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Abstract: Using different spectroscopic techniquesand«computational calculations, we describe the
structural and electromagnetic relationship that causes many interesting phenomena within a novel
coordination compound with mixed valence Manganese (II, III and IV) in its crystal and powder
state. The novel compound was obtained with the Schiff base (E)-2-((2-hydroxybenzylidene)amine)-
2-(hydroximethyl-propane-1,3-diol, (HsL) and Mn(NOs)2.4H20. The coordination reaction was
promoted by the deprotonation of the ligand by the soft base trimethylamide. The paper’s main
contribution is the integration of the experimental and computational studies to explain the
interesting magnetic behavior that the mixed valence Manganese multimetallic core shows. The
results presented herein, which are rarely found for Mn(II), (III) and (IV) complexes, will contribute
to the understanding of the magnetic communication generated by the valence electrons and its
repercussion in the local geometry and in the overall crystalline structure.

Keywords: Intermolecular and intramolecular interactions; mixed valence; magnetic interactions;
coordination geometry

1. Introduction

Recently, many types of multimetallic-centered compounds have been extensively studied,
notably Manganese coordination compounds, due to their scientific and technological role as
magnetoresistive (GMR or CMR) materials, their biological significance as emulators of catalytic
domains, and others [1]. Moreover, such complexes exhibit superparamagnetic-like properties as
single molecule magnets (SMMs). This type of complexes display slow relaxation of magnetization
and function as magnets below the blocking temperature [2]. The time frame for the relaxation of
magnetization is thermally controlled by the spin ground state and the equatorial anisotropy, D [3].

The 1st International Electronic Conference on Crystals (IECC 2018), 21-31 May 2018;
Sciforum Electronic Conference Series, Vol. 1, 2018



The 1st International Electronic Conference on Crystals (IECC 2018), 21-31 May 2018;
Sciforum Electronic Conference Series, Vol. 1, 2018

As part of the construction of multi Mn, Co, Cu and Fe [4] complexes with such characteristics, Schiff
base ligands acting as brick units has been both widely and successfully used. Interestingly, Schiff
base ligands seem to promote the formation of multicenter coordination compounds with mixed
valence states due to the diversity of electronegative groups and availability for coordination [5]. On
the other hand, several complexes with low nuclearity of Mn ions have been widely studied [6]. The
coexistence of Mn(Il) and Mn(IV) in inorganic complexes has also been demonstrated. These
compounds have biological relevance due to the presence of the Mn(IV) species, which participates
in the oxygen-evolving complex that is formed by 4 Mn ions with a mixture of Mn(III) and Mn(IV),
around fifty systems in humans [7,8]. Additionally, the photosynthetic process needs four Manganese
ions to perform the bio catalysis, and it has been seen that Mn(IV) is present during turnover. By
these arguments, multi-Manganese-centered coordination compounds represent a great area for
coordination researches to direct their attention [9]. In this work we present the synthesis, structure,
electronic, magnetic, and theoretical studies of a mixed valence tetramer compound with [Mn(II)-
Mn(III)-Mn(IV)] starting from (E)-2-((2-hydroxybenzylidene)amine)-2-(hydroximethyl-propane-1,3-
diol, (HsL), and Mn(NOs)2.

2. Experimental Methods

2.1. Equipment and Measurements Conditions

Electronic spectra were measured with a Beckman DU Series 7000 equipment on ¢a 10~ M in
methanolic solutions at 298 K at 200-800 nm. A Nicolet Magna-IR 750 spectrophotometer was
employed to monitor the infrared spectra, using KBr. ESR spectra at X-band frequency were obtained
with a Bruker ELEXSYS E500 II spectrometer from 300 to 80 K on polycrystalline powder samples.
The ESR analysis was performed with the simulation program of WINEPR SimFonia (Bruker). The
magnetic g-tensor componentsmneeded for simulations were obtained from fitting rigid limit ~ 9.4641
GHz spectra recordedrat 80 Kin a powder sample. The sweep width was calibrated at 7996.00 G with
a center field of 3998.0 G. We referenced the g values to the common g,, value of 2.00233 and then
accurately determined the g,, and g,, values relative to this g,, value from the corresponding
spectral splitting. The A-tensor components were obtained from fitting rigid limit ~ 9.4641 GHz as
well. Magnetic measurements were performed in gelatin capsule using a Physical Property
Measurement System (PPMS®) from Quantum Design. Measurements were performed in small
magnetic fields, from 20 to 200 G, and in the range 2.8-300 K in zero field-cooling (ZFC). The
diffraction equipment of four circles is a Stradivari, STOE, based on an Eulerian geometry goniometer
with an angular precision of 0.001 °. The X-ray source is a micro-source of AXO, with a silver anode.
The monochromator selecting the Ag-Ka radiation (wavelength A = 0.56083 A as a mixture of the
radiations Ag-Kai and Ag-Kore) is a double mirror multilayer of elliptical geometry, model Astix-f-
110/320 with a divergence A® < 0.03 °. The micro-source was energized at 65 kV and 0.60 mA (power:
39 W) and the beam directed on the glass through a 0.3 mm aperture collimator. The area detector is
a Pilatus-100K of DECTRIS (Baden, Switzerland), counting 94,965 independent pixels (reverse-biased
silicon diode array, with a thickness of 1000 pm), each pixel having an area of 0.172 x 0.172 mm?, and
a dynamic measurement range of 20 bits. The diffraction data was collected with the program X-Area
1.76 [10]. The PC is accessible by remote access via TeamViewer, and includes all the usual updated
crystallochemistry programs: Shelx, Olex2, SIR, Superflip, WinGX, Xprep, MoPro, CSD-Enterprise,
GSAS-II, etc. [11]. Elemental composition was obtained by XPS. Samples were analyzed using a
Surface Science Instruments SSX-100 with operating pressure ~2x10-9 Torr. Monochromatic Al Kot x
rays (1486.6 eV) with a 1 mm diameter beam size were used. Photoelectrons were collected at a 55°
emission angle. A hemispherical analyzer determined electron kinetic energy, using a pass energy of
150 V for wide/survey scans, and 50 V for high resolution scans. A flood gun was used for charge
neutralization of non-conductive samples. The quantity calculation was performed with CasaXPS
software.
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2.2. Computational Details

