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Preface

Quest for new functional materials is the driving force of contemporary research of

multidiscipline. Engineering properties in a single designer architecture developing
multifunctional materials for targeted applications is the current trend in modern crystal
engineering. Intrinsic chemical properties of solid crystalline materials depend on nature and
arrangement of their molecular components. Thus, thoughtful adequate knowledge about nature,
pattern and governing factors of different intermolecular interactions and metal-ligand, metal-
metal bonds etc. is very crucial to achieve predefined designer crystals having predicted
functionalities for targeted applications. In this regard, crystal engineering (CE) is the
indispensable means to meet the goal. According to G. R. Desiraju, crystal engineering is “the
understanding of intermolecular interactions in the context of crystal packing and the utilization
of such understanding in the design of new solids with desired physical and chemical properties”.
So, the main theme of crystal engineering is to synthesis predefined designer crystals having
desired functionalities by judicious selection of proper molecular or ionic building units with
favorable intermolecular interactions. Following crystal engineering principles, researchers have
been engaged in the design and synthesis of functional metal-organic materials (MOMs) for
several decades and gained extensive attention just after the seminal work presenting a Cu(l)

containing MOM by Robson in 1990.

MOMs because of their unprecedented levels of porosity, inherent modularity to fine-
tuning of both structure and bulk physical properties, evolve as most efficient class of materials
for potential applications in all most all scientific and technological arena such as catalysis,
molecular magnetism, electronic devices, gas storage, chemical separations, sensing and many

others. Various weak organizing forces incorporate exciting features in supramolecular MOMs
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like high flexibility, size and shape specific porosity and reversibility in molecular association-
dissociation etc. These fascinating features offer a huge scope of applications of such materials in
several scientific and technological fields such as ion transportation, drug delivery, catalysis,

luminescence and recognition of biological molecules etc.

A dignified number of researchers of world acclaimed research groups like Groups of G.
R. Desiraju, M. Zaworotko, S. Kitagawa, H. Kitagawa, M. Fujita, P. J. Stang, C. Janiak, O. M.
Yaghi, H. C. Zhou, M. P. Suh, J. J. Vittal, J. R. Long, K. Kim, A. K. Cheetham, S. R. Batten, B.
Chen, X. M. Chen, G. Férey, W. Lin, S. Natarajan, M. J. Rosseinsky, N. L. Rosi, C. J. Kepert, J.
T. Hupp, K. Biradha, P. K. Bhardwaj, R. Banerjee, M. Das, C. M. Reddy have contributed

significantly in this field.

In this background, we are bestowing the present thesis entitled “Design, synthesis and
study of functional properties of some novel metal organic materials using crystal engineering
approach”, that deals with the design, synthesis, characterization and functional properties of some

novel metal-organic materials. The thesis consists of eight chapters.

The genesis, background and definition of the problem, scopes and objectives of the
thesis work as well as brief relevant literature review have been presented in Chapter 1. In this
chapter, crystal engineering approach in the synthesis of designer crystals like metal-organic
materials specially, metal organic frameworks and supramolecular metal-organic polymers has
been discussed along with a brief account on the use of bridging ligands in the synthesis of metal-

organic materials.

The methodologies, experimental techniques and theoretical backgrounds have been
briefly illustrated in Chapter 2. The basic characterization techniques adopted in the thesis

like single crystal x-ray diffraction (SCXRD), powder x-ray diffraction (PXRD), elemental
(ii)



(CHN) analysis, Fourier transform infrared spectroscopy (FTIR), electron spray ionization mass
spectroscopy (ESI-mass spectroscopy), cyclic voltammetry(CV), UV-Vis, photoluminescence
(PL) spectroscopy and computational analysis like molecular orbital analysis, excited state analysis
by DFT have been described in respect to their instrument used or software and methodologies

used.

Chapter 3 reports the structural, thermal, magnetic and optical properties of a novel two
dimensional coordination polymer, {[Ni'(squarate)(2,2'-bipy)(H20)]-H20}s, [squarate = 3,4-
dihydroxycyclobut-3-ene-1,2-dionate, 2,2'-bipy = 2,2'-bipyridine] exhibiting a very rare p; 3
squarato bridging. The present study reveals that the squarato-bridged metal complexes are unique
model systems to carry out the study on various types of bridging modes displayed by the ligand.
This metal organic material is the second example where squarato dianion ligand shows its unusual
U1 2 3 bridging mode. 2D coordination sheets of the complex are packed via n-- - interactions that
result in the formation of 3D supramolecular architecture with 1D supramolecular channels which
are filled with guest water molecules stabilised by H- bonding interactions. Thus, this framework
can act as a metal-organic supramolecular host (MOSH). Moreover, this MOM exhibits
antiferromagnetic behavior and also photo-luminescent activity. This work has already been

published in Inorganica Chimica Acta (Inorg. Chim. Acta., 2014, 410, 111-117).

In Chapter 4, we presented the design, synthesis, crystal and supramolecular structure of
a Pr (1I1)-complex, {[Pr(1,10 phen)z (H20)s] Cl3(H20) (CHsOH)}, incorporating a 2D water-
chloride-methanolic supramolecular sheet. The coordination tendency of the Pr(lll1) ion and the
self-assembling tendency of water-chloride and methanol stabilize the system, making strong
affinity of the host towards the guest molecules. Thus, the supramolecular metal-organic polymer

(SMOP) can behave as a dynamic supramolecular metal-organic host with expulsion and

(iii)



absorption of water molecules upon heating and cooling. The breathing nature of the system had
been established by powder X-ray diffraction method. The work reported in this chapter has been

published in Inorganica Chimica Acta (Inorg. Chim. Acta., 2014, 423, 123-132).

Chapter 5 describes the design, synthesis, crystal and supramolecular structure of a novel
oxalato bridged binuclear Cu (I1)-complex: [Cuz(oxalate)(1,10phen)2Cl2]. The thermal, redox and
photoluminescence behavior of the complex has been explored that indicates very good thermal
stability and photoluminescence activity of the complex. The presence of coordinately unsaturated
Cu-centers makes the complex active catalyst in the high valued oxidation reaction of alkenes. The
complex exhibits high product selective catalytic activity towards the corresponding epoxide in
the oxidation of a series of alkenes viz. styrene, cyclohexene and cis-cyclooctene in presence of
H20: as oxidant. The detail catalytic study was done to achieve the optimized reaction condition
and found that in acetonitrile medium using H202 as oxidant the complex had 100% selectivity to
the corresponding epoxide in oxidation of cis-cyclooctene at 50 °C. The same product selectivity
for oxidation of styrene and cyclohexene was about 89 and 76% under the same reaction condition.
The work reported in this chapter has been published in Inorganica Chimica Acta (Inorg. Chim.

Acta., 2019, 486, 352-360).

Chapter 6 highlights the design, synthesis and structure of a metamagnetic mononuclear
Mn(111)-Schiff base complex (HsO)[Mn(L)(H20)CI] and a metamagnetic trinuclear MnzFe
complex {[Mn(L)(H20)]2Fe(CN)s}? (L= Schiff base ligand)from the monomeric precursor and
[Fe(CN)s]* anions. This report presents a unique example of an inorganic reaction where a
selective metal-ligand bond undergoes dissociation assisted by the formation of intermolecular -
n and H-bonding interactions leading to the formation of the trimeric metamagnetic complex from

a monomeric metamagnetic precursor for the first time. DFT calculations unequivocally prove that
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the summation of the energies of all the intermolecular interactions overpasses the energy of the
selective metal-ligand bond that undergoes dissociation. Crystal and supramolecular structure of
both the complexes have been reported. Detailed magnetic study implies that both the monomeric
and the trimeric complexes exhibit weak antiferromagnetic coupling through intermolecular n-n
and H-bonding interactions. This weak antiferromagnetic interaction can be cancelled out by the
application of an external magnetic field, giving rise to a metamagnetic behaviour with a critical
field of ca. 2.0 T 2.5 T for monomeric and the trimeric samples respectively at 2 K temperature.
The work reported in this chapter has been published in Inorganic Chemistry (Inorg. Chem., 2020,
59,12, 8487-8497).

Chapter 7 deals with the design, synthesis, magnetic properties and bio-catalytic activity
of a flying bee-like double phenoxido bridged dinuclear Mn'"-Schiff base complex decorated with
double dicyanamide (dca) ligands and formulated as: [Mnz(L)z(dca)z] (where HoL = 2,2' -
((1E,1"’E)(ethane-1,2-diylbis(azanylylidene))-bis(ethan-1-yl-ylidene)) diphenol). The complex has
been synthesized by one-pot stepwise reaction of the tetradentate Schiff’s base ligand HzL with
MnCl2 and dca” at 1:1:2 ratio under aerobic conditions and characterized by single crystal X-ray
diffraction (SC-XRD) and other spectroscopic techniques. This complex is the first reported
dimeric Mn"" complex of a Schiff base ligand having two terminal dca” ligands. The present study
reveals that in presence of tetradentate Schiff base ligands, the use of a 1:2 Mn: dca ratio leads to
formation of a dimeric Mn"' complex in contrast to the discrete mononuclear complexes or 1D
structures previously obtained for the Mn:dca™ ratio of 1:1. The magnetic study indicates that the
dimeric Mn"' complex shows a negligible Mn"'-Mn'" interaction and a large anisotropy. The AC
susceptibility measurements indicate that the complex behaves as a field-induced single-molecule

magnet (SMM), with a high energy barrier of 73(4) K. Moreover, the present complex exhibits a

(v)



high solvent selective catechol-oxidase-like activity for the model substrate 3,5-DTBC in
acetonitrile medium. The work reported in this chapter has been published in Inorganica Chimica
Acta (Inorg. Chim. Acta. 2023, 550, 121370-121379).

Chapter 8 is the overall concluding chapter of the work carried out for this thesis.
The salient observations and inferences drawn out of these investigations are presented in a

nutshell. The scope of future research for the current work has also been pointed here.

Sorean 70%0\’?”””‘0
(SOMEN GOSWAMI)
Department of Physics
Jadavpur University
Kolkata-700032, India
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Introduction

“Synthesis is the process of making a natural product, or some other substance,
artificially, in the lab, one step at a time, from extremely simple building blocks”

... Gregory. Petsko




Chapter 1
e
1.1 Background and genesis of the problem

The illuminating interrogative quote of legendary scientist Richard Feynman
“What would the properties of materials be if we could really arrange the atoms
the way we want them?” [1] has acted as a stimulus to study and understand the structure-property
relationship of materials which has led to design of crystalline materials by incorporating
preassigned physical and chemical properties. However, fruition of such a dream in reality is a
very big challenge that can be understood from the statement of Maddox “One of the continuing
scandals in the physical sciences is that it remains in general impossible to predict the structure
of even the simplest crystalline solids from a knowledge of their chemical composition” [2]. Crystal
engineering (CE) along with its strong tie with modern x-ray crystallography has successfully
encountered the challenges in designing and synthesis of solid crystalline materials with desired
functionalities [3-15]. G. R. Desiraju has defined crystal engineering as “the understanding of
intermolecular interactions in the context of crystal packing and the utilization of such
understanding in the design of new solids with desired physical and chemical properties” [16].
Therefore, organic and metal organic designer crystals having predicted architecture and
predefined functionality can be obtained by the rational understanding of covalent bonding,
noncovalent interactions, molecular assembly and recognition of events and by taking help of
structural topology, imposed packing similarity attained through the study of similarity in
molecular structures and molecular self-assembly [17-25]. The ‘node and spacer’ approach
proposed by Robson is the most widely used route of designing crystals with predicted architecture
[26]. In the last few decades, remarkable efforts have been devoted in developing novel solid
crystalline materials encompassing desired functional properties [27-36]. The metal organic

frameworks (MOFs) and supramolecular metal-organic polymers (SMOPs) belonging to the
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category ‘metal organic materials (MOMs)’ have gained paramount interest due to their huge
technological applications [37-46]. MOFs and SMOPs both comprise two common essential units:
metal moieties and organic ligands, only difference is that in case of MOFs, 2D/3D coordination
networks are formed through strong metal-ligand bonds, while SMOPs are formed using non-
covalent interactions [47]. In this such background, the goal of the present work is to design and
synthesis of some novel transition or lanthanide metal-based MOMs and perform in depth study
of their crystal structure, catalytic activity, magnetic property, host-guest behavior and enzymatic
activity as per the functional properties expected to be evolved according to their structure-

property relationship. In this context, a brief discussion on the ligands used in the present study

and the functional properties investigated have been embedded below.

