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ABSTRACT: Metal−ligand coordination interactions are usually much stronger
than weak intermolecular interactions. Nevertheless, here, we show experimental
evidence and theoretical confirmation of a very rare example where metal−ligand
bonds dissociate in an irreversible way, helped by a large number of weak
intermolecular interactions that surpass the energy of the metal−ligand bond. Thus,
we describe the design and synthesis of trinuclear Mn2Fe complex {[Mn(L)-
(H2O)]2Fe(CN)6},

2− starting from a mononuclear Mn(III)-Schiff base complex:
[Mn(L)(H2O)Cl] (1) and [Fe(CN)6]

4− anions. This reaction implies the
dissociation of Mn(III)-Cl coordination bonds and the formation of Mn(III)-NC
bonds with the help of several intermolecular interactions. Here, we present the
synthesis, crystal structure, and magnetic characterization of the monomeric
Mn(III) complex [Mn(L)(H2O)Cl] (1) and of compound (H3O)[Mn(L)(H2O)2]-
{[Mn(L)(H2O)]2Fe(CN)6}·4H2O (2) (H2L = 2,2′-((1E,1′E)-(ethane-1,2-diylbis-
(azaneylylidene))bis(methaneylylidene))bis(4-methoxyphenol)). Complex 1 is a
monomer where the Schiff base ligand (L) is coordinated to the four equatorial positions of the Mn(III) center with a H2O molecule
and a Cl− ion at the axial sites and the monomeric units are assembled by π−π and hydrogen-bonding interactions to build
supramolecular dimers. The combination of [Fe(CN)6]

4− with complex 1 leads to the formation of linear Mn-NC-Fe-CN-Mn
trimers where two trans cyano groups of the [Fe(CN)6]

4− anion replace the labile chloride from the coordination sphere of two
[Mn(L)(H2O)Cl] complexes, giving rise to the linear anionic {[Mn(L)(H2O)]2Fe(CN)6}

2− trimer. This Mn2Fe trimer crystallizes
with an oxonium cation and a mononuclear [Mn(L)(H2O)2]

+ cation, closely related to the precursor neutral complex
[Mn(L)(H2O)Cl]. In compound 2, the Mn2Fe trimers are assembled by several hydrogen-bonding and π−π interactions to frame an
extended structure similar to that of complex 1. Density functional theoretical (DFT) calculations at the PBE1PBE-D3/def2-TZVP
level show that the bond dissociation energy (−29.3 kcal/mol) for the Mn(III)-Cl bond is smaller than the summation of all the
weak intermolecular interactions (−30.1 kcal/mol). Variable-temperature magnetic studies imply the existence of weak
intermolecular antiferromagnetic couplings in both compounds, which can be can cancelled with a critical field of ca. 2.0 and
2.5 T at 2 K for compounds 1 and 2, respectively. The magnetic properties of compound 1 have been fit with a simple S = 2
monomer with g = 1.959, a weak zero-field splitting (|D| = 1.23 cm−1), and a very weak intermolecular interaction (zJ = −0.03
cm−1). For compound 2, we have used a model with an S = 2 monomer with ZFS plus an S = 2 antiferromagnetically coupled dimer
with g = 2.009, |D| = 1.21 cm−1, and J = −0.42 cm−1. The metamagnetic behavior of both compounds is attributed to the weak
intermolecular π−π and hydrogen-bonding interactions.

■ INTRODUCTION

Selective bond making−bond breaking is the finest art of
chemistry and has tremendous significance in molecular and
supramolecular chemistry.1−4 After a prolonged research over
centuries, chemists have gained mastery over covalent and
metal−ligand coordination bond breaking−bond making
processes, whereas control over the supramolecular inter-
actions is still a daunting task. Several catalytic processes5−9 are
well-known for the selective bond activation, bond breaking,
and bond making in organic chemistry. In coordination
chemistry, the so-called trans effect,10,11 the HSAB princi-

ple,12,13 etc. can successfully explain the selective metal−ligand
bond breaking−bond making process. In supramolecular

chemistry, molecular recognition and aggregation constitute
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the base of selectivity and determine the final compound and
strucutre.14−18 Supramolecular interactions are much weaker
than covalent/coordinate bonds and therefore a minor
chemical or physical perturbation may cause a severe change
in the weak interaction network of the system. Here, we
present a case study where weak interactions drive a metal−
ligand coordination bond dissociation during the formation of
a hexacyanoferrate(II)-bridged Mn2Fe trimer from a Mn(III)-
monomeric precursor.
In molecular magnetism, metamagnets19−22 are a special

type of magnetic material in which two magnetic motifs (which
may be a molecule, a one-dimensional (1D) chain, or a two-
dimensional (2D) layer) interact antiferromagnetically (AF)
through weak intermotif (molecule or chain or layer)
interactions and the application of a DC field above a certain
critical field (HC) can alter this weak AF coupling into a
ferromagnetic (FM) one at low temperatures (TN).