All molecular structures were optimized using density functional theory approach with the
functional PBE [12] and the basis 6-31g [13] within the constrained symmetry group Ci. All molecules
proved to be minima according to frequency calculations with the exception of one model (vide infra).
This molecule was optimized one more time without the symmetry constriction and the minimum
was achieved. The resulting structures were optimized again with the functional B3LYP [14] and the
basis set 6-31g(d) for lighter atoms and LANL2DZ [15] for Mn atoms with its corresponding effective
core potentials. After that, single point calculations with the functional B3LYP, the basis set 6-31g+(d)
for lighter atoms and LANL2DZ for Mn atoms was completed for all models.

2.3. Synthesis

For the synthesis of 1, a previously reported methodology was used for similar complexes [16].
0.4 mmol of the reported organic ligand HsL [17] was dissolved in 5 mL of methanol at room
temperature under magnetic stirring. 2.8 mmol of the soft base trimethylamine was added to promote
the deprotonation of the hydroxyl groups present in the ligand and stirred for 0.5 h. Then, 0.04 mmol
of Mn(NOs)2.4H20, previously dissolved in in 5 mL of methanol was added to produce a burgundy
colored solution. The final solution was filtered by gravity at room temperature and the residues left
for slow evaporation to obtain crystals of 1 suitable for x ray studies with a yield of 85% and a Dec.
Temp. 215 °C. 1 is soluble in methanol, ethanol, DMSO and DMF. Spatial group: P-1, a =10.757(33)
A, b=11.68793(3) A, c=13.328(4) A, a=98.72(2)°, f=110.37(2)°, y=108.08(4)°, V'=1428.42(7) A3, UV-
Vis (Amax/g, nm/M7cm, methanol): 388/2317 (MLTC), 500y 579/778 y 441 (dxy, xz, yz==' d:2+?, dxy, xz, yz
— d2); IR (em, KBr): 3273 (vo-n), 1604 (ve=N), 1301 (o), 447 (Mn-O); NMR-H (500 MHz, DMSO-ds,
S, ppm): 17.6, 6.7 - 7.6, 4.1 - 4.7, 2.99,1 — 1.5 ESR (crystalline powder, 300 K/90K, and in DMSO
solution, 90K): 9300/ = 49 306277 o oo A= 8x 107* cm T ¥y, Ty0x = 3.69 cm® mol

VK, xmTsx = 4.46-.ecm® mol! K. Elemental compositionsby XPS: C: 40.82%, H 7.00%, N 5.38%, O
30.00%, Mn 16.94%; Cale. C 40.84%, H 7.09%, N'5:41%, O 29.67%, Mn 16.98%.

3. Results.and Discussion

3.1. Synthesis

The wused methodology gave a mixed-valence tetra-nuclear cluster [Mn!!' Mn'b
Mn"V(HL)2(H2L)2(H20)4](NOs)2 presenting an oxidation of Mn(II) to Mn(IlI) and Mn(IV), which were
stabilized by different grades of the ligand deprotonation. The redox potential value of the
Mn*O2/Mn?* at pH =8, E =+1.79 V with AG =-173.28 k] mol~, for Mn*O/Mn?" at pH =8, E=+0.99 V
with AG = -191.81 k] mol™, both spontaneous processes. This oxidation process of Mn(Il) was
observed by changes in coloration from orange to burgundy. During the establishment of the
synthetic methodology, the effect obtained by using different concentrations of base was studied,
looking for a larger number of Manganese ions in the cluster. We concluded that this parameter it
not affected by the O-H ligand deprotonation. Notably, the temperature, reaction time, and
stoichiometric reactants relation were varied one parameter in each assay, and 1 was always obtained.

3.2. Structural Analysis

A burgundy rectangular crystal of 1 was resolved by x ray crystallography, showing a triclinic
cell with spatial group P-1. Table 1 summarizes the crystallographic data. Figure 1 shows the
structure of 1 which is a center-symmetric tetramer of Manganese ions with mixture valences (II),
(III) and (IV). In Table 2 the bonds length and angles of interest are summarized.
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Table 1. Crystallographic refinement data of 1.