MOMs are known from several decades and gained extensive attention just after the
seminal work presenting a Cu(l) containing porous coordination polymer by Robson in 1990 [48].
MOMs because of their unprecedented levels of porosity, inherent modularity offering scope of
fine-tuning of both structure and bulk physical properties, evolve as most efficient class of
materials for potential applications in all most all scientific and technological arena such as
catalysis, molecular magnetism, electronic devices, gas storage, chemical separations, sensing etc.
[49-58]. Various weak organizing forces incorporate exciting features like high flexibility, size
and shape specific porosity and reversibility in molecular association-dissociation etc. in
supramolecular MOMs [59-61]. These fascinating features offer a huge scope of applications of
these materials in several scientific and technological fields such as ion transportation, drug
delivery, catalysis, luminescence and recognition of biological molecules etc. [62-69]. The
application arena of MOMs has been rapidly expanding for the last several years. The vast scope

of structural fabrication and post-synthetic modification of MOMs open new avenues of
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applications like electrical conduction [70], proton conduction [71], ion transportation [72],
supercapacitor batteries [73], solar cell [74], ferroelectric [75], thermoelectric [76] and field-effect

transistors [77] etc.

The inherent physical and chemical properties of solid crystalline materials exclusively
depend on their molecular components and the fashion in which these components are aligned or
linked and interact in the crystalline state [78-80]. Thus, rational understanding about nature,
pattern and governing factors of different covalent and non-covalent interactions is very crucial to
manipulate the arrangement of molecular or ionic components in order to achieve predefined
metal-organic architectures [81-84]. According to the CE, designer extended metal-organic
architectures can be easily synthesized by taking into account compatibility of the ligand used with

the coordination algorithm of the metal ions [85].

Analysis of crystal structures from topological point of view as proposed by A.F. Wells
has assisted in developing the ‘‘node and spacer’” approach of crystal engineering [86-87].
Accordingly, “crystal structures are the periodic repetition of infinite 1D/2D/3D nets formed by a
series of points (nodes) of certain geometry (tetrahedral, trigonal planar etc.) that are connected to
a certain number of other points” [86-87]. Robson first successfully applied the ‘node and spacer’
approach to construct the metal-organic materials [26]. In the ‘node and spacer’ approach, metal
ions are considered as nodes and various organic ligands act as spacers. Different organic ‘spacer’
ligands link different metal moieties (nodes) as per their coordination algorithm and generate
different structural topologies such as discrete polyhedral (OD), infinite coordination chain (1D),
coordination sheet (2D) and coordination cage (3D) (Figure 1). This approach is a very attractive

route of designing predefined network architectures. Several research groups have employed metal
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containing subunits with programmed coordination angles to synthesize metal-organic framework

and macromolecular polyhedral cages [88-92].
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Figure 1. Different topological structures for coordination polymers that can be obtained by

covalent bonding interactions (adopted with courtesy: R. Robson et.al., J. Am. Chem. Soc., 1989,
111, 15, 5962-5964, Reference no.: 26).

Bridging ligands consist of electron rich donor atoms that connect metal centers through
covalent bonds in different ways and outcome is the formation of extended metal-organic
frameworks or discrete metal-organic complexes with different types of nuclearities. Indeed, the
supramolecular metal organic network is the upshot of assemblies of discrete metal-organic
complexes through various non-covalent interactions. Thus, judicious selection of bridging ligands
along with the use of proper metal ions is very crucial in the construction of every extended metal-
organic network having predefined structure and functionality [93-94]. Literature survey suggests
that a vast number of bridging ligands are extensively used for synthesis of metal-organic
architectures of different nuclearities and dimensionalities [95-100]. A few common examples are
azide, sulfate, halide, cyanate, thiocyanate, dicyanamide, oxalate, carboxylate, terepthalate, 1,3,5-

benzenetricarboxylate, polycyanometallates, squarate, azobipyridine etc. Most of the bridging
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ligands are capable to exhibit different bridging modes and denticities that play a decisive role in
formation of the structure and functional properties of the metal-organic materials. Highly flexible
structure and versatile bridging modes of dicyanamide[N(CN)2 ] ligand (Figure 2) opens scope
to use dicyanamide as a building block in designing of huge varieties of molecular geometries
ranging from discrete dinuclear to multinuclear and multidimensional (1D, 2D and 3D ) structures
[101-105]. Nature of ancillary ligands, reaction condition, metal/ dicyanamide ratio etc. are the

governing factors on the bridging modes of dicyanamide ligand that determine the structural

topology of synthesized materials [103,104].
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Figure 2. Various coordination and bridging modes of dicyanamide ligand.

Another interesting example of bridging ligand is squararto dianion ligand that can exhibit
four different bridging modes viz bis- (u1.2 and pi3) [106-107], tris- (U1.2,3) [108] and tetra-kis-
(M1.23.4) [109] (Figure 3) and also act as bidentate chelating ligand. As per literature survey,
squarate ion adopts mono- or polymonodentate coordination modes in case of 3d transition metal
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ions while bis-bidentate chelating mode are exhibited for heavy metal ions like alkaline and
lanthanoid metal ions [110-111]. It has been found that the binding modes of squarate® ion can be
regulated by nature of the ancillary ligands, metal ion and metal/ squarate® ratio etc. The
monodentate p1,2and ps,3 bridging modes are common when equimolar or excess squarate®” ligand

is used but in presence of excess metal ions squarate® ion adopt higher polymonodentate bridging

modes (M1,2,3 and p1,2,34) [114].

| 1 111 1V

Figure 3. Various bridging modes of squarate? ligand.
Polycyanometallate anions, [M(CN)n]™(n=2-8, M= Cr, Fe, Ni, Co etc.) are considered as

the most suitable linker to design metal-organic materials having both porosity and magnetic
properties. Actually, strong magnetic interactions between metal centers demand short bridging
structures while to incorporate porosity in frameworks requires relatively long bridging ligands

[112].

Bulkiness

Flexible bond
Guest-responsive site

Relatively long bridge
Multidirectional bond

Effective magnetic interaction

Figure 4. Important features of the polycyanometallate anion (adopted with courtesy: S. Kitagawa
et.al., CrystengComm. 2010, 12, 159-165, Reference no.: 113).
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Polycyanometallate anion can fulfill both the requirements and additionally its
uncoordinated cyano groups can form hydrogen bonds with guest species and make the
frameworks suitable for other applications (Figure 4) [113]. Final structure and flexibility of metal-
organic architectures designed by using Polycyanometallate anion depend on the metal ion ratio,
auxiliary ligands and reaction condition [114-115]. Oxalate dianion ligand is capable to act as
bidentate chelating ligand as well as bridging ligand with versatile binding modes. Due to its tiny
size and having four oxygen donor atoms, it plays as good mediators of magnetic interaction and
is also capable of forming hydrogen-bonds [116]. All these exciting features make it very
appealing for designing new functional metal-organic materials of vast structural diversity ranging
from zero dimensional discrete clusters to multidimensional (nD, n = 1-3) architectures [117-122].
The binding patterns of oxalate ligand to metal ions are of different fashions like syn-anti, syn-syn
and anti-anti. The bridging modes, binding pattern of oxalate ligand and presence of auxiliary
ligands have significant roles on structural topology as well as functionality of synthesized
frameworks [116].
Approximately nine-out-of-ten chemical processes need catalysts and thus are considered
as most important ingredient of industrial preparations of countless essential commodities [123].
The global catalyst market is about of 15-20 billion USD per annum making tremendous impact
on the global economy [58]. The commercial value of the products achieved through industrial
preparation (including refinery process) using catalyst is assessed to be closer to several trillion
USD [58]. So, there is a huge commercial demand of improving efficiency of catalytic materials
using new technologies and developing highly efficient new catalysts. MOMs with accessible
metal sites, proactive organic linkers and tunable porosity strongly attract synthetic chemists to

use them as an active catalyst or catalyst support in many organic reactions of industrial importance
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[124-132]. Few worthy examples are, [Cu3(BTC)2] MOF is an efficient heterogeneous catalyst in
many organic reactions namely Michael reaction, isomerization, cyclisation etc. [133-135]. MOF-
5is agood carrier of Cu particles and Cu@MOF-5 is an active catalyst in the synthesis of methanol
from synthetic gas [136]. Currently, product selective catalysis of important organic reactions is
the new surge of modern organic preparations since it cut off the effort, time and money in
separation of the biproducts. Catalysis of chiral and enantioselective syntheses are the important

aspect of pharmaceutical industries. MOMs with shape and sizes selective porosity and the post

synthesis modified MOMs may act as effective catalysts to meet this goal [137-140].

Metal-organic materials are capable of exhibiting fascinating magnetic behaviors
depending upon the magnetic exchange interactions present between the constituting paramagnetic
metal centers. Subsequently, another golden opportunity of such materials is their use as molecule-
based magnets. The great advantage of the use of molecule-based magnets over traditional magnets
is that the structure and functionality of molecule-based magnets can be programmed and tailored
as desired [141]. Nowadays, low dimensional and low-density magnetic materials have gained
utmost priority due to their huge applications in high-density data storage, magnetic switch,
quantum computation and magnetic imaging etc. [142-149]. In this regard, single molecules, 1D
chains or 2D layer structured metal-organic materials showing slow magnetic relaxation and high
magnetic anisotropy are considered as high-valued materials [150-151]. It is noteworthy that
covalent bonds as well as various weak intermolecular forces have a very significant role on
magnetic properties of MOMSs [152-153]. Modern research has emphasized on the design of multi-
functional molecular magnets demonstrating unique magnetic behaviors in conjugation with other
functional properties [154-155]. For example, Long et.al reported an outstanding example of Fe-

based magnetic MOF: Fez(dobdc) (dobdc*: 2,5-dioxido-1,4-benzenedicarboxylate) [156] that

Page No. 8



Chapter 1
exhibit excellent performance in separation of different components of hydrocarbons (methane,
ethane, ethylene, and acetylene) mixtures. The magnetic behavior of the compound is changed in
different manners upon exposure of different hydrocarbons relating to their interaction capability

with the framework (Figure 5). The thoughtful selection of organic ligands and metal ions is very

crucial for developing molecular magnets combined with other functionalities.

MOMs due to its tunable porosity and functionalities are exclusively used to imitate the
activity of important biomolecules, especially as enzymes and they are also used in

biosensing/imaging, and biomedical applications [157-163].
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Figure 5. (a) Crystal structure of: Fez(dobdc), (b) gas adsorption isotherms for acetylene, ethylene,
methane, ethane at 318 K in the MOF; (c) Variation in magnetic susceptibility of variable
temperature of the compound in a vacuum (bare) and upon exposure of different hydrocarbons
(adopted with courtesy: J. R. Long et.al., Science, 2012, 335, 1606, Reference no.: 156).

