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Abstract

One of the challenges of manganese(lll) magnetochemistry is the design and synthesis of
new building block systems to study and develop molecular magnets. In this context, two
new Mn(lll) complexes were synthesized using new tetradentate cis-N2O. acacen ligands
from the condensation of 1-anisyl-1,3-butanedione and 1,2-diaminoethane (2:1 ratio). All
compounds were fully characterized by conventional spectroscopic techniques, such as FT-
IR, HRMS, and UV-Vis, and rationalized with DFT and TD-DFT studies. The resulting
cationic complexes were composed of N4O: coordination spheres using a tetradentate
ligand (N202%) in the equatorial plane and two axial pyridines with general formulae as
[Mn"(L)(Py)2](X) (X = BFs7; ClOs). Single-crystal X-ray diffraction revealed that both
complexes are isostructural with typical axial anisotropy due to the Jahn-Teller effect by
tetragonal distortion. A complete analysis of the crystalline structures revealed a
nonclassical intermolecular interaction of C-H---F and C-H---O. Supported by Hirshfeld
surfaces and 2D- fingerprint plots, it was possible to isolate and calculate the contribution
of intermolecular interactions in the supramolecular arrangement. For both complexes, the
magnetic susceptibility confirmed a high spin state (HS) with 4.8 pg and 4.9 ug related to
the spin-only contribution to the magnetic moment.

Keywords: Manganese(lll), Jahn-Teller, High-Spin, Uniaxial Anisotropy, Tetradentate
N202 Schiff Base.

1. Introduction

Mn(I11) chemistry has been widely studied in several research areas due to its synthetic
facility and different properties. It has potential applications in biochemistry and biological
systems, such as photosystem Il [1,2], redox function as superoxide dismutase (MnSODS)
[3], ribonucleotide reductase [4,5], enzymatic activity [6-8], catalysis [9-12], molecular
magnetism [13-15] and single molecule magnets (SMMs) [16,17]. On the other hand, rare
and recent reports have been published on the spin-crossover (SCO) phenomenon with
trans-N4O- coordination spheres using hexadentate Schiff base ligands [18-20] and single
ion magnets (SIMs) with tridentate Schiff base ligands [21].



The chemistry of Mn(111) complexes is strongly related to their magnetic properties. Most
of these compounds have a spin-only contribution in the high-spin state (HS) of 4.89 ug (S
=2 and g = 2.00) at room temperature and the low-spin state (LS) of 2.83 g (S=1and g =
2.00) at cryogenic temperatures. At low temperatures, there is a decrease in the magnetic
moment. This sharp drop may be due, in the case of high-spin Mn(l1l) complexes, to a
second-order spin-orbit coupling called zero-field splitting (ZFS) of their ground state
and/or to a transition from free to paired spins (antiferromagnetic alignment), to which
paramagnetic impurities must be added [22,23]. The Jahn-Teller (J-T) effect generates a
tetragonal distortion (On — Dan symmetry) in an idealized octahedron geometry; therefore,
the °Eq degenerate orbital [22] is split into °B1g and °Axg [13-15]. The axial elongation or
tetragonal elongation results in °Big as the ground state, where a negative zero-field-
splitting D parameter is present in most cases. This feature indicates a large energy barrier
to the magnetization reversal process according to the Ms = +2 or 0 states [24,25]. Several
complexes with N4O2 coordination spheres have been well studied in this context using
salen-type ligands due to their versatility and synthetic feasibility [13,26]. One of the first
reports of magnetic properties and ZFS was described in 1985 using salen tetradentate
ligands [23]. For these reasons, many Mn(111) Schiff base complexes have been studied for
their ferromagnetic and antiferromagnetic properties [13-15,27]. In general, a planar
conformation of the tetradentate ligand leads to a uniaxial direction of the J-T effect in
Mn(lIl), i.e., the anisotropy is localized in the dz? orbital. This anisotropy has been studied
between two or more Mn(lll) ions in dimeric complexes [28] and 1D-coordination
polymers with weak or significant antiferromagnetic coupling [29,30]. The design and
rational use of tetradentate ligands allow them to be used as “building blocks” for

mononuclear systems, dimers, and coordination polymers. [31,32].