Empirical Formula Ca Heo Mns N6 Oz7
Formula weight 1324.74

Crystalline system Triclinic

Spatial group P-1
a=10.757(3) A =98.72(2)°
b=11.687(3) A =110.37(2)°
c=13.328(4) A =108.08(2)°
Volume 1428.4(7) A3
R-factor (%) R=12.43

In Figure 1 the basic nucleus of the crystallographic structure which denotes all Mn(IlI) ions
according to crystallographic distances (see Computational Details) is shown. Figure 1 shows a
primary nucleus [Mn(Ill)e" (HzL)[Mn(II)i(HL)]2Mn(IV)e'(HzL)]. This molecular nucleus contains four
units of [Mn ps-O, wi—N] where each Manganese ion is bonded to four ligands through one phenolic
oxygen atom, to two phenolato oxygen atoms, which connect it to other Manganese ion neighbor,
and to the nitrogen atom of the imino group, which connects a Manganese ion with the next
Manganese ion. One of the four six-coordinated Manganese ions, Mn2, is coordinated to one-donor
atom of HL? ligands and to two donor atoms of HL?- ligands, displaying bond lengths between 1.875-
2.161 A. Mn1 ions are coordinated to four-donor atom of two HI'* ligands, shewing the Mn1 bond
lengths for Mn2 this range is between 1.852-2.305 A (Table 2). Nevertheless, the structiire of 1 shows
an inversion center which would be able to produce the unity [Mn(II), Mn(IV)-1-O-N], but the degree
of deprotonation of the ligand-under the pH conditions of the reaction produces the unity [Mn(II),
[Mn(II)]2, Mn(IV)-p=O-N]. The unit cell contains two nitrate counter ions (-2), four OH groups (—4),
six p-O (-6), four u-N and two waters for each Mns unity. Each Manganese ion is coordinated by five
oxygen and one nitrogen atoms, producing an octahedral ligand field with axial elongation with
bond lengths > 2.15 A, with respect to the bond equatorial distances < 1.997 A [18]. The oxygen atoms

axially coordinated to the Mn1 ion correspond to —OH group of the ligand (022#1, Mn1-O2#1); for
Mn2 these axially coordinated oxygen atoms belong to two water molecules (026, O25) (Figure 1).

Figure 1. Molecular structure of 1. Hydrogens have been omitted for clarity. Label’s code: e” outer
Mn(IV), i intern Mn(II), and e” outer Mn(IIl). Oxidation states were proposed from the reaction
conditions, the structure formal charges, the IR, UV-Vis, ESR studies and theoretical calculations. The
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overall charge of the Manganese ions is +12 and they are neutralized by -10 charges of the O and p-
O; since there are two NOs~ anions, which would be balanced by one on each outer Manganese ions,
and then the inversion center, is feasible. Nevertheless, it is possible to observe Manganese ions (III),
(IT) and (IV) by spectroscopic measurements.

The distances Mn2--Mn1#1 and Mn1-+-Mn1#1 ~ 3 A and the angles Mn—-O-Mn are in the 97.1 —
100.8° interval. These structural characteristics are in accordance with literature suggesting that the
Mn1 has an oxidation state of +3, while that of the Mn2 would be +2 and +4 [19]. The oxidation states
assigned to the Manganese ions based on the structural characteristics were reinforced by the ESR
studies, discussed in the corresponding section. Although, the theoretical optimization of the
structure and the ESR results, presented in their respective section, suggest oxidation states of +2, +3
and +4 (Figure 1).

Table 2. Bond length [A] and angles [°] of 1.

Mn1-O1 1.875(10) 02-Mnl1-022#1 89.6(4)
Mn1-02 1.880(10) NI1-Mn1-022#1 103.7(4)
Mn1-N1 1.997(11) O3#1-Mn1-022#1  75.0(4)
Mn1-03#1 2.023(9) O1-Mnl-02#1 95.4(4)
Mn1-022#1 2.152(9) 02-Mnl-02#1 82.9(4)
Mn1-02#1 2.161(10) N1-Mnl-O2#1 93.4(4)
Mn1-Mn1#1 3.036(5)  O3#1-Mnl-02#1 87.2(4)
Mn1-Mn2#1 3:0683) 022#1-Mn1-02#1 | 160.3(3)
Mn2-022 1.852(9)" 022-Mn2-021 176.5(4)
Mn2-021 1.868(10).-022-Mn2-03 83.6(4)
Mn2-03 1.960(9) 021-Mn2-03 99.8(4)
Mn2-N21 1.976(12) 022-Mn2-N21 83.1(5)
Mn2-026 2.240(11) 021-Mn2-N21 93.5(5)
Mn2-025 2.305(12) 0O3-Mn2-N21 166.6(4)
Mnl-02-Mnl#1  97.1(4)  022-Mn2-026 89.9(4)
Mn2-03-Mnl#1  100.8(5) 021-Mn2-026 90.0(5)
Mn2-022-Mnl#1 99.8(4)  03-Mn2-026 85.5(4)
01-Mn1-02 174.3(4)  N21-Mn2-026 96.5(5)
01-Mn1-N1 92.14)  022-Mn2-025 90.0(4)
02-Mn1-N1 82.6(4)  021-Mn2-025 90.6(5)
O1-Mnl-0O3#1  92.5(4)  03-Mn2-025 85.9(4)
02-Mnl1-0O3#1  92.8(4)  N21-Mn2-025 92.1(5)
N1-Mn1-03#1 175.3(5)  026-Mn2-025 171.3(4)
O1-Mn1-022#1  93.8(4)  02-Mn1-022#1 89.6(4)