In literature, numerous MOMs are reported that have capability to function as bio-catalyst
mimicking important enzymes like catechol oxidase (CO), phenoxazinone synthase (PHS) etc.
[164-166]. In recent time, many porphyrin-incorporated MOMSs having enzyme mimicking and
bio-sensing activities are developed [167-170]. As a representative example, a zirconium-based
MOM PCN-222 was developed by Zhou’s group that has an excellent peroxidase enzyme like

activity [167]. Nowadays, MOMs are also used to extract toxic gases produced in living organisms.

____________________________________________________________________________________________________________________________________|
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For example, nitric oxide (NO) is found to be responsible for vasodilation causing serious toxic
effects in the human body. Many MOFs of the M2(dobdc) series are tested and found to be very

efficient for adsorption and release of NO gas [171-173].

MOMS designed with lanthanide metal ions/clusters and m--electrons donor ligands
exhibit excellent photoluminescence behavior. Such luminescent MOMs are very promising
candidates in sensing of molecules/ions and also as light-emitting devices [174-178]. Few
luminescent MOMs are reported to detect highly explosive molecules like trinitrotoluene (TNT),
small hazardous organic molecules and toxic metal ions (As*3, Hg*?) contaminated with water
samples even at very low concentration [179-181]. Mesoporous MOMs are capable for optimal
uptake and delivery of drug molecules at a controlled rate due to their highly ordered porosity,

framework flexibility and weak non-covalent interactions with guest drugs molecules [182-185].

In this background, the design and synthesis of new metal organic materials comprising of
transition or lanthanide metal ions and the study of their structural, optical, magnetic,
electrochemical, properties etc. are appear to be very much promising in the quest for of their
functional application possibilities. This thesis primly focuses on (i) the design, synthesis,
structural, physical and microanalytical characterization of  {[Ni(squarate)(2,2'-
bipy)(H20)]-H20}n (compound 1), [Pr(1,10 phen)2 (H20)s] Cls(H20) (CHsOH), (compound I1),
[Cuz (oxalate)(1,10-phen)2Cl2], (compound I11)  [Mn(L)(H20)CI], (compound IV
(H3O)[Mn(L)(H20)2{[Mn(L)(H20)]2Fe(CN)6}-4H20 (compound V), and [Mnz(L)2(dca)z]
(compound V1) [where, 2,2'-bipy = 2,2'-bipyridine, 1,10-phen = 1,10-phenanthroline and HzoL =
Schiff’s base ligand, dca= dicyanmide], (ii) modification and optimization of reaction conditions
in the synthesis of the above mentioned materials using crystal engineering approach, (iii) study

of magnetic property of compound I, 1V, V, VI, product selective catalytic activity study of

Page No. 10



Chapter 1
____________________________________________________________________________________________________________________________________|

compound 111, bio-catalytic activity study of compound VI and host-guest activity study of

compound I1, and (iv) examining the structure-property relationship of compounds I11, IV and V.
1.2 Brief literature review

The vast scope of requirement based structural modification along with several fascinating
properties of MOMs expose a new horizon of applications in countless technological and industrial
fields. The work embedded in the present thesis mainly deals with the functional aspects of
transition and lanthanide metal ions-based MOMs in the field of catalysis, magnetic materials and
host-guest study etc. In this endeavor, a brief general discussion on potential applications of
transition and lanthanide metal ions-based MOMs in the above-mentioned arena has been depicted
below. The detailed review of literature will be found in each chapter where the full work has been

described.
1.2.1 Magnetic materials

Polymetallic systems are capable to exhibit different magnetic behaviors such as
ferromagnetism, antiferromagnetism and ferrimagnetism depending upon the magnetic exchange
interactions present between the paramagnetic metal centers. Transition and lanthanides metal ions
are most commonly used in designing of molecule-based magnetic materials owing to their several
unique properties like stable oxidation state, high spin configuration, strong spin-orbit coupling,
large uniaxial anisotropy etc. [186-188] SMM and SCM are considered as the most optimist classes
of low dimensional molecular magnets owing to their slow magnetic relaxation and high magnetic
anisotropic nature and hence extensive effort has been paid in their design and synthesis in the last
few years [189-191]. SMMs are zero-dimensional (0D) molecular systems which display slow

relaxation of the magnetization and a magnetic hysteresis at a temperature lower than its blocking
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temperature (Ts). Transition metal, lanthanide and mixed transition- lanthanide metal ions-based
clusters are reported to exhibit SMM behaviors [192-195]. The first milestone examples of SMM
is a mixed-valent Mni2 cluster {{Mn12012(OAc)16(H20)4],2AcOH,4H20 (Mn120Ac)} presented
by Sessoli et.al [196] and soon after several similar type of Mnai2 cluster based SMM have been
reported [197]. But all have very low blocking temperature (Ts < 10K). Till date the highest
blocking temperature Ts =170K is reported for a unique tetranuclear Dy(l11) cluster based SMM

(Figure 6)[198].

—_—

%"l cm® mol™

Figure 6. Crystal structure of the tetranuclear Dy(l1l) cluster (left), temperature variation of out-
of-phase (") of ac susceptibility under zero dc field (right) (adopted with courtesy: M. Murugesu
et.al., Angew. Chem., Int. Ed. 2009, 48, 9489, Reference no.:198).

SCM are essentially 1D or 2D systems in which the magnetic behavior arises from large
uniaxial-type magnetic anisotropy associated with strong intrachain and negligible interchain
magnetic interactions [199-201]. SCM have similar features as SMM but the difference is that they
usually have a high blocking temperature and hence are better choice in technological applications
[202]. In 2001, Caneschi etal., reported the first example of SCM of formula
{Co(hfac)2[NIT(CsHap-OMe)]} that showed magnetic hysteresis of molecular origin below 4 K
[203]. Bridging ligands are very important in the design of SCM as they act as mediators for strong

magnetic coupling between the spin carriers in a particular chain [204]. Several Co*?, Ni*?2, Mn*®
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and Fe*? based 1D or 2D polymetallic compounds have been reported till date that exhibited SCM

behavior [205-208].
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Figure 7. 2D coordination sheets (left), Plots of a) the first magnetization at 2-5 K and b) the
hysteresis loop at 2 K (right) (adopted with courtesy, X-M. Chen et.al., Angew. Chem. Int. Ed.
2005, 44, 3079-3082, Reference no.: 216).

Metamagnets are a special type of magnetic materials consisting of discrete molecular or
1D or 2D magnetic motifs in which the weak antiferromagnetic interchain interactions can be
overcome by a critical magnetic field at low temperature leading to ferromagnetic exchange.
Metamagnetic materials have significant applications in technologies associated with magnetic
switch, magnetic cooling and magnetocaloric effect [209-210]. Various transition metal ions (e.g.
Co*?, Ni*2, Mn*3, Fe*? etc.) are being used to design a large number of metamagnetic materials
[211-216]. For examples, Mukherjee et.al have reported a metamagnet of Ni (I1) having azido
bridged 1D chain structure [216] and Chen et.at reported a metamagnetic Co (Il) based 2D

coordination sheets (Figure 7) [216].

1.2.2 Catalysis
Transition and lanthanide metal-based MOMs with easily accessible metal sites, tunable
porosity and scopes of post synthetic modification prove as effective and useful catalysts in many

industrially significant organic reactions with high product selectivity. The catalytic activity of

____________________________________________________________________________________________________________________________________|
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MOMs arises due to several structural features like, i) presence of unsaturated metal centers, ii)
free organic functional sites, and iii) specific functionalized porosity. Plethora of examples of

MOMs comprising of transition and lanthanide metal ions as hetero- and homogeneous catalysts

for important organic transformation were documented and reviewed by several groups [217-219].

Few novel examples of organic reactions catalysed by MOMSs are given in the list below:

Table 2. Selected examples of MOMs-catalysed reactions

MOM materials Substrates Reaction type Ref.
Co(sal)(H20)(Py)s Linear and cyclic olefins Epoxidation of Olefins | 220
i)o-Pinene oxide, ii) Citronella i)Isomerization,
Cus(BTC): iii)2-Bromopropiophenone i)Cyclization 221
iii) Rearrangement
Benzaldehyde and Cyanosilylation of
[Cd(bpy)2](NOs) cyanotrimethylsilane aldehydes 222
[In2(OH)s(BDC)s] LNIt:](;ErZ(:EZ;hZ)Q: s Fihlt_r'12alene, Hydrogenation 223
Benzaldehyde + N
[La2(BDC)3(H20)2]H20 trimethylorthoformate Acetalization 224
o Cis-2,3-epoxybutane Methanolysis of
[Ni(L-asp)bpyosHClosMeOHo s epoxides 225
Esters and alcohols S
[Zn3(m3-0)(02CR)s(H20)3]™ Transesterification 226
[Ags(tpha);]BF. Mf;g’;yﬁﬂigf;ﬁflge“ 1,3-dipolar cycloaddition | 227
i) Benzaldehyde + ethyl i)Knoevenagel
[CrsF(H20).0(BDC)3] cyanoacetate condensation 228
ii) iodobenzene + acrylic acid ii) Heck coupling
[Mn3((Mn4sCl)3BTTs(MeOH)10)]2 Aldehydes and Cyanosilylation of 29
cyanotrimethylsilane aldehydes 9
tert-Butyl chloride and toluene ] ]
Zns0(BDC); Friedel-Crafts alkylation | 230
i) Cinnamyl alcohol and air i) Alcohol oxidation
Pd(2-pymo), ii) Octane/cyclododecene +H; ii) Hydrogenation 231
iii) Aryl halides + arylboronic iii) Suzuki—Miyaura
acids coupling
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Post-synthetic modification (PSM) is a very interesting approach to make a MOM efficient

catalyst for a particular type of reaction that sometimes yield the desired product with selectivity.
For example, amine functionalized iron containing frameworks modified with cyclic anhydride act
as an active catalyst in C-C bond forming reactions [232-233]. Kitagawa et.al. reported a amide
functionalized 3D porous coordination polymer, ([Cd(4- btapa)2(NOs)z]-6H20-2DMF)n, that offer
selective accommaodation of guests and hence showed excellent product selective catalytic activity
in Knoevenagel condensation (Figure 8)[74].Catalysis in chiral synthesis and enantioselective
production of desired isomer is the important theme of pharmaceutical industries. The addition
reaction of  diethylzinc to 1-naphthaldehyde catalyzed by homochiral
MOF,[CdsL4(NOz3)s]- 7TMeOH-5H20 (L = (R)-6,6-dichloro-2,2-dihydroxy-1,1-binaphthyl-4,4-
bipyridine) with excess Ti(O'Pr)s in toluene yields (R)-1-(1-naphthyl)-propanol with complete

conversion and 90.0% ee [234].
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Figure 8. (a) Crystal structure to ([Cd(4- btapa)2(NOs)2]-6H20-2DMF)n. (b) product selective
Knoevenagel condensation reaction of benzaldehyde with substrates (adopted with courtesy: S.
Kitagawa et.al., J. Am. Chem. Soc. 2007, 129, 2607, Reference no.:46).
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1.2.3 Host-guest activity and molecular recognition

Molecular recognition is defined as a specific supramolecular interaction between a host
molecule with a matching guest molecule, which makes a host-guest complex. Generally, the host
is a large molecule or aggregate of such molecules having a substantial central hole or cavity. The
guest molecule may be an anion or cation or a simple small organic molecule or any solvent
molecule. Molecules are capable of recognizing each other via noncovalent interactions and the
process may be both static and dynamic (Figure 9) [235]. The host-guest activity of many metal
organic complexes facilitate their use in various arenas like catalysis, molecular sensors, drug
delivery etc. For example, supramolecular metal-ligand assemblies having MasLs stoichiometry (M
denote metal ions like AI**, Ti*", Fe¥, Ga3*, Ge*, and L = 1,5-bis(2’,3"-dihydroxybenzamido)
naphthalene ligand) developed by Raymond et.al., can be utilize as catalytic host in Aza-Cope

rearrangement reactions [236].

