.26 (7) A3

2

1405.26 (7) g cm ™3

158 mm~"

21°t0 27.6°

—12< h<12, —19< k<19, —12< I<12
24,043
3254 [R, , = 0.055]

Full-matrix least-squares on F2
2690/0/189

5=1.08

R, = 0.0312, wR, = 0.0728
0.45and —0.34 eA3
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Table 2. Some selected bond lengths [A] and angles [°] for complex 1.

Mn1-01 1.880(2) Mn2-02/02a 2.195(1)
Mn1-02 1.898(2) Mn2-04/04a 2.178(2)
Mn1-05 1.879(2) Mn2-05/05a 2.174(2)
Mn1-03 2.11002) Mn1-N1 1.980(2)
01-Mn1-02 169.73(7) 02-Mn2-02a 180.00(8)
01-Mn1-03 94.83(7) 02-Mn2-05 71.88(6)
01-Mn1-05 97.30(7) 04-Mn2-O4a 180.00(7)
01-Mn1-N1 91.45(7) 04-Mn2-02a 90.64(6)
02-Mn1-03 94.45(7) 04/04a-Mn2-02/02a 89.36(6)
02-Mn1-05 85.51(6) 05-Mn2-05a 180.00(8)
02-Mn1-N1 83.34(7) 05/05a-Mn2-02/02a 71.88(5)
03-Mn1-05 99.39(7) 05-Mn2-02a 108.12(5)
03-Mn1-N1 95.13(7) 05-Mn2-04/04a 90.98(6)
05-Mn1-N1 162.32(7) 05/05a-Mn2-04/04a 89.02(6)
Mn1-02-Mn2 95.97(6) Mn1-05-Mn2 97.21(7)

Symmetry code: a = 1-x, —y, —z.

lengths and angles for the complex 1 are given in Table 2. A perspective ORTEP view with
the atom labeling scheme of complex 1 is shown in Fig. 1 while packing diagrams are given
in Fig. 2.

Powder X-ray measurements were performed using CuK, radiation (A = 1.5418 A) on
a Bruker AXS D8 Advance diffractometer equipped with a secondary monochromator. The
data were collected in the range 5° < 26 < 50° in #-6 mode with a step time of ns (5s < n <
10 s) and step width of 0.03°.

3. Results and discussion

3.1. Crystal structure description of 1

The molecular structures of complex 1 consist of neutral linear trinuclear Mn'™-Mn"-Mn™
[Mn1-Mn2-Mnla] entity. The central Mn' ion is located at a crystallographic inversion center
and is triply bridged to the terminal Mn'" ions through one methoxide, one syn-syn carboxy-
late and one hydroxyl oxygen bridges. The terminal Mn'" ions are chelated by the tridentate
Schiff base ligand by using an imine nitrogen, and phenolate and hydroxyl oxygen atoms. Dif-
ferent Mn-O distances (see Table 2) indicate the complex 1 is in a valence-trapped state. The
Mn2-0O distances are longest as expected for a lower oxidation state, so we can preliminarily
assign Mn2 to Mn" and Mn1 to Mn™ ions. Additionally, this can be supported by this that

Figure 1. ORTEP drawing of complex1with atom labeling. Thermal ellipsoids have been drawn at 50% prob-
ability level.
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Figure 2. (a) A two-dimensional network structure formed by C-H ...0O hydrogen bonds in the bc-plane of
1. (b) View of two-dimensional C-H ...0 hydrogen bond found in the crystal structure of 1along the ¢ axis.
(c) Space filling representation of 1as in (b).

Mn-O (-OCH;) bonds (Mn1-O5 = 1.879 A and Mn2-05/0O5a = 2.174 A) are shorter than
Mn-O (-CH;OH) bonds (2.266 A), which belong to neutral methanol molecule in the litera-
ture [6d,6€]. The central Mn'" atom (Mn2) is octahedrally coordinated by six oxygen donors
with the Mn-O bond distances in the range 2.174(16)-2.195(15) A (Table 2). Each terminal
Mn'™ atom (Mn1) shows a distorted square-pyramidal environment with four atoms (O1, 02,
05 and N1) in the basal plane and O3 atom in the apical position. For the coordination poly-
hedron of the metal atom, the distortion of the coordination environment from TBP to SP
can be evaluated by the Addison distortion index, t defined as 7 = (« - ) / 60, where « and
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Table 3. Hydrogen bond geometry (A, °) and distance between ring centroids [A] for complex 1.

D-H...A* D-H H..A D...A D-H...A Symmetry
(7-H7...04 0.95 224 3.155 161 1-x,12+y,1/2
(C8-H8A ...03 0.99 248 3.184 127 X, 1/2-y, =1/2+z
CN-HNC...03 0.98 2.57 3.545 7m 1-x, =y, 1-z
C12-H12B ...CI1 0.98 297 3.62 126 2-x,1/2+y,1/2-z
C-H...Cg(l)

C8-H8A ...Cg(4) 0.99 273 3.589 146 X, 1/2-y, =1/2+z
Cgq(l) ...Cg(J)

Cg(4) ...Cg(9) 3.627 X, 1/2-y, —=1/2+z
Cg(l)...Metal

Cg(9) ... Mn1 3.894 X, 1/2-y,1/2+z

*D: Donor, A: Acceptor, Cg(l): Plane number | ( = ring number in () above), Cg-Cg: Distance between ring Centroids A, Cg-M:
Ring-Metal Interactions (A), Cg(4): -O1-C1-C6-C7-N1 and Cg(9): C1-C2-C3-C4-C5-Cé.