The magnetic properties using tetradentate ligand derivates from p-diketones and the
appropriate diamine have been studied to a lesser extent, where one of the approaches has
employed Fe(l1l) coordination polymers [33]. Moreover, ligands and complexes derived
from 1-anisyl-1,3-butanodione are scarce [34,35], but there are some similarities with these

compounds previously reported, for example, in terms of keto-enamine tautomerism. Based



on this background, we report two new Mn(I11) complexes with organic tetradentate ligands
derived from anisole-substituted p-diketones (1-anisyl-1,3-butanedione). All compounds
were fully characterized by spectroscopic techniques (FT-IR, HRMS, UV-vis), structural
analysis with single-crystal X-ray diffraction (SC-XRD), magnetic susceptibility (SQUID),
DFT and TD-DFT studies.

2. Experimental
2.1 Material and methods

All reagents and solvents were obtained from Sigma—Aldrich and Merck with analytical
and technical grades. To synthesize the compounds, dichloromethane and methanol
solvents were used without further purification. The pyridine reagent was purchased from
Sigma—Aldrich as ReagentPlus® >99%. Infrared spectroscopy (FT-IR) was recorded in the
range of 4000-400 cm™ on a Perkin-Elmer spectrometer, model Spectrum One 1600
(Figures S1-S3). The electronic spectra were measured on a Shimadzu UV-1800
spectrophotometer using a CH.Cl, solution at 20 °C. The nuclear magnetic resonance
spectra (RMN-1H; *3C) were recorded on a Bruker spectrometer, Advance 300 model
(Figures S4-S5). The signals were recorded at 300 MHz for *H and 75 MHz for *3C at 298
K. The chemical displacements are in ppm () to tetramethylsilane (TMS) from the residual
chemical shift of deuterated solvent (CDClIz). High-resolution mass spectra (HRMS) were
collected at the Laboratorio de Servicio de Espectrometria de Masas (Pontificia
Universidad Catolica de Chile) with a Bruker compact QTOF MS (Figures S6-S8).

2.2 Synthesis of the HoL tetradentate ligand

1-anisyl-1,3-butanedione was added to a round bottom flask (0.5 mmol) with 1,2-
diaminoethane (0.25 mmol). Then, two drops of glacial acetic acid were added to the
ethanolic solution (20 mL). The reaction was stirred to reflux for thirty minutes, resulting in
a microcrystalline white solid (Scheme 1). The solid was filtered and washed three times
with diethyl ether, and finally, the solvent was removed under vacuum, affording the
respective tetradentate ligand. Yield: 80%. m.p: 171 °C. FT-IR (KBr pellet, vmax/cm™):
3447(w) v(N-H), 3067(w), 3019(w) v(C-H, aryl), 2917(w), 2841(w) v(CH, alkyl), 1598(vs),
1582(vs), 1542(s), 1504(s) v(C=0), v(C-N) and/or v(C=C), 1179(s) v(C-O). RMN *H (300



MHz, CDCl3, & ppm): 2.04 (s, 3H, CH3), 3.54-3.52 (s, 2H, CH2), 3.83 (s, 3H, OCHs3), 5.65
(s, 1H, CH=C), 6.91-6.88 (d, J = 8.6 Hz, 2H, 4-CcHs-OCHs3), 7.84-7.82 (d, J = 8.6 Hz, 2H,
4-CgHs-OCHs), 11.46 (s, 1H, NH). RMN 33C (75 MHz, CDCls, & ppm): 19.40 (CHs),
43.90 (CHy), 55.44 (OCHs), 92.49 (CH=C), 113.52 (CH, 4-CsH4-OCHs), 128.88 (CH, 4-
CsHa-OCHs), 132.89 (Cipso, 4-CsH4-OCHs), 161.86 (Cipso, C-NH), 164.30 (Cipso, 4-CHa-
OCHs), 187.58 (C=0). H RMS m/z (%): 409.21 (100) [CasH2sN204 + H]".

(6] / NH NH \
2eq. leq. / \ CH;CO,H
o + HN NH, EtOH/Stirred at reflux 0O O
0\ O\ /O

Scheme 1: Synthesis of the HzL tetradentate ligand
2.3 General synthesis of complexes [Mn'"'(L)(Py)2](X)

H:zL was dissolved in a round bottom flask equipped with a cooling tube (0.25 mmol) in 10
mL of CH2Cl2/MeOH (1:1 ratio). Subsequently, sodium acetate (1 mmol) was added, and
the solution was stirred to reflux for one hour. Mn(NO3). -4 H>O (0.28 mmol) was used,
obtaining a red-colored solution after stirring for one hour. Finally, the resulting mixture
was treated with an excess of pyridine (100 mmol), turned into a dark red solution, and
refluxed for two additional hours. In the final solution, the counterion was added as sodium
salts (BFsand ClO4) (0.28 mmol) and then filtered with celite (Scheme 2). The filtered
solution was allowed to crystallize for several days by slow evaporation, affording dark red

block-shaped single crystals.