SHESD

Static Molecular Recognition

5 8 &
= — <

Dynamic Molecular Recognition

Figure 9: Static and dynamic molecular recognition phenomena (adopted with courtesy: J. M.
Cram et.al., Science, 1974, 183, 803, Reference no.:235).

A number of lanthanide and transition metal ions-based luminescent MOMs are reported

whose luminescence behavior is noticeably changed by various guest molecules present within the
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materials acting as hosts [237-238]. Using this behavior, many luminescent MOMs were employed
as chemical sensors to detect various guest molecules like cations, anions, solvent molecules, small
organic and bio-molecules. For example, the emission maximum of Znz(tpce) (tpce = tetrakis(4-
carboxyphenyl) ehtylene) is very sensible but different extent towards amine guests (EtsN,
ethylendiamine, NHs etc.) [239]. Many metal organic materials can bind guest species in reversible
ways and hence can be used as potential carriers of drug molecules [240]. MOFs having
composition [M""'s0X(H20)2Ln, H20] (where, M=Cr, X=F/OH, L= BDC or BTC and n=2) are

capable to bind ibuprofen molecule through n-m interactions and hence can show controlled uptake

and release of ibuprofen [241].

1.3 Objectives and scopes of the work

The objectives of the present thesis are:
(i) design and synthesis of a nickel (Ni) based bifunctional MOF using judiciously selected spacer
and bridging ligands so that it exhibits metal-organic supramolecular host (MOSH) behavior along
with antiferromagnetic property,
(i) design and synthesis of a praseodymium (Pr) based flexible supramolecular metal-organic
polymer (SMOP) and detail study of its dynamic MOSH behavior upon the expulsion and
reabsorption of guest water molecules,
(iii) preparation of a Cu based SMOP using 1,10-phenanthroline as spacer and oxalate as bridging
ligands along with exploring its product selective catalytic activity in significant organic reactions
like oxidation of alkenes,
(iv) design and synthesis of Mn(lll) based metamagnetic MOMs using crystal engineering
approach with judicious selection of appropriate Schiff base and bridging ligands along with detail

study of their magnetic properties,
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(v) design and synthesis of a Mn(I11) based multifunctional MOM using dicyanamide as bridging
ligand and exploring its magnetic as well as model enzyme mimic activity for catechol-oxidase
using 3,5-di-tert-butylcatechol (3,5-DTBC) as model substrate in different solvents,
(vi) to achieve above mentioned MOMs in solid crystalline state with good yield by rational
modification of reaction techniques and tuning of various reaction parameters like temperature,
solvent polarity, solvent ratio, pH, reagent ratio and reaction time etc,
(vii) analysis of crystal and supramolecular structure of the synthesized materials using SC-XRD
data along with their microanalytical analysis, thermal property study and physical
characterization by using FTIR, UV-Vis, 'H-NMR, ESI-mass techniques, and
(viii) examining the structure-property relationship of the materials through theoretical study for
three representative samples viz., compounds I, IV and V .

In this context, the scopes of the present thesis are as follows:

1. to design, synthesis, analyzing crystal structure and supramolecular structure and study of the
thermal, photoluminescence and magnetic properties of an unusual p-123-squarato-bridged 2D
coordination polymer: {[Ni(squarate)(2,2’-bipy)(H20)]-H20}n with the target to examine the
possibility of utilizing it as metal-organic supramolecular host and photo-luminescent agent,
2. to synthesize the designer crystal of a dynamic metal organic supramolecular host of Pr (I11)-
complex, {[Pr(1,10 phen)2 (H20)s] Cl3(H20) (CHsOH)}, by incorporating a 2D water-chloride-
methanolic supramolecular sheet and thorough investigation of its structural, thermal and optical
properties for following dynamical binding character of this host with the guest solvents and

chloride ions,

3. (a) to synthesize and study the structural, thermal, spectral and redox behavior of a binuclear Cu

(I1)-complex: [Cuz(oxalate)(1,10phen)2Clz] containing hydrophilic oxalate as bridging ligand and
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the hydrophobic 1,10-phen as the blocker ligand, (b) to explore the homogeneous product selective
catalytic activity of the sample in the oxidation of a series of alkenes (cis-cyclooctene, styrene and

cyclohexene) by various oxidizing agents, and (c) to examine the role of various reaction

parameters to achieve optimized reaction conditions of the above said catalytic reaction,

4. (a) to synthesize the designer crystal of a metamagnetic mononuclear Mn(l11)-Schiff base
complex :[IMn(L)(H20)Cl] and a metamagnetic trinuclear MnzFe
complex:{[Mn(L)(H20)]2Fe(CN)6}? from its monomeric precursor and [Fe(CN)s]* anions, (b) to
investigate its structural, thermal and magnetic behavior, and (c) to examine selective and
irreversible metal-ligand bond breaking reaction occurring during the synthesis of the trinuclear
MnzFe complex from the monomeric [Mn(L)(H20)CI] and [Fe(CN)s]* anions as precursors

through experimental and theoretical study, and

5. (a) to dsign and synthesis of a dimeric Mn(I11) complex having unique combination of double
phenoxido bridge and terminal dicynamide ligand, (b) to analyze crystal and supramolecular
structure and study of optical and magnetic properties of the sample, (c) to investigate the solvent
selective catechol oxidase enzyme like activity of the sample, and d) to elucidate of structure-

property relationship of the complex.
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2.1 Synthesis techniques

Synthesis of desired metal organic materials is a very crucial part of experiment and it
requires employment of proper reaction conditions and synthesis techniques. The prerequisite
ligands, molecular building blocks were synthesized and purified. The desired MOMs were
synthesized in pure and solid crystalline form either single step or by multistep reaction processes.
The prerequisite ligands, molecular building blocks were synthesized following previously
reported methods and purified either by simple work up or by crystallization techniques whichever
is appropriate. All the reactions were carried out in the solution phase only. The reaction techniques
adopted to synthesis the desired sample are: i) simple stirring at room temperature, ii) reflux at
ambient temperature, iii) layer diffusion of reaction mixture with buffer solution, iv) solvothermal
etc. All the desired MOMs were purified in solid crystalline form by crystallization following the
techniques: a) slow evaporation of the solvent, b) diffusion of another solvent having low polarity
and boiling point, c) slow layer diffusion. Good quality single crystals were achieved after a few
days/weeks which were then separated by filtration and dried over vacuum. Suitable single crystals
for SCXRD study were collected or kept in the mother solution until their structure determination.
The proper reaction conditions were employed by tuning of various governing factors such as
temperature, solvent polarity, pH, reagent ratio, reaction time and also various reaction techniques
like reflux, hydrothermal, mixing-stirring at room temperature, layer diffusion etc. The detail of

synthesis techniques has been discussed in the experimental section of each chapter of this thesis.
2.2. Experimental sample characterization techniques

The synthesized sample/materials were immediately undertaken for structure

determination by single crystal x-ray diffraction. The microanalytical, spectroscopic, thermal and
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other characterizations of the samples were performed thoroughly and then used for functional

property studies.
(i) Single Crystal X-ray Diffraction Study

The single crystal X-ray diffraction (SCXRD) is the most useful method to analyze crystal
structures of crystalline materials. In SCXRD, a beam of X-rays strikes on a single crystal and the
obtained scattered beams are directed in different ways. These beams make a diffraction pattern
of spots when they fall on the detector. Intensities and angles of these scattered beams are recorded
as the crystal is rotated gradually. A 3D electron density map, known as Fourier map of electrons
within the crystal system can be produced from the angles and intensities of these scattered X-ray

beams.

According to the theory of Fourier transform p(x, y, z), the electron density, (i.e. image

of the molecule under investigation) is the Fourier transform of the structure factor .. Therefore,

P63, D)=L F X T kD) e

The crystal and molecular structure of the complexes can be determined if sufficient
number of F(h, k, I) could have been determined experimentally. But, it is the intensity of
the diffracted X-ray maxima [I(h, k, I)] that are measured experimentally. From these
data only the magnitude /F(h, k, 1)/ can be derived and the phases of the complex
quantity r(h, k 1) are lost. We can’t compute p(x, y, z) directly from experimental data.
This is a well-known phase problem in X-ray crystallography. We solve the phases problem using
Patterson and Direct methods implemented in different software

suites described in subsequent sections [1-8]. Bruker SMART diffractometer fitted with a graphite
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mono-chromator and Mo-Ka (A=0.71073 A) radiation were used to mount the most suitable single
crystal of the complexes to record the diffraction data. The details of the methods were discussed

in individual chapters.
(i1) Powder X-ray Diffraction Study (PXRD)

PXRD data collection has been recorded at ambient temperature (20
°C) on a Bruker D8 Advance diffractometer operating in the reflection mode using Cu-Ka«
radiation having wavelength 1.5418 A with the generator setting maintained at 40 kV, 40
mA. In general, the PXRD patterns were collected within the 20 range of 20°-90° (step size
0.02°) at scan speed 6 s/step. The PXRD pattern of the sample was indexed by DICVOLO06 [9] and
TREORO90 [10] of Fullprof.2 k [11] package. Shape of the peaks had been evaluated by pseudo-
Voigt functions. The background was fitted by the shifted Chebyshev function of the first kind
with 20 points regularly distributed over the entire 20 range. Initially, the values of atomic
coordinate and site occupancy were provided in accordance with the JCPDS card number for
corresponding NPs. In the beginning, the lattice parameters, profile parameters and background
were refined. After few cycles of refinement, the atomic coordinates and isotropic thermal
parameters were refined. Finally, the preferred orientation correction had been applied by using a

generalized spherical harmonic model.

The SCXRD and powder-crystal diffraction patterns contain the same basic information;
only difference is in PXRD the three-dimensional diffraction data are compressed into one
dimension that results in significant overlap of peaks in the powder diffraction pattern (Figure 1).
Such peak overlap conceals information of the intensities of individual diffraction maxima, and
makes for difficulties in solving crystal structures directly from PXRD data. Structures obtained
through this method are frequently claimed of less precise and lower accuracy compared to single
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crystal structures. However, PXRD data provides significant information in case of difficulties in

crystal growth, twinning, or where extreme experimental conditions are required.
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Figure 1. Powder X-ray diffraction pattern.