Symmetry transformation to produce equivalent atoms: #1 —x+1, —-y+2, —z+1.
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Figure 2. Zig-zag supramolecular patter in the structure of 1 by hydrogen bridges along c axis.

Intermolecular hydrogen bridges build a 2D supramolecular structure (Figure 2). Each
Manganese ion in 1 is coordinated to five oxygen atoms and one nitrogen atom, with‘an axially
distorted octahedral geometry. This last statement is observed for theaxial distances which are longer
than the equatorial distances (Table 2) [20]. The deviation of Mn2;with respect to.the plane formed
by the 021, N21, O22 and O3 atoms is ?f 0.013 li, and forMn2 the deviation from the plane formed
for the O3, 022, O2 and N1 is of 0.125 A. Theangles for an octahedral perfect geometry would be of
90° in plane and 180° betwieen the axial positions:*Although for1 these angle values are different,
Alvarez et al [21] have proposed equation 1 to calculate a'distortion from On symmetry to a Dan
symmetry.

5(0,) =539 A%~ 0.33 - |A| = 0.96 (1)

where A= longer distance—shorter distance, taking the S(0,) a value >0 for octahedral elongation
and a value S(0p,) < 0 for a tetragonal distortion, this parameter takes a value = 0 for a perfect
octahedron. For Mnl the S(0,) = 0.34 and for Mn2 the S(0;,) = 0.96. These results are consistent
with the oxidation states proposed for Mnl of 3+, 4+ and Mn2 of 2+, showing a major distortion
towards Dan symmetry for Mn1(IV) [16,22].

3.3. Absorption Spectra

Table 3. UV-Vis data of 1, with the oscillator strength value, f.

Transition  Amax(nm)/e M 'em™) Energy (em™) F M 'em™)

r—r* 211/6143 47396 0.086
rom* 237/5086 42196 0.059

n—m* 269/2561 37177 0.015
LCT—M 388/2317 25841 0.0123
d-d 500/778 20965 0.00139
d-d 579/441 19158 0.00045

UV-Vis spectroscopy was performed in methanol at room temperature for complex 1. Within
the whole curve of the spectrum we were able to solve different transitions by calculating Gaussian
deconvolutions [23] of the whole spectrum resulting in 2 d-d forbidden transitions between A, =
400 — 579 nm. These values fall into the axially distorted octahedral geometry and belong to the
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Aryxzyz = Ayz_yz (M 9 4T5) Yy dyyszy, = d,2(4A; > *Ty)  transitions [24].  Additionally, the
electronic transition energies were in accordance with the presence of a Mn#*, which was confirmed
by the IR and ESR experiments and computational calculations. Finally, a high energy MLCT was
observed at 388 nm confirming the Manganese ions coordination with the organic ligand (Table 3).

3.4. Infrared Spectroscopy

The IR analysis of 1 was made at room temperature using KBr pellets as a matrix to hold the
sample. Comparison of HsL and 1 shows two main changes, in the O—H and C=N vibrations that are
shifted to lower energies when coordinated to the ionic metals Mn(Il), (III) and (IV). The lack of
electrons in the oxidized form of Mn ions makes them highly electronegative (Table 4), affecting the
vibration energy by its requirement of electron density from the surrounding atoms. However, the
more interesting changes are present at the low energy zone from 1200 to 1500 cm-!. The structure of
1 resolved by x-ray crystallography and the computationally optimized chemical structure, shown in
their corresponding sections, imply a lattice built by hydrogen bonds which affects the C-O
frequencies of the phenolato groups in the theoretical IR spectrum, making the assignation of
vibration bands of the experimental spectrum possible (Figure 1).

Table 4. Values of vibrations of C-O groups coordinate to Manganese ions obtained experimentally
and by theory calculations of 1.

c-0 C-0
. Mn(IIl)e’ CcC-0 Cc-0
Compound Mn(ID)i Mn(ID)i Mn(ID)i Mn(IV)eMn(ID)i Mn—N and/or Mn—O
Mn(IV)e
1-experimental 1384 1338.59 1305.87 1290.37 447/1.45
1-theoretical calculations 1370 1340 1306 1295

i, internal Manganese central ions;'e, outer Manganese external ions.

The mixed-valence Mn ion complexes have been studied deeply by various spectroscopies [25].
Many of these reports disregarded the changes in the vibrational information promoted by the
differences in the oxidation states. We integrated computational results to the experimental IR
spectrum to. ensure the assignment of phenolic C-O bond stretching mode (Figure 3). By
deconvolution of the experimental vibration bands, it was possible to identify several bands that are
in accordance with the theoretical estimation of four vibrational energies for C-O bonds (Figure 3).