[Mn"(L)(Py)2](BF4): Yield: 38%. FT-IR (KBr pellet, vmax/cm™): 1603 (s), 1588 (s),
1569 (m) v(C---O), v(C---N) and/or v(C:--C), 1030(m) v(BFs). HRMS m/z (%): 461.13
(81) [Mn"'(L)]*, 622.03 (3.5) [Mn"(L)(Py). + H]".



[Mn"(L)(Py)2](ClOa4): Yield: 36%. FT-IR (KBr pellet, vmax/cm™): 1604(s), 1585(s),
1587(m) v(C---0), v(C---N) and/or v(C---C), 1098(s) and 622(m) v(ClOs). HRMS m/z
(%): 461.13 (28) [Mn"'(L)]*, 622.03 (5.7) [Mn"'(L)(Py)2 + H]".

BE,/
= Cl0,

NH NH (i) NaOAc/ Mn(NO3), x 4H,0
(ii) Ex. Pyridine
(iiiy BF, or ClO,

CH,Cl1,/MeOH (1:1)/Stirred at reflux

\ /

Scheme 2: General synthesis of the complexes [Mn!"'(L)(Py)2](X).

2.4 Single-crystal X-ray diffraction

Diffraction data were collected on a Bruker D8 QUEST diffractometer equipped with a
two-dimensional CMOS Photon 100 detector using Mo-Ko (0.71073 A) radiation. The
tetradentate ligand was collected at 298 K, whereas the complexes [Mn'''(L)(Py)2](X) were
measured at 170 K. The patterns were integrated with the APEX3 package and the
absorption correction of the complexes with SADABS [36]. The structures were solved
with the intrinsic phasing method using ShelXT [37] and later refined with full-matrix
least-squares methods based on F? ShelXL [38] using OLEX2 software version 1.3 [39].
All the atoms were refined with anisotropic parameters except for the hydrogen atoms that
were calculated and refined from isotropic thermal parameters with riding coordinates. All
groups CH, CH2, and NH were set with a Uiso value equal to 1.2x, and the hydrogen atoms
of the CHs group were set with Uiso at 1.5x. (Tables S1- S8).

(CCDC deposition numbers 2240292 for HaL, 2240293 for [Mn'''(L)(Py)2](BF4) and
2240294 for [Mn""'(L)(Py)2](ClOa) contain the crystallographic data for this paper).



2.5 Hirshfeld surface analysis

The Hirshfeld surfaces and 2D- fingerprint plots [40-42] were generated and calculated
with the Crystalexplorer program [43]. The crystallographic information file (CIF) was
used as the input file for each complex. The Hirshfeld isosurfaces were mapped using the
normalized contact distance (dnorm) defined by de, di and r*®V according to

_ (di _rivdW) + (de B reVdW)

d =
norm
T.ivdW revdW

The terms de and di are the distances from the isosurface to the nearest external (outside of
surface) and internal (inside of the surface) nucleus, respectively, and r'®V is the van der
Waals radii (vdW) of the atoms in the molecule. The value of dnorm IS represented by three
colors on the surface: red, blue, and white, where a red spot is defined as the shortest
contact than the sum of van deer Waals radii, a blue spot is the longest contact, and the
white color is representative around the sum of the vdW separation. 2D-fingerprint plots
were used to analyze the contribution of each intermolecular interaction in the crystal, and
the Hirshfeld surface was mapped and plotted as d. versus di.

2.6 Powder X-ray diffraction

The X-ray powder diffractograms were collected at 298 K on a Bruker D8 diffractometer
Advance equipped with a LINKEYE 0D detector using a Cu-Ko (1.5406 A) radiation
source. The samples were studied in the range of 20 = 10-50°. Therefore, these patterns
were compared and overlapped with the single-crystal X-ray diffraction data generated by
Mercury software [44]. (Figures S9-S10).



2.7 Magnetic experiments

The magnetic data of the [Mn'"'(L)(Py)2](X) complexes were recorded on a SQUID
magnetometer, Quantum Design brand, and MPMS-XLS5 model. The magnetic
susceptibilities were corrected by the diamagnetic contributions of the samples, calculated
from the Pascal constants [45], and the contribution of the sample carrier was measured
separately. Finally, approximately 6.5 and 6.1 milligrams of the complexes were measured
with an external field of 500 Oe as a function of the temperature in ZFC/FC modes from 2—
330 K.