(iti)Microanalysis of Chemical Composition

Elemental analyses (C,H,N) were done using a Perkin Elmer 240C elemental analyzer.
This is used to corroborate the experimentally found percentage of C, H, N of the sample with

structural information obtained from x-ray diffraction.
(iv) Fourier-transform infrared spectroscopic (FTIR) study

Fourier transform infrared spectroscopy was carried out on the Nicolet Impact 410
spectrometer between 400 and 4000 cm-1, using the KBr pellet method. FTIR analysis is a
technique where the study involves the interaction between electromagnetic field and matter in
the infrared (IR) region. The material absorbs the IR frequency when it interacts with the
molecule. The fundamental theory is that the elements of different bonds absorb light at different
frequencies. Thus, the FTIR analysis recorded the range of wavelengths in the IR that are absorbed
by a material. The spectrum is plotted as transmittance values corresponding to the wave numbers.
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The IR stretching frequencies are very useful to identify functional groups present in the sample,
binding and bridging modes of ligands, metal-ligand bonds and also sometimes supramolecular
interactions like H-bonding. FTIR analysis can be useful to recognize unknown materials, surface

contamination on a material, additives within polymers etc.
(v)Thermal Analysis

Thermogravimetric analyses have been performed to determine thermal stability and
composition of the sample. It is also very useful for phase changes and structural transformation
studies. Thermal analysis has been done on a Mettler Toledo TGA-DTA 85 thermal analyzer under
a flow of N2 (30 mImin™). In this analysis sample is heated in a uniform rate of increase of
temperature in an inert atmosphere (N2 gas is supplied uniformly). The successive weight loss is
plotted against rising of temperature. The % of weight loss in each step provides information about

expulsion of fragmented moieties.
(vi) UV-Visible and Photoluminescence study

The optical properties of the samples were investigated by UV-vis and Photoluminescence
spectral study both in solid state and solution. UV-vis of the samples were recorded by PerkinEImer
UV-vis spectrometer (Lambda 35) and JASCO V-630 equipped with a solid-state measurement
attachment, respectively. Photoluminescence spectra were collected on a Shimadzu RF-5301PC
spectrofluorometer. In the UV-vis spectroscopy, the electromagnetic waves (visible light or
ultraviolet light) interact with the matter. As soon as the sample absorbs a beam of monochromatic
light, the energy content of the atoms or molecules in the sample increases. The absorption of
visible light or ultraviolet light by different chemical compounds of the sample can produce a

distinct spectrum [12].
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In the Photoluminescence method, the light that is focused onto the sample, is absorbed by

the sample and the excess energy of the light transfers into the sample in a photo-excitation process.
In the process, electrons within a material can move into permissible excited states by absorbing
photons at particular wavelength. When an atom or molecule makes a transition from ground state
to excited state, the system undergoes a non-radiative process. On the other hand, when this
transition takes place from excited state to ground or equilibrium state, the excess energy is
released by emitting the light (luminescence) and it is called radiative process. In the case of photo-
excitation, this luminescence is called photoluminescence. These techniques are extremely

important to investigate optical properties of the samples and also provide information about

solution phase structure of the samples.
(vii) Cyclic-voltametric study

In electrochemical analysis, cyclic voltammetry (CV) is an important and powerful tool
that is used to investigate the oxidation and reduction process of molecular species. Figure 2
presents a sample of Cyclic voltammogram (CV) curve [where, Epa = anodic peak potential

(oxidation), ipa= anodic current Epc = cathodic peak potential (reduction), ipc= cathodic current].

S
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<=_ itive
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Figure 2. Cyclic voltammogram (CV) curve
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The cyclic voltametric measurement of our samples was done using Epsilon Basi-C3 Cell
instrument at a scan rate of 100 mV s within potential range of 0-1.80 V with 1.0 x 10°° M of
complexes in acetonitrile solution deoxygenated by bubbling argon gas. Further, 0.1 M
tetrabutylammonium perchlorate (TBAP) was taken as a supporting electrolyte. The working
electrode was a glassy-carbon disk (0.32 cm?) which was washed with absolute acetone and

dichloromethane, polished with alumina solution
(viii)VVariable Temperature Magnetic Study

Variable temperature (2—-300K) magnetization data were recorded using a Quantum Design
MPMS-XL-7 SQUID magnetometer. by using of tabulated Pascal’s constants, the experimental

susceptibility data had been revised for underlying diamagnetism [13].
(ix) Mass spectrometric study

The mass spectra (EIS-MS positive) of the samples were recorded with the help of Qtof
Micro YA263 mass spectrometer to identify the structure of the samples and fragment species by

determining their mass in solution phase.
2.3 Computational methodologies
2.3.1 Computational analysis on ground state molecular geometry

Ground state molecular geometries of the compounds were used to calculate the
optimized geometry, electronic properties or frontier molecular orbitals (FMOs) and to
simulate the absorption spectra or the excitations. To probe the noncovalent interactions

within the components in a crystal, binding energy, MESP and NCI plot were computed from

Page No. 45



Chapter 2
____________________________________________________________________________________________________________________________________|

the energies of optimized dimer geometries and the optimized monomeric coformers.

2.3.2. Geometry optimization, MO calculation and excitations calculation

The Gaussian 09 program was utilized to perform all the calculations [23] employing the
DFT method using Becke’s three parameter hybrid functional [14] and Lee-Yang—Parr’s
gradient corrected correlation functional [15] (B3LYP) along with 6-311++G(d,p) basis set. The
ground state (So) geometries were completely optimized in gaseous phase and water medium using
the default criteria of the respective program (very tight criteria in some cases).
Grimme’s third formulation of empirical correction for dispersion with Becke-Johnson damping
[16] (GD3BJ) was applied in order to include the weak intermolecular interactions. To better
reflect the solvation effect on the samples, aqueous cavity in the solvent reaction field (SCRF) was
included at conductor-like polarizable continuum (CPCM) level. Frequencies were calculated by
using the optimized geometries. To compute the UV-Vis transition of the samples, a single point
calculation was carried out using the time dependent density functional method (TDDFT) starting
with the ground state geometry optimized in both gaseous phase and water media using the same
functionals and basis set. The excitation energies of the compounds in water medium were
simulated by the conductor-like polarizable continuum model (CPCM model) using the non-
equilibrium approach, which has been designed for the study of the absorption procedure. The
singlet-singlet transitions have only been considered for deconvolution of UV-Vis transitions.
Orbital analysis has been performed using GaussView and the MO composition analysis was
carried out with Gausssum program [17]. The excited state computational results are interpreted
using natural transition orbital (NTQO) analysis based on the calculated transition density matrices
[18-21]. Analyzing the geometrical parameters, the changes in the bond lengths are confirmed to

be within the appreciable limit of 0.02 A with respect to their crystal structure except for the
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hydrogen bonding units of their molecular fragments which deviates abruptly that might be the

consequence of absence of packing environment or the solution polarizability effect.

All the experiments and methodologies used in the present thesis is concisely depicted in
the follow-chart (Figure 3). The detailed synthesis procedures of all samples, ligands and
methodologies used to accomplish characterization and study of functional properties of the newly
synthesized materials have been described in corresponding chapter.

Design of
H materials |

Ligand synthesis
and purification

By judicious selection
of building block units
ith the help of C

Stirring at RT

Reflux

Sample preparation

1 Layer diffusion

C,H,N analysis

Thermal analysis

FTIR
CV . ‘ .
R !
“ox Sample Spectroscopic NMR
‘ Structural | Characterization ‘* ESI-mass

analysis — UV-VIS

PXR ‘7 Photoluminescence
Study of functional
Theoretical property
Study Structure- /
property

relationship

Molecular geometry | | Analysis of non-covalent
analysis interactions

Magnetic || Catalysis || Host-guest | Bio-Catalysis

study study

Figure 3. Flow Chart depicting experiments and methodology of the work.
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3.1 Introduction

In the recent past, the rational design and synthesis of coordination polymers have received
paramount attention not only due to their aesthetical beautiful architectures and topologies but also
for their several potential functional properties such as gas and solvent adsorption, catalysis,
magnetism, ferroelectricity, nonlinear optical activity, optical sensing etc [1-15]. The structural
topology of coordination polymers might be tuned by thoughtful choice of the metal ions, the
ligands and their stereo-electronic preference of binding and also tuning of various parameters
affecting reaction conditions. Moreover, several weak interactions such as directional hydrogen
bonds, =---m interactions etc. may also play an important role in determining the resultant
architecture [16-18].

The ordered arrangement of paramagnetic metal centers within such coordination networks
allows us to design and synthesize novel magnetic materials such as ferromagnetic, ferrimagnetic,
antiferromagnetic, canted-antiferromagnetic and spin glass systems [19-30]. It is well established
that the propagation of magnetic exchange interaction within coordination polymers is greatly
influenced by the nature of binding sites of ligands attached with metal centers and obviously on
the coordination mode of the bridging ligands [31-32]. The oxygen donor-based ligands such as
carboxylates have widely used to design several types of magnetic materials. Besides, the multi
oxygen donor ligands like rhodizonate, croconate and squarate are highly attractive for designing
the metal clusters and coordination polymers [33-36]. These ligands have multi-oxygen donor sites
around a planar-aromatic motif and thus they can exhibit different binding aptitudes with metal
ions.

Here, we have used squaric acid as the bridging ligand. Due to its good donor ability offered

by its four oxygen atoms, presence of extensive delocalized n-electrons, highly symmetrical, cyclic
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shape and the stable aromatic character, it has been attracted to several research groups.

And, thus in the last few years, a large number of discrete poly-nuclear and coordination polymers
with diverse structural motifs have been synthesized using Squaric acid [37—46]. The different
bridging modes exhibited by the squarate (Scheme 1) are: bridging bis- (p-1,2and p-1,3), tris- (4-
1,2,3) and tetra-kis-monodentate (u-1,2,34) that leads to the formation of bridged metal complexes
with different extents of nuclearity and dimensionality. It is noteworthy that the binding modes of

squarate anion in the metal complexes are mainly governed by the structure and geometry of the

blocking ligands coordinated to the central metal ions as well as the reaction conditions.

I I i [\

Scheme 1. Different bridging mode of squarato dianion.

According to literature surveys, the p-12and p-1,3 bridging modes are most common [37-
43], only in a few cases p-1,2,34 bridging modes have been found [31, 44-45]. The sole example of
u-12,3 bridging pattern of squarate-dianion in a tri-nuclear Cu(ll) complex has been reported by
Vicente et al. [46]. In this endeavor, we are going to report a new 2D coordination polymer formed
by using an unusual p-1.23 bridging mode of squarate-dianion with Ni(II) and the blocking 2,2'-
bipyridyl ligand. The structural analysis reveals that the blocking 2,2'-bipyridyl moieties are
hanging in the interlamellar space between 2D coordination sheets. The thermal and
photoluminescence properties of the complex have been studied. The variable temperature

magnetic measurements indicate that the complex is antiferromagnetic in nature.
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3.2 Experimental Section:
3.2.1 Materials and methods
The Nickel (I1) nitrate, hexahydrate; 2,2"-bipyridine; 3,4-dihydroxy-3-cyclobutene-1,2-dione
(squaric acid) and sodium carbonate were purchased from Merck chemical company. All other
chemicals were AR grade and used without further purification. A Perkin-Elmer 240C elemental
analyzer was used for the elemental analysis (C, H, N). The thermal analysis was done with the
help of Mettler Toledo TGA-DTA 85 thermal analyzer with a flow of N2 gas (30 mIimin™?). The
sample was heated at a rate of 5 °C min** with inert alumina as a reference. Using the KBr pellet
method, a Nicolet Impact 410 spectrometer was employed to record the infrared (IR) spectra of
the sample within the frequency range of 400 to 4000 cm™. The photoluminescence spectra of the
sample had been recorded using a Shimadzu RF-5301PC spectrophotometer. The magnetization
measurements were carried out using a superconducting quantum interference device vibrating
sample magnetometer (Quantum Design SVSM, USA) over a wide temperature range of 3-300 K.