23,24 Such
coexistence of AF and FM in a material is difficult to predict
and, consequently, highly challenging to design, but it may
have significant applications in technologies associated with
magnetic cooling25 and the magnetocaloric effect.26 This
magnetic-field-induced first-order transition from AF to FM is
critically dependent on the weak intermotif interactions.
Mukherjee et al.22 have reported that the metamagnetism
arises due to weak C−H···N hydrogen-bonding interactions
between azido-bridged 1D coordination chains of NiII−Schiff
base complex. Chen et al.27 have reported the metamagnetic
behavior of 2-fold interpenetrated coordination layers, where
weak hydrogen bonding and dipolar interactions between
adjacent layers are responsible for such metamagnetic
transition. Ghosh et al.28 reported metamagnetism due to
weak interchain C−H···N hydrogen bonding between
neighboring coordination chains formed by Mn(III)-tridentate
Schiff base units connected with azide ligands in its end-on (μ-
1,1′) coordination mode. Therefore, to design a metamagnetic
material, we must control the weak intermolecular interactions,
although, due to the difficulty involved with this control, most
of the reported molecular metamagnets are basically
serendipitous. With this background, we have designed a
strategy to prepare molecular metamagnets through controlled
breaking of metal−ligand bonds helped by the cumulative
functions of a large number of weak interactions.
In the past few years, high spin Mn(III)-Schiff base

complexes have been used as structural building units to
design several types of magnetic materials, such as single-chain
magnets29,30 (SCMs), single-molecule magnets31,32 (SMMs),
ferromagnets,33,34 antiferromagnets,35,36 etc., thanks to several
unique properties of the Mn(III) ions: (i) stable oxidation
state, (ii) high spin configuration (S = 2), (iii) easily
substitutable axial sites, and (iv) unusual uniaxial anisotropy
(D) arising from Jahn−Teller distortion in octahedral
geometry.
In this context, we have synthesized a Mn(III) complex with

a N2O2 donor-based Schiff base ligand and studied its structure
and magnetic properties. X-ray structural study reveals
Mn(III)-monomeric units with axial water and chloride
ligands, that are further assembled by hydrogen bonds and
π−π interactions to form a supramolecular dimer with a very
small intradimer antiferromagnetic coupling and a metamag-
netic behavior with a critical field of ca. 2.0 T at 2 K. The hard
acid−soft base interaction makes the coordinated chlorides
highly labile and the reaction of complex 1 with K4[Fe(CN)6]
replaces the chlorides from the coordination sphere of two

adjacent monomeric Mn(III) units to yield a trans cyanide-
bridged Mn2Fe trimer (complex 2) that cocrystallizes in a 1:1
ratio with a Mn(III) monomer closely related to complex 1.
Structural analysis reveals the preservation of weak inter-
molecular hydrogen bonds and π−π interactions during the
transformation of the monomer into the trimer as well as the
metamagnetic behavior. These Mn2Fe trimers are assembled
by hydrogen bonds and π−π interactions, giving rise to
supramolecular chains that also present a metamagnetic
transition with a critical field of ca. 2.5 T at 2 K.

■ EXPERIMENTAL SECTION
Materials and Methods. MnCl2·4H2O (99%), 2-hydroxy-5-

methoxybenzaldehyde (99.5%), ethylenediamine (99.5%), and K4[Fe-
(CN)6] (99%) have been purchased from Sigma-Aldrich and used
without further purification. Triethylamine and all other chemicals
(AR grade) were purchased from Merck India and used as received. A
PerkinElmer 240C elemental analyzer was employed to perform
elemental analysis (C, H, N). The Fourier transform infrared (FT-IR)
spectra have been recorded by a Nicolet Impact 410 spectrometer,
using KBr pellets in the range of 400−4000 cm−1.

Synthesis of the Ligand (H2L). The Schiff’s base ligand (H2L =
2 ,2 ′ - ((1E , 1 ′E)-(ethane-1 ,2 -d iy lb i s(azaney ly l idene))b i s -
(methaneylylidene))bis(4-methoxyphenol)) was synthesized (see
Scheme 1, presented later in this work) by refluxing 2-hydroxy-5-
methoxybenzaldehyde (10 mmol, 1.525 g) with ethylenediamine (5
mmol, 300 mg) in a 2:1 ratio in methanol (20 mL) at 90 °C for 1 h.
The reaction mixture was then cooled and filtered to separate out the
yellow-colored crystalline solid product, washed with diethyl ether,
and dried in air. Yield: ∼90%.

Synthesis of [(L)Mn(H2O)Cl] (1). The Schiff base ligand H2L
(165 mg, 0.5 mmol) was dissolved in 20 mL of boiling methanol and
the pH of the methanolic solution was adjusted to 9 by Et3N. An
aqueous solution (5 mL) of MnCl2·4H2O (100 mg, 0.5 mmol) was
added to the previous solution and the resulting solution was refluxed
for 2 h. The reaction mixture was cooled, filtered off, and the light
yellowish brown filtrate was kept undisturbed for crystallization.
Brown needlelike crystals suitable for single-crystal X-ray analyses
were collected after 2 weeks. Yield: ∼86%. Anal. Calc. for
C18H20ClMnN2O5: C, 49.7; H, 4.6; N, 6.4%. Found: C, 49.8; H,
4.5; N, 6.5%. Selected IR bands (KBr pellet, cm−1): ν (CN)
1605(s); ν (O−H) 3385(broad).