2.8 Computational details

All the calculations were carried out using Gaussian 16 software. The computational model
was built considering the single-crystal X-ray diffraction (SC-XRD) data from the
experimental section without the tetrafluoroborate and/or perchlorate counterions. The
previously mentioned model of the [Mn'"'(L)(Py)2]* complex ion was fully optimized at
the DFT level by using the PBEO [46,47] hybrid exchange-correlation (XC) functional in
conjunction with a triple-zeta quality basis set def2-TZVP that includes relativistic
corrections by using the Ahlrichs effective core potential [48]. The optimized structure was
confirmed as local minima via numerical frequency analysis. This frequency analysis also
contributes to supporting the FT-IR spectrum assignments using potential energy
distribution (PED) analysis as implemented in the VEDA4xx code [49] (suggested by the

author for molecules larger than 20 atoms).

The previous methodology was validated based on the structural determinations between
crystallographic data and the DFT-optimized model for the [Mn"(L)(Py)2]* ion. In this
case, the optimized structure was merged with the respective molecular structure from SC-
XRD, and then a root-mean-square deviation (RMSD) analysis was performed using

Chemcraft visualization software [50].

Additionally, the UV—Vis spectrum was calculated using the TD-DFT approach [51];
excitation energies and oscillator strength intensities were computed at the same level of
theory as in the DFT calculations [52]. Furthermore, the molecular orbital composition of

the main electronic transitions was analyzed to provide band assignments of the



experimental UV—Vis spectrum. Solvent effects were introduced into the excitation energy
calculations using a polarizable continuum model (PCM) using dichloromethane as an
implicit solvent [53,54].

3. Results and Discussion
3.1 Crystallographic studies of the HzL tetradentate ligand

The H2L tetradentate ligand crystallizes into a P-1 triclinic space group, with one molecular
entity per unit cell (Z=1). In Table 1, the bond distances and angles are detailed, where the
mean plane is defined considering atoms O1-C8-C9-C10-N1 (Figure 1). The angles
between O1-C8-C9, C8-C9-C10 and C9-C10-N1 are 123.07(14)°, 124.47(13)°, and
121.65(14)°, respectively, suggesting sp? hybridization for carbon atoms. On the other
hand, the bond length for the same plane suggests a delocalized system between C8 and
N1, but the most significant difference occurred along the bond C8=01, which has a double
bond character [55,56]. This antecedent could suppose that the major contribution is from
the keto-enamine tautomer rather than the keto-imine or enol-imine tautomer. Tridentate
ligands derived from 1-anisyl-1,3-butanedione have been previously reported [34,35,57],
and the structural analysis has revealed a keto-enamine or enaminone tautomerism, which

agrees with the distances and angles reported for the HzL ligand.




Figure 1: ORTEP plot of the HzL tetradentate ligand. A thermal ellipsoid was drawn with
a 30% probability.

Table 1: Bond distances and angles of the HzL tetradentate ligand

Space Group P-1

T/IK 298

Bond distances/A

C1-C8 1.5012(19) C3-C4 1.377(2)
C8-01 1.2523(18) C4-02 1.3642(19)
C8-C9 1.414(2) C5-02 1.423(2)
C9-C10 1.382(2) C4-C6 1.370(2)
C10-N1 1.3318(19) C6-C7 1.388(2)
C10-C11 1.494(2) C1-C7 1.377(2)
C1-C2 1.387(2) C12-N1 1.4550(18)
C2-C3 1.378(2) C12-C12 1.522(3)

Bond angles/®

C1-C8-01 117.71(13)
C9-C8-01 123.07(14)
C8-C9-C10 124.47(13)
C9-C10-N1 121.65(14)
C11-C10-N1 118.87(13)
C12-C12-N1 112.16(16)
Plane!-plane® 18.11(7)

10



Symmetry code: '-x, 2-y, 1-z

Abbreviation: Planel: O1-C8-C9-C10-N1: Plane?: C1-C2-C3-C4-C6-C7

The dihedral angle between the plane formed by O1-C8-C9-C10-N1 (Plane') and the plane
composed of C1-C2-C3-C4-C6-C7 (Plane?) was 18.12(7)°. In addition, the ligand
contained an intramolecular hydrogen bond (Table 2) from the amine proton to carbonyl
oxygen, closing a pseudoaromatic ring of six members [58-60] (Figure 1).