/

1267

1339

1305 1308

I Y 1 L) 1 L 1 L I Y 1 L) 1 L 1
1380 1360 1340 1320 1300 1280 1260 1240
7, cm’

Figure 3. Experimental IR spectrum of 1 with a zoom of C-O vibration adjusted with Gaussians.
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3.5. Proton Nuclear Magnetic Resonance

Analyzing paramagnetic compounds by NMR spectroscopy is always a difficult task due to the
various phenomena that involve the electron spin momentum interactions with the nuclei, resulting
in a distorted base line in the spectrum, making it almost unassignable [26]. In our case, the HiL
NMR-H spectrum changes drastically when coordinated to Mn(Il), (III), (IV). According to the
crystal structure, four molecules of HsL are coordinated with four Manganese ions. The bond
distances Mn-Haromatic are 5.46 A on average. Thus, all aromatic protons are more distant from the
influence of the metallic ions, provoking a loss of the structural symmetry and making them
magnetically non-equivalent [27]. Moreover, the multiplicity of the isotropic chemical shifts is also
modified with respect to the free ligand, and the signals are shifted to higher energies due to the
electronegativity of the metallic ions, as shown in Figure 4.

g oHh' g
hHO—cH, | = N ) 3.6
CH, g T,~1.35x107s
(a) oHh” B
N c— 4.8
I ¢
g
c CH = L SR S
abc” XX f a-d
b Hc” f 6.8
e .
\ﬁ/ o g sish 13
c 14.5 t (h:: ™S
| | B 1 O
T,=4.16x 10%s ' ™S
a-d

(b) T,=3.35x10%s
f
A
A
3.8 protons 16 protons
R T e T e L, A L A
20 19 18 17 16 15 14 13 12 11 10 9 8 ks 6 5 4 3 2 1 o
S (ppm)
(C) 105 protons (approximately 4 fold to the no affected protons)

g-h

T=121x107s

-8 -12 -16 -20 -24 -28 & (ppm)

Figure 4. (a) 'TH-NMR of HsL with proton assignments of the chemical shifts and relaxation times. (b)
Typical 'H-NMR for a paramagnetic compound showing magnetic anisotropy and shorter relaxation
times (two and up to three-fold higher) generated by the Manganese ions coordinated to the HiL
ligands. (c) Isotropic chemical shifts in the negative chemical displacement zone of the spectrum.

The estimation of the integrals for the 16 protons farther from the paramagnetic aromatic center
in the molecule was performed in the area between 6 to 11 ppm. Additionally, the signal at 15 ppm
(Figure 4b) was assigned to the proton in the H-CN group, with a difference of displacement from
the free HiL of 6.4 ppm. The estimated integral of 4 is in agreement with the number of this type of
protons in the whole molecule, and the distance from the Manganese is of 3.78 A. Finally, the most
affected protons belong to the methyl and hydroxyl groups, which are the closer to the magnetic
center with bond distances of 3.5A and 4.7 A, respectively, and appearing now at negative
displacement in a range from -11 to -30 ppm. The high electronegativity of the Manganese ions
withdraws electronic density from the covalent M-L bonds. This group of signals have a broad shape,
characteristic of rapid relaxation times due to the highly effective relaxation mechanism induced by
the spin-spin interactions [28].
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Table 5. Widthlines of the chemical shifts, relaxation times, and average distances between
Manganese ions and protons for HiL (blue lines) and 1 (white lines).

Protons Widthline (ppm) T2 (sec) Average distance to Mn"™" (&)
H4L O-H 0.4 1.35x 1072 n/a
H4L aromatic 0.3 1.35x 1072 n/a
H4L C=N and C-H 0.1 2.25 x 1072 n/a
1, H" aromatic 1.5 4.16 x 1074 5.50
1, H" of the C=N 1.2 3.35x107* 3.78
1, aliphatic C-H 3 1.21 x 1073 3.06

The energy range covered by the signal can be used to calculate the real values of the transverse
relaxation time [29]. The T2 parameter, which is ruled mainly by the spin-spin mechanism, is heavily
affected by the presence of the Manganese ions and its effect on the signal depends of its closeness to
the nuclei [30]. A summary of the protons’ relaxation times and its dependence to the distance to the
metallic ion can be seen in Table 5.