Synthesis of (H3O)[Mn(L)(H2O)2]{[Mn(L)(H2O)]2Fe(CN)6}·
4H2O (2). The cocrystal of this hexacyanoferrate(II)-bridged trimeric
complex was synthesized via a layering technique, using the
monomeric complex 1 and a K4[Fe(CN)6] solution in a 1:1 ratio
with a water−methanol buffer solution. Complex 1 (110 mg, 0.25
mmol) was dissolved in 30 mL of a 9:1 methanol−water mixture. A
second solution was prepared dissolving K4[Fe(CN)6] (108 mg, 0.25
mmol) in 25 mL of distilled water. These two solutions were layered
in eight different tubes using a 1:1 water−methanol buffer and kept
undisturbed for crystallization. Deep-brown needle-shaped crystals
suitable for X-ray diffraction (XRD) analysis were collected after one
month, then washed with hexane and dried. Yield: 79%. Anal. Calc.
for C60H73FeMn3N12O21: C, 47.4; H, 4.8; N, 11.1%. Found: C, 47.5;
H, 4.7; N, 11.1%. Selected IR bands (KBr pellet, cm−1): ν(CN)
stretching 2123, 2105(s); ν(CN) 1608(s); ν(O−H) 3410(broad).

Magnetic Measurements. Magnetic measurements on com-
pound 1 and 2 (with masses of 33.446 and 4.406 mg, respectively)
were performed using a Quantum Design MPMS-XL-7 SQUID
magnetometer in the temperature range of 2−300 K in the presence
of an external magnetic field of 0.1 T (and in the temperature range of
2−10 K with different applied fields in the range of 0.1−3.0 T). The
isothermal magnetizations were measured at 2 K with magnetic fields
of up to 7 T on the same samples. The susceptibility data were
corrected for the sample holders previously measured using the same
conditions and for the diamagnetic contributions of the compounds,
as deduced by using Pascal’s constant tables.37
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Theoretical Methods. All DFT calculations included in this
manuscript have been performed using the Gaussian-16 program38 at
the PBE1PBE-D3/def2-TZVP level of theory and using the
crystallographic coordinates. The formation energies of the assemblies
have been evaluated by calculating the difference between the overall
energy of the assembly and the sum of the monomers that constitute
the assembly, which have been maintained frozen. The Atoms-in-
Molecules (AIM)39 analysis has been performed at the same level of
theory. The calculation of AIM properties was done using the AIMAll
program.40

Crystallographic Data Collection and Refinement. Suitable
single crystals of complexes 1 and 2 were mounted on a Bruker
SMART CCD diffractometer equipped with a graphite monochro-
mator and Mo Kα (λ = 0.71073 Å) radiation, and then the structures
were solved via the Patterson method, using several software
programs.41−45 The details of the process are given in the Supporting
Information file. All the crystallographic data and refinement
parameters of both complexes are presented in Table 1. Complex 2
contains disordered guest water molecules.

■ RESULTS AND DISCUSSION
Synthesis. The tetradentate Schiff-base ligand (H2L) was

synthesized by the combination of ethylene diamine with 2-
hydroxy-5-methoxybenzaldehyde in a 1:2 ratio (see Scheme 1).
Combination of the synthesized ligand with MnCl2 leads to the
aerial oxidation of Mn(II) to Mn(III) with formation of the
neutral complex 1, that, besides the ligand L2−, contains one
Cl− and one water molecule at the axial sites (Scheme 1).
When complex 1 is reacted with [Fe(CN)6]

4−, the cyanide

groups replace the coordinated chloride ions of two
neighboring Mn(III) monomers, connecting them through a
Mn-NC-Fe-CN-Mn bridge (Scheme 1).

Structure of Complex [Mn(L)(H2O)Cl] (1). The mono-
nuclear complex 1 crystallizes in the orthorhombic centro-
symmetric space group Pbca. The asymmetric unit contains one
mononuclear unit, which contains one Mn(III) ion, one
deprotonated ligand L2−, one coordinated Cl−, and one
coordinated water molecule (Figure 1).
Selected coordination bond distances and angles are given in

Table S1 in the Supporting Information. The metal center
shows a distorted octahedral geometry. As observed in other
N2O2 donor Schiff base-metal complexes, the four equatorial
positions are occupied by the four donor atoms (N1, N2, O1,
and O2) of the Schiff base while the trans-axial sites are
occupied by one chloride ion (Cl1) and one water molecule
(O1W). The Mn−O and Mn−N bond lengths of the Schiff-
base donor atoms are in the normal range: Mn1−O1 =
1.881(4) Å, Mn1−O2 = 1.863(4) Å, Mn1−N1 = 1.979(4) Å,
and Mn1−N2 = 1.973(4) Å, whereas the axial bond lengths
are comparatively longer: Mn1−Cl1 = 2.554(2) Å and Mn1−
O1W = 2.287(3) Å. These distances reflect the expected
Jahn−Teller elongation along the axial bonds. The Mn center
is displaced toward the Cl1 atom ∼0.073 Å from the mean
plane formed by the donor atoms (O1−N1−N2−O2) of the
Schiff-base ligand.
Supramolecular structural analysis reveals that two neighbor-

ing mononuclear units are connected in an antiparallel fashion
by π−π interactions to form a supramolecular dimer, which is
further stabilized by a double O1W−H1W1···O1 hydrogen-
bonding interaction (Figure 2). These dimers are bridged by
O1W−H2W1···Cl1 hydrogen-bonding interactions to form
supramolecular layers parallel to the crystallographic ab-plane
(Figure S1 in the Supporting Information). These supra-
molecular layers are further bridged by C8−H8A···Cl1 and
C15−H15···Cl1 hydrogen-bonding interactions to develop a
3D supramolecular structure (Figure S2). The hydrogen
bonding and π−π interaction parameters are summarized in
Tables S2 and S3 in the Supporting Information.