Table 2: Bond distances and angles (A, °) by the intramolecular hydrogen bond

D-H---A D-H H--A D--A D-H---A

N1-H1--- O1 0.86 2.01 2.6842(16) 134.4

3.2 Crystallographic studies of the [Mn"!'(L)(Py)2](X) complexes

The crystallographic details of the complexes are listed in supporting information Tables
S4-S5. The Mn(lll) complexes crystallized in the P-1 triclinic space group with two
formula units per unit cell (Z = 2). The complexes were coordinated by the N2O2?" organic
tetradentate ligand as the equatorial plane and two pyridine molecules in the axial position.
Each complex was cationic with tetrafluoroborate and perchlorate anions (X = BF47; ClOa)
described as [Mn'"'(L)(Py)2](X) (Figures S11 and S12).

The axial anisotropy along the Mn1-N3 and Mn1-N4 bonds was the largest variation
observed within the coordination sphere by tetragonal distortion due to the Jahn-Teller
effect (J-T) in Mn(l11) [13]. The bond distances from the cis-N2O2 equatorial plane were in
agreement with Mn(l1l) acacen complex derivatives [61,62]. The octahedral deviation
parameters from X/° [63] ((Z = X12,lp; —90]) were 22.1(2)° and 22.5(3)° for
[Mn"(L)(Py)2](BF4) and [Mn"(L)(Py)2](CIO4); moreover, the ©/° [64] parameters (6 =
Y2416, — 60]) were 119.0(3)° and 118.6°(3), respectively, which were smaller than those

of polymeric salen analogs [65,66].
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In the aliphatic bridge, the C12 and C24 carbon atoms were deflected by +0.206(3) A and -
0.275(3) A from the (N1-Mn1-N2) plane (Figure S13), respectively. The deviations
mentioned above have been observed for Fe(l1l) SCO complexes [Fe'!'(acen)(bpp)](BPha)
[67,68] and [Fe'"'(acen)(tmid)](BPha4) [68] using acacen ligands. Ross [33] et al. described
this conformation as meso type by symmetric variation of the amine carbons (C10 and C22)

above and below the N2O: plane.

On the axial axis, the same pyridine arrangement was observed in both complexes. In fact,
the plane formed by (C25-C26-C27-C28-C29-N3) was practically aligned to the axis
composed of N1-Mn1-O3 (Figure 2). In contrast, the opposite pyridine (C30-C31-C32-
C33-C34-N4) was slightly aligned to the N2-Mn1-O1 axis. This arrangement was different
compared to salen and/or acacen complexes with a meso conformation [26,67]. Finally, the
dihedral angle (= 20°) between aromatic rings A and B (Figure 2) and the N2O> plane may
be due to hydrogen bond contact (see below) with the anisyl moieties.

Figure 2: ORTEP of [Mn"!(L)(Py)2](BF) and anisole rings A and B. A thermal ellipsoid

was drawn with 30% probability. Hydrogen atoms were omitted for the sake of clarity.
3.3 Crystalline structure and Hirshfeld surfaces

At the supramolecular level, the crystal packing revealed n-m stacking interactions between

axial pyridine ligands. The m-n contacts were formed between the plane (C25-C26-C27-

12



C28-C29-N3) and the adjacent plane (C25-C26-C27-C28-C29-N3) (-x, 1-y, 1-z) by parallel
displacement [69]. (Figure S14).

Nonclassical hydrogen bonds were found as C-H---F and C-H:--O contacts. In both
complexes, it is possible to find intra- and intermolecular interactions generated by
counterions, and those contacts can be described with the graph set motif D} (2) as dimers.
Despite the influence of counterions, there are two intermolecular interactions, C3-H3::-02
(-X, 2-y, 1-z) and C33-H33:--04 (1-x, 2-y, 1-z), which can be described with the graph set
motif R2(8) and R3(24) as a ring (Figure 3). These arrangements are related to the methoxy
group (O-CHa) described in supramolecular structures [70-72]. The bc plane (Figure S15)
displays the distribution of hydrogen bonds due to the influence of the counterion and

methoxy groups.
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Figure 3: The C3-H3:--02 and C33-H33:--O4 intermolecular hydrogen bonds of
[Mn'"'(L)(Py)2](BF4). The tetrafluoroborate counterion was omitted for the sake of clarity.