3.6. Electron Spin Resonance

300 K
r . T S T L T T T T ’ T Y T T T
0 2000 4000 6000 8000 O 2000 4000 6000 8000
Field, Gauss Field, Gauss

Figure 5. ESR spectra of 1 at 300 K and 77 K showing Mn(II), Mn(IIl) and Mn(IV) with different spin
states. Simulation of the spectrum at 90 K, green dashed line, gave g values of 4.48, 1.55 for Mn(IV)
high spin s = %, 2.76 characteristic of Mn(Ill) low spin s = 1 and 1.87 which corresponds to Mn(II)
low spin s = %

- 9,,=4.054

g,=2.865

T~y =1 772
T % T * T * T
0 2000 4000 6000
Campo (G)

Figure 6. ESR spectrum of 1. (a) in solution; (b) zoom in the unpaired electron with the ®Mn nucleus,
Isp2, hyperfine interaction and some coupling hyperfine paths and coupling constants values.
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Figure 5 shows the ESR spectra of 1 at 300 K and 80 K and its simulation. Figure 6 shows the ESR
spectrum of 1 in DMSO solution at 90 K, with a zoom into the hyperfine interactions area. Both
experiments are consistent with three different oxidation and spin states for the Manganese ions
present. 1 contains four Manganese ions with a strong ligand field induced by five oxygen and one
nitrogen ligands which stabilize the low spin of Mn(Il), s = 1/2, and of Mn(lll), s = 1, and the high
spin of Mn(IV), s = % [31]. The ESR of Mn(II), Mn(Il) and Mn(IV) ions present in 1 is described by
spin Hamiltonian for these 3d% 3d* and 3d° electronic systems in an axial distorted octahedral
coordination sphere, H = g H-S$+D [§ZZ - §§ (§ + 1)] —JS; + S,, where the axial zero-field splitting
is D < hv at x-band. Coordination compounds with Manganese ions in oxidation state Mn(II), 45,
with low spin, s = 1/2, are less frequent that those of high spin state, and a 2T2; ground state in a On
symmetry. The ESR of 1 showed Mn(Il) species with a g = 1.87 value corresponding to low spin
(Figure 5), in accord with theoretical and experimental reports as typical values g <2.0023 [32]. The
Mn(III) species of 1 showed a signal with g = 2.760 value. The Mn(IIl) has d* electrons and a 5D
configuration for its ground sate, which was considered, as a ESR silent system due to the shorter
relaxation times or to the large zero-field splitting. However, it has been proposed that for systems
with s > 1/2 the magnetic dipole transition is allowed, although not totally, when the Zeeman basis
states are mixed by the zero-field Hamiltonian terms. These Zeeman basis state mixtures split: the
Kramer’s doublet of the |[£2) and |+1) states into two doublets, each formed by the linear states
combination. ESR transition of the |+1) is not totally allowed between the |+1) levels and'the [0)
level. The g~2 values and the shape line for the transitions of Mn(lIll) ions aredifferent from Fe(IIl)
ESR signals with its g = 2 value, complement of other signals at low field/[33]. A d>Mn(IV) ion'in
an octahedral symmetry has a ground state *A2; and should'show an isotropic resonance on.its’'ESR
spectrum with g~2 value [34]. Since the four-Manganese ions in 1 do not have perfect octahedral
geometries, they instead show tetragonal distortion and the spin-orbit interaction is present, the two
Kramer’s doublets, = + %, + %, are splatted by 2(D? + E?); where D and E are the axial and rhombic
zeto field parameters, respectively. In accord with'the UV-Vis, ESR spectra and the x ray structure
the distortion presentin 1 is axial, _and then E / p = 0. Itis important to note that the zero field split
is not'observed in the ESR spectra of the solid sample at two temperatures, and we assume that this
splitting at zero field is smaller than the hv = 0.31cm™! at x-band. Nevertheless, the ESR spectrum
and its simulation (Figure 5) gave g >4 andg < 2 values characteristic of Mn(IV) species, which is
identifiable by the transition at higher field since the g~2 signal is weak, which has been observed
in other works [35].

The Hamiltonian corresponding to ESR spectrum of the solution sample is # = D [§ZZ —] +gp H-
5‘2 - gNﬁNﬁ I, +Al,-S,— J$,-S, . The ESR spectrum of 1 in solution shows a stronger g~2 signal
and the signal with g~4 shows a lower intensity, observing the 55Mn hyperfine interaction on the g~2
signal. The axial parameter 2D = 0.1 cm™* « hv = 0.31cm™! atx-band is typical of ESR spectra with
g~2 dominant signal with respect to this other with g~4 [35]. The hyperfine interaction constant values
are close to those values for Mn(IV) A=94-100 G in frozen solution, for Mn(IIl) this value of A=94
G, for Mn(II) A=89 G [35,36]. In the following section the magnetization studies of 1 are presented.

3.7. Magnetic Studies

xuand xy T vs T plots of 1 are illustrated in Figure 7. The yy T390k Vvalue is 3.69 cm?® mol? K
and corresponds to S; = 2, which is much lower than 7.87 cm? mol? K with a S = 7/ 2, two Mn(I)
s= 1/2,one M (I1)s =1,oneM (IV) s = 3/2, if these did not interact magnetically. When the
temperature decreased, the yy T¢s valueincreasesat5.04 cm?® mol K, and at lower temperature
the yy Ty46x value was of 4.46 cm® mol! K. At 65 K there is a change of magnetic order and in a
temperature range of 12 degrees the yj Ts,4x value decreasedo 4.7 cm® mol; although the
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response of the spins to the magnetic field at lower temperature changes when the restriction in the
degrees of freedom of the spins is major, showing a new magnetic structure [37].