Crystal Structure of (H3O)[Mn(L)(H2O)2]{[Mn(L)-
(H2O)]2Fe(CN)6}·4H2O (2). Single-crystal X-ray analysis
reveals that this compound crystallizes in the centrosymmetric
triclinic P1̅ space group. It is a 1:1 cocrystal of a Mn2Fe trimer
and a Mn(III) monomer. The asymmetric unit contains one
monomeric unit, two halves trimeric units, one oxonium
cation, and four disordered guest water molecules (Figure 3).
The trimeric unit is dianionic and its charge is balanced by the
monocationic monomer and one oxonium ion. Note that the
presence of the oxonium cation is not only established by
charge balance requirements but also by the X-ray crystal data
that shows three H atoms around the O5W atom with the
expected trigonal pyramidal geometry with similar H−O−H
bond angles of 104.4°, 104.6°, and 105.1°. The crystallographic
data is presented in Table 1, and some selected coordination
bond lengths and angles are summarized in Table S4 in the
Supporting Information. The cocrystal contains two different
trimeric units. Each trimeric unit is formed by two Mn(III)-
Schiff base complexes connected through two trans cyanide
groups of the hexacyanoferrate(II) unit that acts as a linear
bridge, replacing the chloride groups in the original
monomeric complex 1. Interestingly, the water molecule
remains coordinated with the Mn(III) ions, precluding the
formation of an alternating cyanide-bridged Mn(III)−Fe(II)

Table 1. Crystallographic Data Collection and Refinement
Parameters of Compounds 1 and 2a,b,c

Value/Comment

parameter 1 2

formula C18H20ClMnN2O5 C60H73FeMn3N12O21

formula weight 434.75 1518.97
crystal system orthorhombic triclinic
space group Pbca P1̅
a (Å) 11.826(6) 14.0832(14)
b (Å) 12.872(7) 15.0504(15)
c (Å) 22.919(12) 17.0031(18)
α (deg) 90 108.703(3)
β (deg) 90 101.649(3)
γ (deg) 90 90.023(4)
unit-cell volume, V (Å3) 3489(3) 3335.1(6)
Z 8 2
ρcalc (g/cm

3) 1.655 1.513
μ (Mo Kα) (mm) 0.945 0.850
F(000) 1792 1572
crystal size (mm3) 0.08 × 0.12 × 0.16 0.12 × 0.16 × 0.20
temperature, T (K) 100 152
θmin−max (deg) 1.8, 25.3 2.5, 27.2
total data 28731 34615
unique data 3156 14564
Rint 0.177 0.126
observed data [I > 2.0σ(I)] 1625 7216
Nref 3156 14564
Npar 244 878
R 0.0581 0.0963
wR2 0.1195 0.2874
S 0.80 1.01
aR1 = ∑||Fo| − |Fc||/∑|Fo|.

bwR2(Fo
2) = [∑[w(Fo

2 − Fc
2)2/

∑wFo
4]1/2. cGooF = [∑[w(Fo

2 − Fc
2)2/(Nobs − Nparams)]

1/2
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chain. In each trimer, the asymmetric unit contains a full
Mn(III)-Schiff base complex moiety and half [Fe(CN)6]

4−

unit. In both trimers the Mn(III) ions show a distorted
octahedral geometry where the four equatorial positions are
occupied by the four donor sites of the Schiff base ligands and
the axial positions are occupied by a water molecule and N
atom of the CN group of the bridging [Fe(CN)6]

4− unit
(Figure 3). In both trimers, the bond lengths from the N2O2

Schiff-base donor atoms to the metal centers are quite similar:
Mn1−O1 = 1.862(5) Å, Mn1−O2 = 1.889(5) Å, Mn1−N1 =
1.981(6) Å, and Mn1−N2 = 1.985(6) Å for trimer 1 and
Mn2−O5 = 1.872(5) Å, Mn2−O6 = 1.902(5) Å, Mn2−N6 =
1.977(6) Å, and Mn2−N7 = 1.997(6) Å for trimer 2. In both
trimers, the two axial bond lengths are longer than the
equatorial ones: Mn1−O1W = 2.290(5) Å and Mn1−N3 =
2.316(6) Å in trimer 1 and Mn2−O2W = 2.294(5) Å and
Mn2−N8 = 2.2478(6) Å in trimer 2, indicating the presence of
a Jahn−Teller elongation in both trimers, as observed in
complex 1 (see above). The trimers are not linear, since the
Mn−NC bond angles are 143.38° and 145.01° in trimers 1
and 2, respectively.
In the monomeric unit, the metal ion (Mn3) also shows a

distorted octahedral geometry, as in complex 1. The Schiff base
occupies the four equatorial coordination sites, using its four
donor sites (O9, O10, N11, and N12). The corresponding
bond lengths are similar to those observed in compound 1 and
in both trimers in compound 2: Mn3−O9 = 1.874(5) Å,
Mn3−N12 = 1.984(6) Å, Mn3−O10 = 1.894(6) Å, and Mn3−
N11 = 1.988(6) Å. In contrast to complex 1, the two axial sites
are occupied by two water molecules (O3W and O4W). As
expected, the axial Mn−O bond lengths: Mn3−O3W =
2.299(6) Å and Mn3−O4W = 2.215(5) Å are longer than the
equatorial ones, showing, once more, the existence of a Jahn−
Teller elongation in the Mn(III)-monomeric unit. The Mn3
center is displaced toward the O4W molecule by ∼0.043 Å
from the mean equatorial plane.