Hirshfeld surfaces [42] were generated to analyze the intermolecular interactions in the
crystalline packing. In Figure 4, the surfaces were mapped as dnorm for each complex. A red
spot on the isosurface (Figure 4) is evidence of intra- and intermolecular interactions. In
addition, the fingerprints were plotted from the Hirschfeld surface information, where the
relative contribution of the contacts and their crystalline pattern were exhibited. Further
analysis with 2D fingerprint plots [40,41] showed the presence of nonclassical interactions,
such as the C-H---O and C-H---F types described above. In both complexes, approximately
46% of the total Hirshfeld surface area is due to H---H interatomic contacts (de = di). The
C-H---C bond was observed as a wide symmetrical wing related to the C-H---z interaction
[73,74] with a high contribution of 29% from the surface (Figure 5). For the
[Mn"(L)(Py)2](BF4) complex, the C-H---O (O---H/H---0) and C-H---F contacts appeared
with a total contribution of 20.8% (C-H---O = 8.3%; C-H---F = 12.5%); however, in
[Mn'"'(L)(Py)2](ClO4), only the O---H/H---O interaction appeared with a total of 21%
(Figure S16). These contributions differ significantly compared to Mn(lll) dimeric
complexes [8,75]. In the [Mn"(L)(Py)2](BF4) complex (Figure 5), C-H---F was
asymmetrically exhibited in the scatter plot as a single contribution of tetrafluoroborate

counterion due to the lack of fluorine atoms in the complex. Conversely, the reciprocal
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contact of O---H/H---O was displayed as a broad symmetrical wing. On the other hand, for
[Mn'""(L)(Py)2](ClO4), the O---H/H---O interaction was represented as a wide
asymmetrical wing due to the contribution of the perchlorate counterion (Figure S16).
Finally, regarding the m-m stacking interactions, the contribution of C:--C (m---m type

contact) represents only =1% of the total surface area.

Figure 4: Hirshfeld surfaces mapped with dnorm oOver molecular structures of
[Mn"(L)(Py)2](BF4) and [Mn""(L)(Py)2](ClO4) complexes.

2.4 ds'

a

(A} 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 (A)

L i

" C-H--x (29%) C-H-F25%) " C-HO @83 %) _

4 1.6 1.8

Figure 5: 2D-Fingerprint plots of [Mn'"'(L)(Py)2](BF4); C-H---z, C-H---O and C-H---F
interactions.

3.4 Magnetic measurements
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The magnetic studies of the complexes [Mn''(L)(Py)2](X) are based on magnetic
susceptibility measurements, determined as a function of temperature in the range 2-330 K.
The thermal dependence of the ymT product (ym, the molar susceptibility corrected by the

diamagnetic contribution) is shown in Figures 6 and S17.

The plots showed that the ymT product was stable at high temperatures but decreased
abruptly below 30 K. The analysis of ym™ vs. T leads (Figure S18) to magnetic moments of
48 pg and 4.9 ps for [Mn'"'(L)(Py)2](BFs) and [Mn'"(L)(Py)2](ClO4) complexes,
respectively, which was in agreement with the values expected for the 3d* configuration in
the HS state [22,76].

Figures 6 and S17 show that the experimental data are superimposed with those that fit a
mononuclear Mn(111) model (spin-only formula). The fit curve was in agreement for both
cases, and the values of g and 0 were 1.98 and -1.3 K ([Mn'"'(L)(Py)2](BF4)) and 1.99 and
-1.89 K ([Mn"(L)(Py)2](ClOa)), respectively.
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Figure 6: Magnetic susceptibilities of the [Mn'""(L)(Py)2](BF4) complex as a function of
temperature (2-330 K).
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Statistical analysis, along with some quantum mechanical considerations, leads to the
following Equations (1) and (2):

Wra =250+ 1)

3kT

Because J = S is considered,

_ NQZBZ '
@1 ="E 22+ 1)

Equation (2) was modified to include the value of the Curie-Weiss constant, 0. Finally,

Equation (3) is given:

_6Ngzﬁz_ 1
@xa = =5 (T-6)

For this configuration, the ground term is °Eq from the °D term of the free ion.

The first approximation to the E term gives no orbital contribution. However, if there isa T
term of the same multiplicity at a higher energy, it is possible for spin-orbit coupling to
"mix" some of this into the ground term, introducing a certain amount of orbital angular
momentum into the latter. The reason is that the ligand field can quench orbital angular
momentum and has no effect on spin angular momentum. Consequently, if the two are
coupled by spin-orbit coupling, the ligand field is unable to affect a perfect separation of
terms of the same multiplicity based on their differing orbital angular momentum. The
ground term may, therefore, retain some orbital angular momentum, which is equivalent to

saying that it is not a pure E term.