529 3K 1.48 em® mol” N
1 / -855K,5.04 cm’ Kmol’ L 1.6

5.0 1] %\ L
| N 1 Mn(ll), (1), and (IV) - 1.4
48 -

4.6 —

4.4 -

4.2 -

2, T (cm’Kmol™)

4.0

3.8

3.6 1

y U T d T y T x T T T
0 50 100 150 200 250 300
T (K)

Figure 7. Magnetic susceptibility dependence on the temperaturefor 1. The greensolid lines correspond
to the best fit using eq 3. The correlation coefficients.values were: for total data Y vs T#% = 0.9999,
for yu T vs T(300 — 65.5 K) r? = 090 and T(65.5 — 3 K) section of r2 =-0.99.

The Heisenberg:Hamiltonian, eq 2, was proposed to fit the susceptibility data vs temperature,
considering the oxidation state and spin state of each Manganese ion of 1, and that the exchange
interaction constants are as in Figure 8.

H= _2]1(51 '52) - 2]2(52 '53) (2)

where J;, and J,are the exchange magnetic constants and S; are the spin operators [38].

ST IO

(1HMn &> _Mn (2)

/ 0~ 7 \O/ 3/2
/

(2)Mn <1 »>Mn(

—1/2\ /S—l

Figure 8. Structural arrangement for [Ms«Os] and the exchange magnetic constant of 1 making J; =

Js # ]2

Considering that these bulk magnetic quantifications are less fine sensitive and do not
differentiate neither oxidation nor spin states of the Manganese ions the coupling constants / were
proposed as J; = J3 # J,. Taking these considerations into account, the best data adjustment was
made by two sections with the modified Bleany-Bowers equation (eq 3) [39], giving the following
values: J; =J;=—-115cm™}, J, = —164 cm}, witha g = 2 value.

22 -1 2 42
B 1 ] (Nﬁg)p+N
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The J’s < 0 values are characteristic of exchange antiferromagnetic interactions, and returning
to the ESR area ratio only small spin population remains directed with the field magnetic. The oxo-
bridges angles > 90° in the structure of 1 are consistent with an exchange antiferromagnetic
interaction. It is important to note that to quantify the J values, the oxidation states of Manganese
ions are considered as +2, +3, +3, +4, respectively. Additionally, the two negative charges of the nitrate
groups might be on the Manganese ions labeled as outer, or only on one of them. Similar to x ray
diffraction, this bulk quantification does not detect the fine tuning magnetic behavior, which is
observed by ESR spectrometry. The magnetic response points towards that at 65.5 K and below the
oxo-bridges angles will take values > 90° and the Mn1 ions will be aligned with the other two outer
ions, switching towards a stronger antiferromagnetic coupling with a modified magnetic order,
electronic, and spatial arrangement.

3.7. Computational Calculations

An optimization of 1 at the crystallographic initial coordinates proved to reproduce the distance
pattern of four distances shorter than 2.1 A forming a plane and two axial distances larger than 2.1 A
(Table 6). This arrangement showed a spin density on all four Mn cation consistent with a 3d* Mn!"
(Table 7). Since this interpretation was inconsistent with the ESR results, five more models were
explored in order to establish which model could produce a mixture of Mn" and Mn!V.

Table 6. Geometric parameters of the first coordination sphere of Mn in the models optimized with
B3LYP/6-31g(d)/LANL2DZ. Values in A.

Crystal 1 2 3 4 5 6a* 6b*
Mn-N 1.976(12) 1.960 12936 2.000 1.948" 1.973 " 1.990< 1.974
Mn-Opy 1.868(10) ~1.838 1.816 1.880 1.823 ' 1.835 1.843 1.858
Mn-Ocm2a = 1:960(9)° 1.899 «1.847 1.886 1.893 1.873 1.877 1.895

Outer  \ O er | 1.976(12). 1972 1.917 186971928 2011 1.891 1.963
Mn-Omoa | 2.240(11) | 2.348 1977 2452 2.147 3.750 1.938 2.273
MnOos  2.305(12) 2.301 2.016 2334 1779 2077 1.877 2317

MnsN  1.997(11) 2.000 1.964 2.174 1.985 2226 2225 2.006
Mn-Op,  1.875(10) 1.869 1.843 2.096 1.857 2214 2.095 1.850
ey MnOcizn  1880(10) 1929 1944 2218 1931 2.169 2271 1.926

Mn-Ocm2c1 - 2.023(9) 1.991 2.048 2.174 2.042 2.201 2.226 1.995
Mn-Ocu2a  2.152(9) 2.205 2241 2.181 2.198 2200 2.161 2.188
Mn-Ocm2ca  2.161(10) 2.299 2250 2.088 2.279 2.108 2.184 2.378

* Values a and b correspond to different sides since 6 has no Ci symmetry. Values in black correspond to Mn

where the change of the distances is more than 10% with respect to 1.