Scheme 1. Complete Synthetic Scheme of the Ligand (H2L) and Complexes 1 and 2

Figure 1. ORTEP diagram and labeling scheme of complex 1 with 30% ellipsoid probability.

Figure 2. Supramolecular dimer formation with π−π and O1W−
H1W1···O1 hydrogen-bonding interactions in complex 1.
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Supramolecular structural analysis reveals that each trimeric

unit is connected by hydrogen bonding interactions implying

the coordinated water molecules and by π−π interactions to

form supramolecular chains parallel to the crystallographic b-

axis. Each independent trimer forms a different type of

supramolecular chain (Figure 4). These two different chains

are arranged parallel and are connected by O2W−H1W2···N4

and O1W−H1W1···N10 hydrogen-bonding interactions to

form a supramolecular layer in the ab-plane.
The cations (the monomeric Mn(III) complex and the

oxonium ions) and the disordered solvent molecules are

located in the interlayer space. These molecules and ions are

connected with the anionic supramolecular layers by means of

hydrogen-bonding interactions. All these supramolecular

Figure 3. ORTEP diagram in 2 showing two complete trimers and a monomer with atom labeling. The solvent molecules, oxonium cation, and H
atoms are omitted for clarity. Ellipsoids drawn at 15% probability.

Figure 4. View of the chains of trimers Mn1−Fe1−Mn1 (top) and Mn2−Fe2−Mn2 (bottom), showing the centroids of the aromatic rings of the
ligands (as pink spheres) and the shortest Cg−Cg distances (as pink dotted lines). Hydrogen bonds are indicated as light blue dotted lines.
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interactions are summarized in Tables S5 and S6 in the
Supporting Information.
Theoretical DFT Study of Noncovalent Interactions.

To highlight the behavior of compounds 1 and 2 commented
above and the easy replacement of the chloride ligand by the
hexacyanoferrate(II) unit, we have performed DFT calcu-
lations at the PBE1PBE-D3/def2-TZVP level of theory (see
the Theoretical Methods section for details). First, we have
compared the hydrogen-bonded dimerization energy of the
supramolecular dimer shown in Figure 2 to the dissociation
energy of the Mn(III)-Cl coordination bond. The interaction
energy of the dimer of compound 1, along with the QTAIM
distribution of bond critical points and bond paths, are given in
Figure 5. It can be observed that the dimerization energy is

very large (ΔE1 = −30.1 kcal/mol), because of the cooperative
formation of several O···H and C−H···O hydrogen bonds and
π−π interactions, which are characterized by the correspond-
ing bond critical points (CPs) and bond paths interconnecting
the interacting atoms. In order to measure the contribution of
the hydrogen bonds, we have used the AIM energy densities at
the bond CPs. This methodology has been effectively used by
us and others to analyze several types of noncovalent
interactions.46−48 The dissociation energy of each hydrogen-
bonding contact can be estimated according to the approach
proposed by Espinosa et al.49 and Vener et al.,50 which
developed energy descriptors specifically for hydrogen bonds.
Figure 5 also shows the dissociation energy (in kcal/mol)

obtained for each hydrogen bond using both indicators, i.e.,
the potential energy density V(r) and the Lagrangian kinetic
energy G(r). The energies are indicated in Figure 5, and they
evidence that the contribution of both O−H···O hydrogen
bonds is ∼10.4 kcal/mol and that of the C−H···O bonds
involving the methoxide groups is significantly smaller (i.e., 3.6
kcal/mol), using the G(r) descriptor. Therefore, the
contribution of the π-stacking and other long-range van der
Waals interactions is very significant (∼16 kcal/mol). The
dissociation energy of the Mn(III)−Cl coordination bond
computed for 1 in MeOH at the same level of theory is −29.3
kcal/mol, which is slightly weaker that the dimerization energy.
We have also evaluated the reaction energy of the

transformation depicted in Scheme 2 in order to rationalize
the transformation of compound 1 to compound 2 upon the
addition of hexacyanoferrate(II). Fortunately, the energy of
formation of 2 from 1 is strongly favored (ΔEr = −19.7 kcal/
mol), using methanol as the solvent in the calculation. Note
that this reaction energy does not compensate for the energy of
the hydrogen-bonded dimer formation of 1 observed in the
solid state (ΔE1; see Figure 5). However, this matter is not
important, because the same combination of interactions is
also found in the solid state of compound 2, as detailed in the
supramolecular polymers shown in Figure 4. We have
performed the QTAIM analysis of a dimeric model of the
polymer that is shown in Figure 6, and exactly the same
distribution of critical points and bond paths is obtained. It is
also worthwhile to comment that the O−H···O hydrogen
bonds in 2 are even stronger than those in compound 1.
Taken together, the results from the theoretical DFT study

of complexes 1 and 2 revealed that the ligand exchange of Cl−

by [Fe(CN)6]
4− is energetically favored and preferred over the

water substitution since the Mn−Cl coordination bond is
weaker than the strength of the weak interactions involved in
the formation of the dimer/polymers (hydrogen bonds and
π−π interactions).