However, since the experimental values give a moment very close to that given by a spin-
only model, the analysis was simplified with a quenching-orbital contribution. Then,

Equation (4) predicts the following:

where « is 2 for an E term, A is related to spin-orbit coupling, and 10Dq is the energy
separating the interacting term. Although the deviation of the expected and experimental

values is not significant, for this reason, the main contribution to the magnetic moment is
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the electronic spin [22]. In general, these explanations are in agreement with Mn(lll) salen

complexes [77,78] by spin-only contribution to the magnetic moment (orbital quenching).

3.5 UV-Vis spectroscopy

The UV-Vis spectrum for all compounds was measured from 250 to 700 nm in CH2Cl»
solution at 20 °C (Figures 7 and S19). The UV—Vis spectra of the HzL tetradentate ligand
are detailed in Figure S20. Both complexes have three experimental absorptions (Table 3).
In Mn(I11) complexes, the ligand field under idealized octahedral geometry is related to the
°Ey — °Ty transition. However, the nature of the Jahn-Teller effect generates a tetragonal
distortion decreasing the symmetry; therefore, the ground term splits into °Big and °Aig
terms. For this reason, the spectral analysis is not quite simple, and TD-DFT studies were
carried out to support the experimental data (see below). A broad band between 500 and
670 nm was observed and assigned to d-d transitions allowed by spin. These weak bands
appeared at 516 and 521 nm, which was in agreement with Mn(l11) Schiff base complexes
[79]. Both complexes have a strong band at 416 nm related to ligand-to-metal charge
transfer (LMCT), and a strong band at 317-318 nm was assumed to be the n—n* transition
[80].
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Figure 7: UV-Vis spectra of [Mn'""(L)(Py)2](BF4) in CH2Cl; at 20 °C.

Table 3: Electronic spectra data of [Mn"'(L)(Py)2](X) complexes

Complexes A max/nm (log €)
[Mn"Y(L)(Py)2](BFa) 516 (2.40)
416 (3.21)
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317 (3.52)

[Mn'"'(L)(Py)2](CIOa) 521 (2.23)
416 (3.07)
318 (3.39)

3.6 Computational studies

Structural Analysis: Root-mean-square deviation (RMSD) analysis showed structural
differences in the range of 0.558 A, which are less than 50% of the C-H atom. The main
differences in the compared structures are mainly due to the free rotation of the pyridine
ligands and the peripheral phenyl-methoxy groups in the tetradentate ligand. These slight
rotations do not affect the coordination environment of the manganese ion, which remains
octahedral. This RMSD analysis confirms slight variations between the models and the
crystallographic data. The optimized structural coordinates, the results obtained from the
RMSD analysis and the merged figure of both crystal and optimized structures are shown in
the supporting information (Table S9 and Figure S21).

FT-IR Analysis: The potential energy distribution (PED) analysis aims to represent all
normal modes by clear internal coordinates that describe the vibrational movements of the
molecule and, therefore, its FT-IR spectra. To do this, vibrational energy distribution
analysis (VEDA) maximizes the elements of the PED matrix. In this matrix, the internal
coordinates are in columns (Table S10), the modes are in rows, and the entries denote the
percent contribution of the internal coordinate to the normal vibration mode (IR active
mode). Both the maximization and optimization routines implemented in VEDA allow us
to obtain a better and more accurate description of theoretical-IR results and provide a

proper assignment of the FT-IR signals that can be contrasted with experimental data.

In this context, the PED contributions, mode interpretations, and mode classification are
gathered in Table 4 for the [Mn'"'(L)(Py)2]* complex ion. Additionally, a schematic
comparison of the calculated and experimental FT-IR spectra is depicted in Figure S22,

where the results showed that the calculated FT-IR spectra are in good agreement in shape,
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position, and intensity with the experimental spectra; furthermore, Table 4 reports the final
set of internal coordinates for the complete set of FT-IR signals in the [Mn"'(L)(Py)2]*

complex ion.

Table 4: Selected PBEO/Def2-TZVP calculated frequencies (/caic, cm™), IR intensities (I,
km/mol), and mode assignments PED (%) for the [Mn""'(L)(Py)2]* complex ion in contrast

to experimental data (Vexp, cm™).