B are the two largest coordination angles and v = 0 for perfect SP and 1 for ideal TBP [13].
The structural distortion indexes of Mn™ atom was found 7y, = 0.034. Each Mn" atom is
found in a slightly distorted square pyramidal geometry. The Mn1 and Mn2 atoms are in turn
associated by O5 and O2 bridges to give chains in the arrangement of {Mn1-Mn2-Mnla}, and
the Mn-O-Mn angles are 97.21(7)° for Mn1-O5-Mn2 and 95.97(6)° for Mn2-O2-Mn1. The
intramolecular Mn™-Mn"" distance is 3.047 A. All bond distances and angles are comparable
to similar structures [6].

In the crystalline architecture of 1, intermolecular C-H ... O interactions link the molecules
that form two-dimensional polymeric structure in the bc-plane (Fig. 2(a)). Besides that inter-
molecular C-H ... and ring-metal interactions are also observed in the hydrogen-bonded
assembly of 1 (Table 3).

3.2. IR spectra

The structure of the title complexes were further confirmed by spectral characteristics. The
IR spectra of 1 were shown in comparison with that of its free ligand H,L in Fig. S1. The
strong v(O-H) (3165 cm™!) band originally found in the Schiff base ligand H,L disappeared
on complexation indicating deprotonation of the phenolic hydroxyl group and coordination
of phenolic oxygen to the metal ion. The IR spectra of H,L show several weak peaks for the
complex in the range 2915-2832 cm™! are likely to be due to the aromatic and aliphatic C-H
stretches. The characteristic C=N stretching frequencies are 1634 cm™!. The shift of this band
toward lower frequency compared to that of the free Schiff base ligand (1642 cm™') indicates
the coordination of the imine nitrogen atom to the metal center [14]. The strong stretching
band appeared at 1493 cm ™ are attributed to the bridging acetate ion [15].

Finally, before proceeding to the magnetic characterization, we note that powder patterns
for bulk microcrystalline samples of 1 was consistent with the exclusive presence of the phase
identified in the single crystal experiment (Fig. S4 in Supplementary Information).

3.3. Magnetic properties

The magnetic properties of complex 1, in the form of xuT (xm is the susceptibility per
trinuclear unit) vs. T plots, are shown in Fig. 3 in a temperature range 2-300 K. The x,,T
values at room temperature, 10 emu K mol™" (ues = 8.95 ug), which is comparable to the
spin-only value of 10.375 emu K mol™" (peg = 9.11 pp), is expected for three independent
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Figure 3. Temperature dependence of ., () and y 7 () for 1.

high-spin Mn ions [(Smnury SMaan> SMaam) = (2, 5/2, 2) assuming g = 2.0]. As the temper-
ature is lowered, the x ., T values decrease in a monotonous manner and become 1.23 emu
K mol~! at 1.8 K. This result indicates the presence of an antiferromagnetic spin-exchange
interaction between adjacent Mn'"" and Mn" ions. The drop in the x,,T product below 8 K
suggests the presence of magnetic anisotropy expected for Mn'" ions, inter- or more likely
intramolecular antiferromagnetic couplings [16]. The magnetic properties of 1 are compara-
ble for similar trinuclear Mn™, Mn", Mn™ complexes [6a,17].

The magnetic behaviors of 1 are further characterized by field dependences of the molar
magnetization at 1.8 K and 4.3 K. The field dependence of the magnetization matches
well with the Brillouin function for an § = 3/2 ground state with ¢ = 2, which would
appear as a consequence of the antiferromagnetic interaction through the hydroxyl/ methox-
ide/carboxylate pathway (Fig. 4). The fact that the magnetization is not fully saturated at high
field may be due to the presence of a significant magnetic anisotropy and/or more likely the

presence of low-lying excited states that are partially (thermally and field induced) populated
[6c].

31 sa2
o - . ""d_/:
./ L ]
./ ]
2 - s P
<
=
1-
—s—18K
e 43K
0_

koH (T)

Figure 4. Magnetization as a function of the applied magnetic field for complex 1, performed at 1.8 K (A)
and 4.3 K (¢). The solid line corresponds to the Brillouin function for § = 3/2.
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4. Conclusions

The synthesis and structural characterization of a new linear trinuclear mixed-valance Mn™!-

Mn"-Mn'" complex has been presented together with an investigation into its magnetic prop-
erties. The structurally characterized mixed-valence complex 1 has strictly 180° Mn™-Mn"!-
Mn' angle as required by crystallographic inversion symmetry. In complex 1, the exchange
interaction between Mn'' and Mn'" ions is proven to be antiferromagnetic with the spin
ground state of St = 3/2. The prepared complex can be further modified to produce new
complexes with higher nuclearity and/or different bridging groups to need for new SMMs
and diverse magnetic behavior depending on the structural parameters of the bridging net-
work.

5. Supplementary data

Crystallographic data for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre (The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK; e-mail: deposit@ccdc.cam.uk; www: http://www.ccdc.cam.ac.uk; fax: +44
1223 336033) and are available free of charge on request, quoting the Deposition No. CCDC
826756.
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