The experimental susceptibility data had been revised for basic diamagnetism using tabulated

Pascal’s constants.
3.2.2 Synthesis of the Complex

In 10 ml of distilled water, 0.5 mmol squaric acid (0.05703 g) was dissolved and neutralized by
aqueous solution of sodium carbonate to adjust the pH at 8.0. The Nickel (I1) nitrate, hexahydrate
(0.2908 g, 1.0 mmol) was dissolved in 5 ml distilled water and added to the previous solution. The
resultant mixture was stirred at room temperature for 15 min. Then, 10 ml methanolic solution of
2,2'-bipyridine (0.156 g, 1.0 mmol) was added with the previous solution and stirred for another 1

h. The whole mixture was then refluxed for 2 h at 90 °C. It was then cooled down to room
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temperature, the blue precipitate was filtered off and light blue colored filtrate was kept in
undisturbed condition. After a few days, the good quality greenish blue block shaped crystals were
collected and dried in vacuum for single crystal x-ray diffraction analysis. Yield 72%. Anal. calc.
for C14H11N2NiOs: C 46.2%, H 2.5%, N 7.7%. Found: C 46.5%, H 2.4%, and N 7.5%. Selected
IR bands (KBr pellet, cm™): v (O-H) stretching 3445 (m); v (CO) 1506 (m), 1524 (s), 1483 (s) and
1445 ().

3.2.3 Crystallographic data collection and refinement

Suitable single crystal of the complex was mounted on a Bruker SMART diffractometer equipped
with a graphite monochromator and Mo-Kq (A = 0.71073 A) radiation. The structure was solved
by Patterson method using SHELXS-97. The subsequent difference Fourier synthesis and least
square refinement revealed the positions of the non-hydrogen atoms. The non-hydrogen atoms
were refined with independent anisotropic displacement parameters. The hydrogen atoms were
placed in idealized positions and their displacement parameters were fixed to be 1.2 times larger
than those of the attached non-hydrogen atoms. The successful convergence was indicated by the
maximum shift/error of 0.001 for the last cycle of the least squares refinement. All calculations
have been carried out using SHELXS-97 [47], SHELXL-97 [48], PLATON-99 [49], ORTEP-32

[50] and WinGX system Ver-1.64 [51].
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Figure 1. ORTEP diagram of the complex.
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The data collection and the structure refinement parameters and the crystallographic data for the
complex are given in Table 1. Some selected bond lengths, bond angles and non-covalent

interaction parameters are presented in Table 2.

Table 1: Crystallographic data and refinement parameters of complex.

Crystal Data
Formula C14H9N2NiOs, H20
Formula Weight 362.97
Crystal System Orthorhombic
Space group Poca  (NoO. 61)
a(A) 12.774(5)
b (A) 16.818(6)
c(A) 12.140(5)
V (A3 2608.1(17)
z 8
D(calc) (g/cm?3) 1.833
u(Mo Ka)(mm) 1.525
F(000) 1464
Crystal Size (mm) 0.08 x 0.08 x 0.40
Data Collection
T (K) 100
L [A] Mo Ko 0.71073
6 Min-Max [°] 2.4-25.3
Dataset -15:12; -19:20 ; -14:13
Total 12353
Uniq data 2363
Rint 0.194
Observed data [l > 2.0 sigma(l)] 1088
Refinement
Parameters refined 209
R 0.0726
wWR2 0.1516
S 0.80
Min. and Max. Resd. Dens. [e/A%] -0.75, 1.40

w = 1/[s2(Fo2) + (0.0949P)2] where P = (Fo2 + 2Fc2)/3.
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Table 2: Selected bond distances (A) and bond angles (°) of the complex

Ni1-01 1.905(6) Nil-N2 1.968(7)
Ni1-O1W 1.925(5) Nil-03* 2.460(6)
Ni1-N1 1.959(7 Ni1-02%* 2.555(6)
01-Ni1-01W 95.3(2) O1W-Nil-N1 175.1(3)
01-Ni1-N1 89.4(3) O1W-Nil-N2 95.1(3)
O1-Ni1-N2 169.6(3) O1W -Nil-03* 94.9(2)
01-Ni1-03* 94.7(2) O1W-Nil -02%* 79.8(2)
01-Ni1-02** 92.7(2) 03*-Ni1-N1 86.1(2)
02**-Ni1-N2 89.3(2) 02**-Ni1-N1 98.6(2)
02**-Nj-03* 171.23(19) 03**-Ni1-N2 84.2(2)
N1-Ni1-N2 80.2(3)

*=3/2-X, -y, 12+z; ** = 1-X, -y, -Z

3.3 Result and Discussion

3.3.1 Crystal structure description of the complex

The single crystal X-ray diffraction (SC-XRD) analysis reveals that the complex crystallizes in
an orthorhombic Pnca Space group where the Ni(ll) is in distorted octahedral geometry. The
asymmetric unit one 2,2’-bipyridine, one squarate anion, comprises one Ni (I1) ion, one coordinated
water molecule and one guest water molecule, (Figure 1). coordination. N1 and N2 atoms of one
2,2'-bipyridine ligand, one oxygen atom (O1) of bridging squarate and O2W form the basal plane,
and two oxygen atoms (O2 and O3) of two different squarate ions are at the trans axial
coordination sites. Thus, the oxygen atoms of three symmetry related squarato-anions occupy
facial positions in the coordination sphere. The distortion from perfect octahedral geometry is

reflected in cisoid [79.8(2)-98.6(2)°] and transoid [169.6(3)-175.1(3)°] angles. Ni-N bond
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distances are within the range of 1.959(6)-1.968(7) A and Ni-O bond distances are within the

range of 1.905(6)—2.555(6) A while Ni-O1W bond distance is 1.925(5) A.

02 03

01
O4

Figure 2. u-1,23-bridging pattern of squarate-dianion in the complex.

The squaric acid contains a four membered ring having one oxygen atom connected to each
carbon atom. It can bind with metal ions by using these four oxygen atoms. It is a well established
fact that the squarate anion shows versatile bridging mode [31, 37— 46]. Here, the squarate anion
binds with three different metal ions in p-12,3 mode using its three oxygen donor centers O1, O2
and O3 while the other oxygen atom O4 remains inert towards coordination with metal ions (Figure
2). The squarate anion binds two metal centers Nil and Nil* through O1 and O3 oxygen atoms in
a trans bridging mode leading to formation of 1D coordination chain (Figure 3) which is further
connected by O2 oxygen atom of another squarate anion which consequently binds with other two
metal ions and this gives rise to a 2D coordination sheet structure within the crystallographic ac-

plane (Figure 4).

03

04
01

Figure 3. trans-binding mode of squarate-dianion ligand forms 1D coordination chain with

metal centers.
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()

Figure 4. (a) 2D coordination sheet of the complex within the ac-plane; (b) view along b-axis
(coordinated 2,2'-bipyridyl moieties are omitted for clarity).

The 2D coordination sheets are packed in parallel along crystallographic b-axis. The
coordinated 2,2'-bipyridyl units are pendant within the interlamellar spaces. Such 2D sheets are
packed along crystallographic b-axis by recognizing each other to inter-digitated 2D + 2D structure
via - - stacking interactions. The pyridyl rings of pendant 2, 2'-bipyridyl moieties of a 2D sheet
interact with other pyridyl rings of neighboring 2D coordination sheets and by virtue of this the

formation of 3D supramolecular structure takes place (Figure 5).

Figure 5. 3D supramolecular structure formed by n***7 interactions (magenta).
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The distance between their centroids is 3.861(5) A and the dihedral angle is 8.5(4)°
(Symmetry: x, 1/2-y, -1/2+z). In the course of formation of 3D supramolecular structure, 1D
supramolecular channels are created along crystallographic c-axis (Figure 6). The guest water
molecules persist within such supramolecular channels. The hanging n-rings from the 2D
coordination sheets create hydrophobicity between the 2D sheets while in contrast the

uncoordinated O4 oxygen atom of squarate anion (directed toward the interlamellar spaces) creates

hydrophilicity within such channels.

Figure 6. During formation of 3D supramolecular structure 1D supramolecular channel is formed

along crystallographic c-axis.

The overall 3D structure behaves as a metal-organic supramolecular host (MOSH) and the
uncoordinated water molecules act as guests. The guest water molecules also act as a bridge
between the 2D coordination sheets through O2W-H1W?2---04 and O2W-H2W2---O3 hydrogen
bonding interactions which give further stability to the three-dimensional (3D) supramolecular

structure (Figure 7). All hydrogen bonding interactions have been summarized in Table 3.
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Figure 7. 2D coordination sheets are connected by water mediated hydrogen bonding to form 3D

supramolecular structure.

Table 3: Hydrogen bond dimensions of the complex

D-H-A D-H/(A) | HA/(A) | DA/(A) | <D-HA | Symmetry
O1W-H1W1--04 0.87 2.04 2.553(8) 117 3/2-x,-y,1/2+z
O1W-H2W1--02 0.90 1.78 2.657(8) 164

O2W-H1W2:- 04 | 0.85 2.50 2.892(7) 109 -1/2+x,1/2-y -2
O2W-H2W2:-03 0.85 2.08 2.819(7 144 1-X,-Y,-Z
C1-H1--01 0.95 2.30 | 2.818(10) 114

C1-H1-02wW 0.95 2.36 | 3.146(11) 140 1/2+x,1/2-y,-z
C8-H8 -02W 0.95 2.25 | 3.203(11) 175 x,1/2-y,1/2+z
C10-H10--01W 0.95 2.51 | 3.044(11) 116

3.3.2 Thermal analysis

The thermal (TG-DTA) studies of coordination and supramolecular polymers are important to

analyze their thermal stability and to verify the stability of the guest species within the host. The

thermal study confirms that the complex undergoes decomposition in 3 steps. The TG curve of the
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complex has shown that mass loss starts at 50 °C (Figure 8). A mass loss occured within the
temperature range 50-85 °C that corresponds to the loss of guest water molecules. In the next step,

the coordinated water molecules are released in the temperature range of 125-150 °C. The

anhydrous compound is stable up to 275 °C and it decomposes at ~350 °C.
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Figure 8. TG-DTA plot of the complex.

The DTA plot also supports the dehydration pattern of the complex (Figure 8). Two small
and broad endothermic peaks at 65° and 140°C have been observed in the DTA curve of the
complex. These endothermic peaks in the DTA curve correspond to the removal of the guest water
and the coordinated water molecules, respectively. The endothermic peak (at 140 °C) is also
indicating the conversion from the crystalline to the anhydrous state of the complex. The large
exothermic peak at 350°C corresponds to decomposition of the complex.

3.3.3 Magnetic study of the complex
The variable temperature magnetic studies have been performed in the temperature range 3-300

K. The ymvsT and ymTvsT plots of the complex are shown in Figure 9. The value of ym at 300 K is

|
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0.0037 cm®mol?, and on cooling ym value increases very slowly and reaches to 0.025 cm®mol™ at
40 K. Afterward, it increases sharply to the maximum value of 0.118 cm®mol™? at 3 K. The
susceptibility data were fitted to the Curie—Weiss law to find out the nature of magnetic interaction
present in the complex. The Curie and Weiss constants are 1.11 cm®molK and 6 = -5.496 K
respectively (Figure 10). The Weiss constant with negative magnitude indicates the presence of
antiferromagnetic interaction between Ni (I1) ions. The ymT value is 1.12 cm®mol?K at room-
temperature which is slightly lower than that expected (ymT at 300 K = 1.32 cm?® mol*K) for an
isolated Ni(ll) ion having two uncoupled spins, S = 1. The ymT value decreases monotonically
with the decrease of temperature. Upon cooling ym T value decreases slowly up to 40 K and then it
decreases very sharply with further lowering temperature and attains a value of 0.59 cm®mol K at
3K. Such a behavior is typical of antiferromagnetic interaction. The isothermal magnetization (M)
vs field (H) shows no hysteresis loop at 3K (vide Inset of Figure 10) indicating antiferromagnetic
exchange interactions between Ni(Il) centers. It may therefore be concluded that Ni(Il) centers are

coupled by antiferromagnetic interaction.
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Figure 9. Both ymvsT and ymTvsT plots of the complex.
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In order to correlate the magnetic behavior of the complex with the bridging mode of
squarate anion, we have taken into account the magnetic behavior of some previously reported
squarato-bridged metal complexes. The detailed literature survey reveals that most of the squarato-
bridged transition metal (1) complexes exhibit antiferromagnetic behavior irrespective of nature
of binding mode of the squarate ligand, presence of other blocking ligand and dimensionality of

the resultant complex.