Vexp Ucalc lir PED Assignment

3450 3454 3.61 S1 (35%) VchH
S41 (15%)

1603 1677 37.72 S58 (20%) T Heoct
S155 (18%)
S41 (15%)

1568 1560 102.33 S58 (20%) T HcoH
S155 (18%)

0

1083 1114 14.18 566 (22%) ’8 HCC

S71 (12%) T hece

Excitation energies and calculated UV—Vis spectra: The computed excitation energies
for the [Mn"(L)(Py)2]* complex ion exhibit the same three bands observed experimentally
(Table 5 and Table S11). Analyzing the molecular orbitals involved in the transitions, the
first band (band a) can be characterized as a mix between m—n* intraligand and LMCT
excitations at 368 nm (exp. 318 nm). The second band (band b) can be characterized by
excitations to two different excited states. These could be depicted as purely LMCT
electronic transitions located at 404 and 418 nm (exp. 416 nm). Finally, the third band
(band c) is also composed of excitations to two different excited states. However, in this
case, the excitations are mainly centered on the d-orbitals of the metal ion with a small
contribution from the N2O»-ligand in the departure molecular orbitals and from the pyridine
ligand in the arrival molecular orbitals. These small ligand contributions can be explained
by the o- and =n-type delocalized electron density provided by the N2O>" and pyridine
ligands to the tog and eq metal atomic orbitals, respectively. The excitations for this band
can be found at 518 (exp. 516 nm) and 523 nm. This analysis allows us to confirm the

initial band assignment for the coordination complex.
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Table 5: Excitation energies (eV), wavelengths (nm), oscillator strengths (f), and orbital
assignments for the [Mn'"'(L)(Py)2]* complex ion calculated at the PBEQ/Def2-TZVP level

of theory. Solvation effects were included via the PCM using CH2ClI: as the solvent.

Energy f Percent of

Band V) A (nm) (x100) Active MOs contribution Assignment
368.9 139 —» 1660 37.5% -
a 3.36 (exp. 446 1550 —s 1650 17.2% LMCT
318) 157a — 165 12.2% LMCT
1583 — 1688 26.0% LMCT
3.06 404.8 12.66 1500 — 165 14.4% LMCT
1583 — 1678 11.9% LMCT
b 1188 1600 — 165 26.4% LMCT
596 (exb 03y l6la — 1650 15.7% LMCT
' 416) T 1608 — 1658 124% LMCT
1630 —> 1650 11.5% LMCT
518.7 1620 —> 1650 44.7% d-d
2.39 (exp. 0.58
c 516) 16la — 165a 25.1% LMCT
. ' ' 1630 —» 165a 9.18% LMCT
Conclusion

Two new isostructural Mn(l111) complexes have been synthesized using tetradentate ligands
derived from p-diketones and 1,2-diaminoethane. The organic ligand and complexes were
fully characterized by conventional spectroscopic techniques (FT-IR, HRMS, UV-Vis),
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single-crystal X-ray diffraction (SC-XRD), and magnetic susceptibilities (SQUID). The
DFT studies by RMSD analysis confirmed slight variations of the optimized structure and
the experimental model with a difference of 0.558 A. Therefore, the crystallographic
structure was in accordance with the theoretical model in the solid state. This structural
analysis revealed that the most significant variations occurred in the case of the pyridines
and the anisole group due to the degree of rotation. The disposition and arrangement
between two axial pyridines were essentially electronic, with a contribution of p orbitals
from the monodentate ligand that was supported by the TD-DFT calculations. On the other
hand, the Hirshfeld surface analysis revealed nonclassical interactions of the C-H---F and
C-H---O types, contributed mainly by the respective tetrafluoroborate and perchlorate
counterions. The 2D-fingerprint plots indicated a 29% contribution of C-H---z contacts,
probably due to a high number of aromatic moieties in the complexes, and C---C (n--'%
contact) was only 1% of the total surface, which could be mostly related to the n-n stacking
of axial pyridines. At room temperature, the magnetic susceptibility revealed an HS state,
which stabilized the magnetic moment with 4.8 pg and 4.9 pg values (spin-only formula).
Based on the spin-only formula, the substantial drop of the magnetic moment was
attributed to the second-order spin-orbit coupling as well-known zero-field-splitting (ZFS)
and/or a transition from free spins to paired spins. UV—visible spectroscopy revealed a
broad band between 516 and 521 nm, related to d-d transitions. These assignments were
corroborated by TD-DFT analysis, which includes the bands associated with t—n* and
LMCT mixed contribution at 318 nm and purely LMCT at 416 nm. Finally, our
contribution opens the door to use noncommercial g-diketones to synthesize new Mn(I1I)
complexes that serve as building blocks for 1D polymeric systems in the search for new

molecular magnets.
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