Magnetic Properties of Compound 1. At room
temperature, the χmT value per Mn(III) ion for compound 1
is ca. 3.0 cm3 K mol−1, which is close to the expected value for
an isolated Mn(III) ion with a ground spin state of S = 2 and a
g-value close to 2. When the sample is cooled, χmT remains
constant, down to ca. 20 K, and shows a sharp decrease at
lower temperatures to reach a value of ca. 0.8 cm3 K mol−1 at 2
K (Figure 7), which suggests the presence of a weak
antiferromagnetic interaction in 1 and/or the presence of a
zero field splitting in the Mn(III) ions. Since the structure of
this compound indicates the presence of quasi-isolated
Mn(III) monomers, we have fit the magnetic properties to a

Figure 5. AIM distribution of bond and ring critical points (green and
yellow spheres, respectively) and bond paths obtained for the self-
assembled dimer of compound 1. The dissociation energies of the
hydrogen bonds using the V(r) and G(r) values at the bond CP are
indicated in (kcal/mol) at the lower-right corner and the formation
energy of the assembly (ΔE1) is also given near the assembly.

Scheme 2. Transformation from 1 to 2 is Energetically Favorable in Methanol Medium
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simple model considering an isolated S = 2 ion with a zero field
splitting (ZFS) to account for the sharp decrease in χmT at low
temperatures, using the program PHI.51 This model
reproduces very satisfactorily the magnetic properties of
complex 1 in the entire temperature range with g = 1.958
and |D| = 0.69 cm−1 with a residual of 0.0679 (see the dotted
line in Figure 7).
Although the magnetic fitting to a monomer with a ZFS

produces very satisfactory results, and we have also considered
the possible presence of a weak intermolecular interaction
through the π−π and hydrogen-bonding interactions. This
weak intermolecular coupling is supported by the presence of a
maximum at very low temperatures in the χm vs T plot (Figure
7b). Thus, if we include the presence of a weak intermolecular
coupling with the mean field approximation (zJ), we can
replicate even better the magnetic properties of compound 1
with g = 1.959, zJ = −0.03 cm−1, and |D| = 1.23 cm−1 with a
residual of 0.0158 (solid line in Figure 7). As expected, the

interaction between the Mn(III) centers is weak and
antiferromagnetic, since usually π···π interactions give rise to
weak couplings.52−57 On the other side, the D value found for
the isolated Mn(III) center is quite low and is in the typical
range observed (−3.8 cm−1 to +3.1 cm−1) for mononuclear
Mn(III) ions.58

Further confirmation of the presence of a very weak
antiferromagnetic intermolecular interaction is provided by
the isothermal magnetization at 2 K of compound 1 (Figure
8a). This measurement shows a sigmoidal shape with a
maximum slope at ca. 2.0 T, as can be found in the derivative
of the M vs H plot (Figure 8b), which suggests that 1 is a
metamagnet with a critical field of ca. 2.0 T at 2 K (i.e., the
weak antiferromagnetic coupling can be cancelled by applying
a high magnetic field, above ca. 2.0 T, giving rise to a
ferromagnetic coupling). Therefore, we can confirm that there
is a very weak antiferromagnetic intermolecular interaction
when the applied magnetic field is below ca. 2.0 T.
A further confirmation of this metamagnetic behavior is

represented by the thermal variation of χm for different applied
fields (Figure 9). As can be seen, χm shows a maximum at very
low temperatures when the applied field in below ca. 2.0 T and
the maximum disappears for fields above 2.0 T, in agreement
with the isothermal magnetization measurements.

Magnetic Properties of Complex 2. The room-temper-
ature value of χmT per formula unit (i.e., three Mn(III) ions
and a Fe(II) ion) is ca. 9.0 cm3 K mol−1 (Figure 10a). This
value is close to the expected one for three S = 2 Mn(III) with
g = 2 and indicates that the Fe(II) ion is a diamagnetic low
spin Fe(II) ion (as expected for a Fe(II) coordinated to six
strong-field CN ligands). When the temperature is reduced,
χmT remains the same up to ca. 25 K, and below this
temperature, it shows a progressive decrease to ca. 1.1 cm3 K
mol−1 at 2 K (see inset in Figure 10a). This behavior suggests
the presence of a weak antiferromagnetic interaction in
compound 2 and/or the presence of a zero field splitting in
the Mn(III) ions. As observed in compound 1, the thermal
variation of χm shows a maximum at ca. 6 K (Figure 10b),
suggesting that there is also a very weak antiferromagnetic
coupling in compound 2.
A detailed study of the structure of compound 2 indicates

that the Mn(III) monomeric units are well-isolated but each
Mn2Fe trimer presents two short intertrimer π···π interactions
and two hydrogen bonds with its two neighboring trimers to
generate a regular chain of trimers (Figure 4). Nevertheless,
since the Fe(II) ions are diamagnetic, the chains can be
considered, from the magnetic point of view, as isolated
Mn(III)−Mn(III) dimers. Note that since the two Cg−Cg
distances and the hydrogen-bonding parameters are very
similar in both chains (see Tables S5 and S6 in the Supporting

Figure 6. AIM distribution of bond and ring critical points (green and
yellow spheres, respectively) and bond paths obtained for a model
dimer of compound 2. The dissociation energies of the hydrogen
bonds using the V(r) and G(r) values at the bond CP are indicated in
(kcal/mol) in the lower-right corner.