300
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= R*=0.99961
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Figure 10. The ¥ vsT plot for the complex (Inset: M vs H plot).

Massoud et al. have reported p-12 squarato-bridged complex [Niz(TPA)2(u-1,2-
C404)(H20)2](ClO4)2{ TPA=tris(2-pyridylmethyl)amine} that show antiferromagnetic interactions
between Ni(ll) ions [37]. Xanthopoulos et al. have reported a Cu (II) containing p-12squarato
bridged complex [Cuz(SalNEt2)2(H20)(C404)]H20 {SalNEt2=N-(2-
(diethylamino)ethyl)salicylideneaminate}in which antiferromagnetic coupling between the two

Cu(Il) ions has also been observed [41]. behaviour [12, 23, 38-43]. The one and the only reported
_______________________________________________________________________________________________________________________________________|
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u-1,23-squarato bridged complex [Cus-(pmap)3(u-1,2,3-C404)](ClO4)s-2H20] {pmap = bis-[2-(2-
pyridyl)ethyl]-(2-pyridyl)methylamine} also exhibits antiferrromagnetic coupling between its
three Cu(ll) centers [46]. Castro et al. have reported p-1234-squarato bridged tetranuclear
compound [Cua(tren)s(p-1,2,34-C404)](ClO4)s complex that displays antiferromagnetic coupling
between metal centers [31]. Their result has been corroborated by different groups for other p-
1234-Squarato bridged metal complexes [44,45]. After literature survey, it can be said that the
extent of antiferromagnetic interaction depends upon the bridging fashion of the squarate ligand
and obviously the metal ions present in the complexes. In contrast, Cangussu et. al. have reported
a bi-nuclear squarato bridged [Cuz(bpcam)z(1,3-C404)(H20)4]-10H20 {where bpcam = bis(2-
pyrimidylcarbonil)amidate} complex that shows weak ferromagnetic interaction due to accidental
orthogonality in the complex [37]. Such weak to very weak ferromagnetic interaction has also been
reported for some other squarato bridged metal complexes having p-12, p-13, p-1,2,3.4 types bridging
fashions [13, 24, 37, 52]. The complex under present investigation is a p-1,23-squarato bridged
compound where a squarato dianion simultaneously binds three different Ni(ll) ions and also
exhibits antiferromagnetic behaviour following the general trend for squarato bridged metal
complexes.

3.3.4 Photoluminescence study

The emission spectra of the complex have been carried out in solid state at room temperature. The
luminescent behavior of the complex corresponds to a ligand—centered (LC) fluorescence. The
complex has shown emission maxima at 424 nm and 487 nm upon excitation at 300 nm (Figure
11). This can be attributed to the n-n* transition in the squarate and 2,2'-bipyridine ligands. The

small peak around 531 nm is possibly caused by extended n-conjugation within the ligand system.
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Figure 11. Photoluminescence spectra of the complex.
3.4 Conclusion
In conclusion, we have successfully synthesized a novel squarato-bridged 2D coordination
polymer {[Ni(squarate)(2,2'-bipy)(H20)]-H20}n where the squarato di-aninon exhibits a very rare
u-1,2,3 bridging aptitude. These 2D coordination sheets are packed via nt---w interactions leading to
the formation of 3D supramolecular structure with 1D supramolecular channels. These 1D
channels are filled with guest water molecules which get stability through hydrogen bonding
interactions. The structural study shows the presence of an unusual rare pi2,3 bridging mode of
squarato aninon in the complex and the magnetic measurements have revealed that the complex is
antiferromagnetic in nature. This is in agreement with the magnetic property of the sole previous
example of p-1.23-squarato-bridged compound. Due to the presence of m-electrons the complex
becomes fluorescence active. By providing the second example of p-123 bridging pattern of
squarato-dianion we have established that the squarate ligand exhibits versatile bridging modes
due to strong donor ability of its oxygen atoms.
Taking into account the present and large number of previous works it may be concluded

that the squarato-bridged metal complexes provide the unique opportunity to study the wide variety
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of bridging modes exhibited by the ligand and to investigate the influence of different bridging
modes on magnetic property of such systems. Finally, we have presented a new 2D coordination
polymer formed by utilizing unusual p-123 bridging pattern of squarato-dianion that exhibits

multiple functionalities: (a) acts as metal-organic supramolecular host, (b) exhibits

antiferromagnetic behavior and (c) photo-luminescent activity.
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Chapter 4
4.1. Introduction
The design and fabrication of new polymeric compounds having desired potential applications
needs self-assembly of discrete molecular units via covalent or non-covalent interactions like H-
bonding, n-x interactions, ion- & interaction etc. [1-6]. During self-assembly the discrete metal-
organic moieties connect themselves through cooperative non-covalent interactions and this leads
to formation of metal-organic supramolecular host (MOSH) [7-12]. The guest molecules get
stability in the MOSHSs through supramolecular interactions. The MOSHSs can very efficiently
release and absorb guest molecules in a controlled manner [13-14]. Depending on the design
strategy, the MOSHSs are classified in two broad categories, viz., charged MOSH and uncharged
MOSH. The uncharged MOSHs are capable of accommodating neutral guest species like simple
water clusters [15-19], whereas the cationic MOSHSs can easily accommodate anionic guest species
like chloride-hydrates [20-24]. Since the ion transportation is a very important phenomenon in
various chemical and biological processes in the living systems [25-29], several novel strategies
have been adopted for recognition and transportation of ions in the self-assembled complexes [30-
31]. The self-assembly is one of the unique approaches for construction of ion channels in cationic

MOFs. The cationic metal-organic complex formation can be realized without using any anionic

donor ligands.

Studies on water clusters in metal-organic host complexes have attracted a great deal of
attention during recent times [32-36]. On the other hand, hybrid clusters of water and other small
organic molecules or ions formed by hydrogen bonding interaction have drawn relatively less
attention. In particular, there are very few reports on experimental identification and analysis of
discrete water-chloride clusters (the hydrogen-bonded assemblies of water on crystallization and

chloride counter ions in crystalline materials) [19-24]. The hydration phenomenon of chloride ion
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has canonical importance in the field of biochemistry [37] and supramolecular chemistry.
Moreover, drug molecules are generally organic molecules and they dissolve in organic solvents
like methanol, ethanol etc. For efficient delivery of the anionic drug molecules a better
understanding of the mode of interaction of the anions with organic solvents and water is a
prerequisite. More than 70% of enzymes, substrates and cofactors are anions. Thus, more
theoretical and experimental investigations on hybrid water-chloride clusters with other organic
molecules are very essential.

In this context, we have reported previously the formation of a 2D water sheet, a helical-
water chain and water-chloride tape in chiral supramolecular complexes and supramolecular hosts
[38,39]. As a continuing effort, in this report, we have shown that a water-chloride-methanol 2D
supramolecular network can be created within the hydrophobic interlayer cavities of a dynamic
MOSH. A simple strategy that can be adopted for possible isolation of a hybrid water-chloride
system is to use a neutral ligand in synthesizing Pr (I11)-based cationic complexes. In this effort,
we have successfully synthesized a metal-organic complex [Pr(1,10-phen)2(H20)s]
Cl3(H20)(CH3OH), which includes water, chloride and methanol as guest molecules using 1,10-
phenanthroline ligand. It is expected that the chelating nature of 1,10-phenanthroline along with
its inherent m-stacking capability would integrate the discrete metal moieties at least in one
direction. The x-ray crystal structure analysis has revealed that the complex assembles into a 2D
supramolecular architecture via 7'z interactions. The complex behaves like a dynamic metal-
organic supramolecular host (MOSH). Three chloride ions, one guest water molecule and one
guest methanol molecule along with five coordinated water molecules form a unique water-
chloride-methanol hybrid 2D hydrogen bonded network and is stabilized within the hydrophobic

interlayer cavities. The most important property of the present MOSH is its breathing nature —
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when the host is heated up it expels the guest molecules and during cooling the species absorbs
the water molecules from the atmosphere. The dynamic breathing metal-organic frameworks
(MOFs) are easy to design but a dynamic supramolecular host like the present one is rarely
observed as it requires involvement of weak forces. The present work shows how weak n'*'n
stacking forces can be employed in designing host-guest frameworks and may work as effective
examples in designing new dynamic MOSHs.

4.2. Experimental

4.2.1. General

The ingredients praseodymium (I11) chloride, hepta-hydrate and 1,10-phenanthroline were
purchased from Merck Chemical Company and all other chemicals used were AR grade. The
elemental analysis (C, H and N) was carried out using a Perkin-Elmer 240C elemental analyzer.
The IR spectrum was recorded between 400 and 4000 cm™ using a Nicolet Impact 410
spectrometer employing the KBr pellet method. The thermal analysis was done with a Mettler
Toledo TGA-DTA 85 thermal analyzer under a flow of N2 (30 ml mint). The sample was heated
at a rate of 10 °C min’* with inert alumina as a reference. The photoluminescence spectra were

collected on a Shimadzu RF-5301PC Spectrophotometer. The Powder X-ray diffraction (PXRD)

patterns were recorded by using Cu-K,, radiation (Bruker D8; 40 kV, 40 mA).

4.2.2. Synthesis of complex 1 {[Pr(1,10-phen)2(H20)s]Cl3(H.0)(CH3:0H)}

To a methanolic solution of 1,10-phenanthroline (0.90 g, 0.005 mol), 5 ml aqueous solution of
PrCls-7H20 (0.93 g, 0.0025 mol) was added drop wise. The resulting solution was then filtered off
and was kept in open air. After 10 days, the light greenish yellow coloured single crystals suitable
for single crystal x-ray (SCXRD) study appeared and they were collected by filtration. Yield: 1.40

g (75% based on Pr). Anal. Calcd. (%) for C2sH32PrN4O7Cls: C, 40.15; H, 4.31; N, 7.49. Found
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(%): C, 40.02; H, 4.39; N, 7.36. IR (KBr, cm™): 3332br, 2298vw, 1627s, 1593s, 1574s, 1518s,
1421m, 1343s, 1299m, 1102m, 1091w, 863m, 846s, 772s, 722w, 635w. Amax (in MeOH) 260 nm,
324 nm (shoulder).
4.2.3 Crystallographic data collection and refinement
The suitable single crystal of the complex was mounted on a Bruker SMART diffractometer
equipped with a graphite monochromator and Mo-Ka (A = 0.71073 Z\) radiation and the data was
collected at room temperature. The structure was solved by Patterson method using the
SHELXS97 program. The hydrogen atoms were placed in idealized positions and their
displacement parameters were fixed to be 1.2 times larger than those of the attached non-hydrogen
atoms. The position of non-hydrogen atoms was refined with independent anisotropic
displacement parameters. The subsequent difference Fourier synthesis and least-square refinement
revealed the positions of the non-hydrogen atoms. The successful convergence was indicated by
the maximum shift/error of 0.001 for the last cycle of the least square refinement. All calculations
were carried out using SHELXS 97[40], SHELXL 97[41], PLATON 99[42], ORTEP-32[43] and

WinGX system Ver-1.64[44]. The data collection, structure refinement parameters and

crystallographic data of the complex 1 are provided in Table 1.