The first option was a two electron disproportion of the two 1 molecules, which would in turn
produce a double oxidized species, [Mn"> Mn!V2 (H2L)2(HL)2(H20)4]*, 2. It would also produce a
double reduced species [Mn"2 Mn'> (HzL)2(HL)2(H20)4], 3. These two molecules show different
modifications of the first coordination sphere distances, shortening the axial water molecules
distances in the case of 2 and elongating four Mn - X in the case of 3. These distance modifications
correspond to changes in the Mulliken spin densities (Table 7) to the formation of two Mn' in the
outer Mn cation in the case of 2 and two inner Mn' in the case of 3. The free energy difference at
B3LYP/6-31g+(d)/LANL2DZ (AGssyr) for the process is 274.6 kcal/mol, suggesting this process is not
possible at room temperature or lower.

Values in black correspond to Mn where the change of the spin population varies more than 0.3
electrons and correspond to the gain or loss of one electron.

The second option corresponds to the transfer of two hydrogen atoms from one 1 molecule to
other 1 molecule. In this scenario [Mn'2 Mn!V2 (H:L)«(H20)4]%, 4 and [Mn!> Mnl,
(HoL)2(HL)2(H20)2(OH)2]** , 5 would be produced. Models 4 and 5 produce similar changes to the
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Mn-X distances and the Miilliken spin densities corresponding to oxidation of the outer Mn and
reduction of the inner Mn. The AGssLyr is 62.9 kcal/mol, which is considerably lower in energy than
the process to obtain 2 and 3 but still not possible at room temperature.

Table 7. Mulliken spin populations of Mn atoms in the models considered computationally.

Mn type 1 2 3 4 5 6*
Inner  3.837 3.804 4.390 3.830 4.533 4.624
PBE/631g ’ ’ ) ' ) (3.884)
3.041
Outer  3.844 2.743 4.063 2.817 3.995 (3.860)
4.797

B3LYP/631g(d) Inner  3.850 3.848 4.745 3.856 4.781 (3.858)

2.906
Outer  3.832 2.546 3.840 2.850 3.785 (3.871)

5.327
B3LYP/631g+(d) Inner 4.663 4.709 5.283 4.637 5.366 (4.509)

3.132
Outer 4270 2.735 4245 3.9 4042 ‘o0

*Values in parenthesis are from different sides since 6 has no Ci symmetry.

A third model was attempted with four extra water molecules, [Mn™ Mn Mn"
(HzL)2(HL)2(H20)s]%, 6. The justification for this model comes from the obsetvation that artificially
imposed Mn—X distances corresponding to outer Mn in 2 and inner Mn in 3 induced the oxidation
states consistent with the ESR results but introduced /great instability to the allsmolecule and
eventually a restriction-free optimization produced 1 again. To diminish these‘instabilities, four
water molecules were added. The resulting molecule could not be optimized to a minimum with a Ci
symmetry. However, this'asymmetry induced the observation of the three oxidation states of Mn in
the same molecule. The distances and Miilliken'spin densities are consistent with this explanation.
The AGssuyr for thereaction where four water molecules are included in the complex is 23.3 kcal/mol,
which"is still lower in' energy than the two other process considered and the most probable
explanation from an energy point of view.
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Figure 9. Comparison'of experimental (bottom) and theoretical (model compounds 1-6) IR spectra.

Another tool weused to sustain that model 6 is responsible for the ESR signals are the IR
vibrational modes. Modifications in the oxidation state of the Mn cations may increase/decrease the
energy of certain vibrational modes. We focused our attention to Mn—X stretching modes and
phenoxide C-O stretching modes. From DFT calculations some of these vibrational modes could be
assigned and compared with experimental IR spectra. The results are shown in figure 9.

From Figure 9 it can be noticed that the bands at 665, 619 and 557 cm™ are common to all the
models and would not help to discriminate among them. An important band is 576 cm™!, which is not
present in 1, but it is in 4 and 6. The band at 541 cm™ is weakly present in 1, but is strongly present in
4 and corresponds to a vibrational mode that includes Mn!V. Regarding the band at 1305 cm?, it
distinctively corresponds to the C - Orn stretching vibration coordinated to different Mn cations. It
can be noticed that a vibrational mode from a single model, as is the case of 1, would not account for
the broadening of that band. Furthermore, the charge changes in the Mn cations coordinating the Orn
would produce the shift observed in those bands. It would rise the energy of C - Orn stretching mode
when Mn!V was coordinated and lower the energy in the case of Mn'. It is worth mentioning that the
protonation state and hydrogen bond networks of Opn also play a significant role in the energy of this
vibrational mode, in particular in model 6 where all vibrational modes are expected to be present.
One particular marker that is distinctive of model 6 is the signal at 1365 cm. This signal is barely
present in the experimental spectra and only active in model 6. It corresponds to a water bending
from the extra water molecules. This observation and the values for the free energy variation suggest
that model 6 is the responsible for the ESR behavior.
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4. Conclusions

A different set of reaction conditions where temperature, reaction time and stoichiometry were
varied consistently produced 1. The electronic, experimental, and theoretical studies were
fundamental to reconcile the crystal structure with the spectroscopic measurements obtained. The
subtle structural changes caused by intramolecular electron transfer can only be established by ESR
studies at different temperatures, presented as snapshots of the structural conformations. The
theoretical calculations exploring oxidation and spin states on the different Manganese ions have
proven to be an important tool to correlate the experimental results.
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