Figure 7. Thermal variation of (a) χmT and (b) χm for compound 1. Solid and dotted lines represent the best fit to the models (see text).
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Information), we can consider that the Mn(III)−Mn(III)
coupling is the same in both chains.
Accordingly, we have fit the magnetic properties to a model

of an isolated S = 2 ion with a ZFS plus a S = 2 dimer with a
weak antiferromagnetic coupling (J) and a ZFS utilizing the
program PHI.43 In order to decrease the quantity of adjustable
parameters, we have assumed that both Mn(III) dimers
(Mn1−Mn1 and Mn2−Mn2) have the same coupling constant
(J) and that all the Mn(III) ions have the same g- and D-
values. This model reproduces very effectively the magnetic
properties of compound 2 in the entire temperature range with
g = 2.009, |D| = 1.21 cm−1, and J = −0.42 cm−1, with a residual
of 0.1355 (solid lines in Figure 10; the exchange Hamiltonian
is written as H = −JS1S2). As observed for compound 1, the
magnetic interaction between the Mn(III) centers is weak and
antiferromagnetic, as expected for π···π interactions.44−49

Again, the D value found is low and is within the typical
range observed (−3.8 cm−1 to +3.1 cm−1) for Mn(III) ions.50

An additional confirmation of the presence of an
antiferromagnetic interaction in compound 2 is also given by
the isothermal magnetization at 2 K (Figure 11a). This plot
shows a sigmoidal shape with a maximum slope at ca. 2.5 T, as

deduced from the maximum of the derivative (Figure 11b),
suggesting that compound 2 also behaves as a metamagnet.
To confirm this metamagnetic behavior, we have also

measured the magnetic susceptibility with different applied
fields in the low-temperature region (see Figure 12). These
measurements show the presence of a maximum in χm at low
temperatures (∼6 K) that shifts to lower temperatures as the
applied field increases and finally disappears for fields above 2.5
T, confirming that compound 2 is a metamagnet with a critical
field of ca. 2.5 T.

■ CONCLUSIONS

In this work, we have presented a unique example of an
inorganic reaction where a metal−ligand bond undergoes
dissociation helped by the formation of intermolecular π−π
and hydrogen-bonding interactions. DFT calculations at the
PBE1PBE-D3/def2-TZVP level confirm that the summation of
the energies of all these intermolecular interactions surpasses
the metal−ligand one. This fact has allowed us to prepare a
trimeric molecular metamagnet from a monomeric meta-
magnetic precursor for the first time.
Thus, we present the formation of a novel Schiff-base ligand

(H2L) and the use of this ligand to prepare a Mn(III)
monomer that exhibits very weak antiferromagnetic coupling
through intermolecular π−π and hydrogen-bonding interac-
tions. This weak antiferromagnetic interaction can be cancelled
out by the application of an external magnetic field, giving rise
to a metamagnetic behavior with a critical field of ca. 2.0 T at 2
K. Combination of this Mn(III) monomer with [Fe(CN)6]

4−

generates a Mn2Fe trimer where the diamagnetic [Fe(CN)6]
4−

complex acts as a linear connector between two monomeric
Mn(III) complexes. These anionic trimers crystallize with a
cationic Mn(III) monomer (closely related to the precursor
monomer) in a 1:1 cocrystal to form compound 2. The trimers
are further assembled by π−π and hydrogen-bonding

Figure 8. (a) Isothermal magnetization at 2 K for compound 1. (b) Derivative of the magnetization, as a function of the magnetic field, showing a
broad maximum at ca. 2.0 T.

Figure 9. Thermal variation of χm for compound 1 in the low-
temperature region with different applied fields.

Figure 10. Thermal variation of (a) χmT and (b) χm for compound 2. Insets show the low-temperature regions. Solid lines are the best fit to the
model (see text).
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interactions to build 1D supramolecular chains. Compound 2
also behaves as a metamagnet with a slightly higher critical
field of ca. 2.5 T at 2 K. The magnetic behavior of both
compounds has been reproduced with a simple model of a S =
2 monomer with a ZFS and a very weak intermolecular
interaction (for 1) and a S = 2 monomer with ZFS plus an
antiferromagnetically coupled S = 2 dimer with a ZFS (for 2).
Finally, we hope that such study will help to analyze several
biological processes, such as oxygen transport by hemoglobin
and myoglobin, different metallo-enzymatic catalysis, etc.
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(29) Miyasaka, H.; Cleŕac, R.; Mizushima, K.; Sugiura, K. I.;
Yamashita, M.; Wernsdorfer, W.; Coulon, C. [Mn2(saltmen)2Ni-
(pao)2(L)2](A)2 with L = Pyridine, 4-Picoline, 4-tert-Butylpyridine,
N-Methylimidazole and A = ClO4

−, BF4
−, PF6

−, ReO4
−: A Family of

Single-Chain Magnets. Inorg. Chem. 2003, 42, 8203−8213.
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Loṕez, E. M.; Fiol, J. J. Crystal Structures of N6-Modified-Amino Acid
Related Nucleobase Analogs (II): Hybrid Adenine-β-Alanine and
Adenine-GABA Molecules. New J. Chem. 2019, 43, 9680−9688.
(49) Espinosa, E.; Molins, E.; Lecomte, C. Hydrogen Bond
Strengths Revealed by Topological Analyses of Experimentally
Observed Electron Densities. Chem. Phys. Lett. 1998, 285, 170−173.
(50) Vener, M. V.; Egorova, A. N.; Churakov, A. V.; Tsirelson, V. G.
Intermolecular Hydrogen Bond Energies in Crystals Evaluated Using
Electron Density Properties: DFT Computations with Periodic
Boundary Conditions. J. Comput. Chem. 2012, 33, 2303−2309.
(51) Chilton, N. F.; Anderson, R. P.; Turner, L. D.; Soncini, A.;
Murray, K. S. PHI. A Powerful New Program for The Analysis of
Anisotropic Monomeric and Exchange-Coupled Polynuclear d- and f
-block Complexes. J. Comput. Chem. 2013, 34, 1164−1175.
(52) Wojciechowska, A.; Janczak, J.; Zierkiewicz, W.; Rytlewski, P.;
Rojek, T.; Duczmal, M. Copper(II) Complex with L-Arginine -
Crystal Sructure, DFT Calculations, Spectroscopic, Thermal and
Magnetic Properties. Mater. Chem. Phys. 2019, 228, 272−284.
(53) Chi, Y.; Shi, J.; Li, H.; Wei, W.; Cottrill, E.; Pan, N.; Chen, H.;
Liang, Y.; Yu, L.; Zhang, Y.; Hou, C. pi-pi Stacking, Spin Density and
Magnetic Coupling Strength. Dalton Trans 2013, 42, 15559−15569.
(54) Li, H.; Zhang, S.; Xie, L.; Yu, L.; Shi, J. pi-pi Stacking,
Hydrogen Bonding and Anti-Ferromagnetic Coupling Mechanism on
A Mononuclear Cu(II) Complex. J. Coord. Chem. 2011, 64, 1456−
1468.
(55) Chi, Y.; Wei, W.; Shi, J.; Zhang, Y.; Liu, S. Intermolecular
Interaction and Magnetic Coupling Mechanism Between Adjacent
Mononuclear Ni(II) Complexes. J. Coord. Chem. 2012, 65, 2379−
2390.
(56) Sutradhar, M.; Carrella, L. M.; Rentschler, E. Mononuclear
Mn(III) and Dinuclear Mn(III,III) Schiff Base Complexes: Influence
of π−π Stacking on Magnetic Properties. Polyhedron 2012, 38, 297−
303.
(57) Chi, Y.; Yu, L.; Shi, J.; Zhang, Y.; Hu, T.; Zhang, G.; Shi, W.;
Cheng, P. pi-pi Stacking and Ferromagnetic Coupling Mechanism on
A Binuclear Cu(II) Complex. Dalton Trans 2011, 40, 1453−1462.
(58) Boca, R. Zero-Field Splitting in Metal Complexes. Coord. Chem.
Rev. 2004, 248, 757−815.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c00909
Inorg. Chem. XXXX, XXX, XXX−XXX

K

https://dx.doi.org/10.1021/jp981794v
https://dx.doi.org/10.1021/jp981794v
https://dx.doi.org/10.1107/S0021889802022112
https://dx.doi.org/10.1107/S0021889802022112
https://dx.doi.org/10.1107/S0021889897003117
https://dx.doi.org/10.1107/S0021889897003117
https://dx.doi.org/10.1107/S0021889899006020
https://dx.doi.org/10.1107/S0021889899006020
https://dx.doi.org/10.1021/cg400859e
https://dx.doi.org/10.1021/cg400859e
https://dx.doi.org/10.1021/cg400859e
https://dx.doi.org/10.1021/cg400859e
https://dx.doi.org/10.1002/ejic.201700955
https://dx.doi.org/10.1002/ejic.201700955
https://dx.doi.org/10.1002/ejic.201700955
https://dx.doi.org/10.1039/C9NJ02279A
https://dx.doi.org/10.1039/C9NJ02279A
https://dx.doi.org/10.1039/C9NJ02279A
https://dx.doi.org/10.1016/S0009-2614(98)00036-0
https://dx.doi.org/10.1016/S0009-2614(98)00036-0
https://dx.doi.org/10.1016/S0009-2614(98)00036-0
https://dx.doi.org/10.1002/jcc.23062
https://dx.doi.org/10.1002/jcc.23062
https://dx.doi.org/10.1002/jcc.23062
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1002/jcc.23234
https://dx.doi.org/10.1016/j.matchemphys.2019.02.037
https://dx.doi.org/10.1016/j.matchemphys.2019.02.037
https://dx.doi.org/10.1016/j.matchemphys.2019.02.037
https://dx.doi.org/10.1039/c3dt51476e
https://dx.doi.org/10.1039/c3dt51476e
https://dx.doi.org/10.1080/00958972.2011.572968
https://dx.doi.org/10.1080/00958972.2011.572968
https://dx.doi.org/10.1080/00958972.2011.572968
https://dx.doi.org/10.1080/00958972.2012.694074
https://dx.doi.org/10.1080/00958972.2012.694074
https://dx.doi.org/10.1080/00958972.2012.694074
https://dx.doi.org/10.1016/j.poly.2012.03.021
https://dx.doi.org/10.1016/j.poly.2012.03.021
https://dx.doi.org/10.1016/j.poly.2012.03.021
https://dx.doi.org/10.1039/c0dt01127d
https://dx.doi.org/10.1039/c0dt01127d
https://dx.doi.org/10.1016/j.ccr.2004.03.001
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c00909?ref=pdf