4.3 Results and discussion

4.3.1 Crystal structure of complex 1{[Pr(1,10-phen)(H20)s]Cls(H20)(CH3;OH)}

The analysis of SCXRD data has revealed that complex 1 is a neutral mononuclear compound in
which the Pr®* ion is coordinated to two different 1,10-phen ligands and five water molecules as
shown in Figurel. Each asymmetric unit contains one metal-organic moiety, three chloride anions,
one guest methanol molecule and one guest water molecule. In the present case Pr(l111) shows nine

coordination modes. The four nitrogen atoms (N1, N2, N3 and N4) of two different 1,10-phen
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ligands and five water molecules (O1W, O2W, O3W, O4W and O5W) fulfill the nine coordination

of Pr(111) through formation of a paddle-wheel shaped molecular structure.

Table 1: Crystallographic data and refinement parameters of the complex 1

Crystal Data
Formula C24H26N4OsPr, CH40, H20, 3Cl
Formula Weight 747.81
Crystal System Triclinic
Space group P-1
a[A] 8.872(3)
b [A] 9.192(3)
c[A] 18.920(6)
a[°] 88.790(5)
B[°] 84.689(5)
v [°] 69.159(5)
V [A%] 1435.7(8)
Z 2
D(calc) [g/cm®] 1.730
u(MoKa) [ /mm ] 2.027
F(000) 752
Data Collection
Temperature (K) 100
Radiation [Angstrom] MoKo  0.71073
Theta Min-Max [Deg] 1.1, 284
Dataset -11:11;-12: 12 ; -25: 24
Tot. 16947
Unig. Data 6698
R(int) 0.015
Observed data [I > 2.0 6510
Refinement
Nref, Npar 6698; 361
R 0.0276
wR2 0.0717
S 1.06
Max. and Av. Shift/Error 0.00, 0.00
Min. and Max. Resd. Dens. -0.91,1.51
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Figure 1. The ORTEP diagram of the complex 1

Some selected coordination bond lengths and bond angles are listed in Table 2 and 3, respectively.
The two 1,10-phen moieties are nearly at the trans position to each other. The Pr-N bond lengths
lie between 2.662(2)-2.723(2) A which are well within the range of other reported Pr(l11)-phen
complexes [45-48]. The lanthanide ions have high affinity to hard donor centers and ligands with
oxygen or hybrid oxygen—nitrogen atoms are the best fit for this purpose [49]. The Pr—Owater
distances are in the range between 2.448(2)-2.487(2) A (average 2.477 A), which are comparable
with those observed in other Pr¥* ion complexes with analogous ligands [48]. It is noteworthy that
the monomeric units are further connected by supramolecular hydrogen bonding and m

interactions with the guest molecules to form a 3D supramolecular structure.

Table 2: Selected bond lengths (A) of the complex 1

Bonds Bond distance Bonds Bond distance
Pri-O1W 2.4826(19) Pri-02wW 2.484(2)
Pr1-O3wW 2.487(2) Pri-O4wW 2.448(2)
Pr1-O5W 2.481(3) Pri-N1 2.709(2)

Pri-N2 2.662(2) Pri-N3 2.723(2)

Pri-N4 2.677(2)
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Table 3: Selected bond angles (°) of the complex 1

O1W-Pri-02w 70.13(8) O5W-Pr1-N3 69.76(6)
O1W-Pr1-03w 132.85(7) O5W-Pr1-N4 78.94(6)
O1W-Pr1-04w 131.25(7) N1-Pri-N2 61.66(6)
O1W-Pr1-05W 70.69(8) N1-Pri-N3 121.07(5)
OIW-Pri-N1 117.99(6) N1-Pri-N4 148.66(6)
OIW-Pri-N2 71.28(6) N2-Pri-N3 139.58(6)
O1W-Pri-N3 120.93(6) N2-Pr1-N4 139.99(5)
O1W-Pr1-N4 69.50(6) N3-Pr1-N4 61.26(5)
O2W-Pr1-03wW 72.48(6) O2W-Pr1-04wW 140.55(6)
O2W-Pr1-05W 140.40(6) O2W-Pr1-N1 73.26(6)
O2W-Pr1-N2 91.74(6) O2W-Pr1-N3 128.55(6)
O2W-Pr1-N4 82.37(6) O3W-Pr1-04w 95.90(6)
O3W-Pr1-05W 135.36(6) O3W-Pri-N1 76.02(6)
O3W-Pri-N2 137.58(6) O3W-Pr1-N3 65.66(6)
O3W-Pr1-N4 78.07(6) O4W-Pr1-05W 73.53(6)
O4W-Pri-N1 67.32(6) O4W-Pr1-N2 71.39(6)
O4W-Pr1-N3 73.85(6) O4W-Pr1-N4 133.18(6)
O5W-Pri-N1 132.31(6) O5W-Pr1-N2 81.04(6)

4.3.2 Supramolecular structure

In the present system, the monomeric metal-organic units are connected by supramolecular 7t-
interactions to from 2D supramolecular sheets and between two 2D supramolecular sheets one
guest methanol molecule, one guest water molecule and three charge neutralized chloride ions are
accumulated by self-assembly. The pyridyl ring [Cg1] of the 1,10-phen ligand in one metal-organic
unit bridges the phenyl ring [Cg5] of a symmetry [2-X, -y, 1-z] related metal-organic unit. Again,
the pyridyl ring [Cg4] of the same 1,10-phen unit interacts with another phenyl ring [Cg6] of the
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e
same symmetry [2-X, -y, -z] related unit. In this manner, the monomeric units are interlinked along
the crystallographic c-axis to form 1D supramolecular chains as shown in Figure 2. The 2D
supramolecular sheets are formed by the further connection of 1D supramolecular chains by 7***n

interactions within the ac-plane, (Figure 3). The pyridyl ring [Cg2] of one 1,10-phen unit connects

the self-complementary pyridyl ring [Cg2] of a symmetry related [1-X, -y, 1-z] nearby unit.

Figure 2. 1D supramolecular chain is formed along crystallographic c-axis by mesen  interactions
(Pr = Orange, C = Grey, N = Blue, O = Red).

3
:
3

Figure 3. 1D chains are further connected by me**nt interactions to form 2D supramolecular sheets

within ac-plane

All the 7w interaction parameters are summarized in Table 4. The 2D supramolecular
sheets are packed along the b-axis to form metal-organic supramolecular hosts (Figure 4) bearing
hydrophobic pockets lined up by the 1,10-phen ligands.
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Figure 4. Supramolecular hosts are filled up by guest molecules

These hydrophobic pockets are filled up by one water molecule, one methanol molecule
and three counter chloride ions. All these guest molecules interact with the metal-organic moieties
through hydrogen bonding interactions. Among the guest species, only CI1 is connected with the
framework by hydrogen bonding interactions as shown in Figure 5. Two chloride ions, one water
molecule and one methanol molecule form a [Cl2(H20)(MeOH)] cluster by hydrogen bonding

interactions as shown in Figure 6.

Figure 5. CI1 atom is bound to metal-organic moiety by hydrogen bonding interactions.

Page No. 78



Chapter 4

Figure 6. [Cl2(H20)(MeOH)] cluster formed by hydrogen bonding interactions.

The hydrogen bonding interactions between the coordinated water molecules and the guest species
have formed a 2D supramolecular network in the crystallographic ab-plane (Figure 7 & Figure 8).
CI1 is bound to H2W?2 of O2W water molecule and the other hydrogen atom H1W?2 is connected
with methanolic oxygen atom O1. O1 is also connected with H2W1 of O1W water molecule.

Methanolic hydrogen atom H101 is attached with CI3.

Table 4: - interactions in the complex 1.

Cagi-Cgj CgiCgj a/(°) Coi Symmetry
) . perpendicular
Cgl-Cg5 3.715(2) 1.07(13) 3.4051(11) 2-X, -y, 1-z
Cg2--Cg2 4.136(2) 0 3.5163(11) 1-X, -y, 1-Z
Cg2--Cg5 3.919(2) 1.95(13) 3.5368(11) 1-X, -y, 1-Z
Cgd-Cgd 3.703(2) 0 3.5580(11) 2-X, -y, -Z
Cgd-Cgb 3.883(2) 3.68(14) 3.5809(12) 2-X, -y, -Z
Cg5-Cgl 3.715(2) 1.07(13) 3.3901(11) 2-X, -y, 1-z
Cg5-Cg2 3.919(2) 1.95(13) 3.4800(11) 1-X, -y, 1-Z
Cg5--Cg5 3.918(2) 0 3.3807(11) 2-X, -y, 1-z
Cg6--Cgd 3.883(2) 3.68(14) 3.4788(12) 2-X, -y, -Z
Cg6-Cgb 3.850(2) 0 3.4849(13) 1-X, -y, -2

*Cgl: N1--> C1 --> C2 --> C3 --> C4--> C5 -->; Cg2: N2 --> C9 --> C8 --> C10 -->C11 -->C12 -->; Cg4: N4-->C21--> C20--

>C22-->C23 --> C24-->; Cg5: C4--> C5-->C9 -->C8-->C7-->C6-->; Cg6: C16-->C17-->C21-->C20-->C19-->C18-->
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The other hydrogen atom H1W1 is bound to atom CI2 and CI2 binds the H2W5 of O5W

water molecule. Another hydrogen atom H1WS5 is bound to CI1. This CI1 is also connected with
the H1IW4 of O4W water molecule. Second hydrogen atom H2W4 of O4W binds the CI3 atom
which is consequently bound to HIW6 of O6W. The other hydrogen atom H2W6 of O6W has
formed a bond with CI2 while CI2 is bound to H2W3 of O3W water molecule and H1IW3 of O3W
is connected with CI1, which is bound to H2W2. All these together build up a supramolecular 2D
sheet of {(H20)s-(CH3OH)-Cls}n. The hydrogen bonding association of the guest with the host

leads to the formation of a 3D supramolecular assembly of the host-guest framework (Figure 9).

All the H-bonding interactions are summarized in Table 5.

Figure 7. 2D supramolecular sheet in crystallographic ab-plane formed by hydrogen bonding
(green) interactions (C = Cyan, O = Red, H = White, ClI = Yellow).

Figure 8. 2D supramolecular water-chloride-methanol sheet containing metal ions (Pr®*) at the

center of five coordinated water molecules (C=cyan, H=white, Pr=0range, Cl=yellow, O=Red).
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Figure 9. 1D chains along c-axis are connected by hydrogen bonding interactions (yellow) through

[Cl2(H20)(MeOH)] cluster to form 3D supramolecular structure.

Table 5: Hydrogen bond dimensions of the complex 1.

D-H A D-H/A | H~A/A | D+A/A <D- Symmetry
O1IW-HIW1-CI2 0.87 227 | 3.110(3) 163 X, -1+y, 7
O1W-H2W1-Ol 0.88 191 | 2.758(5) 163 14x, -1+y, 7
O2W-HIW2-0l 0.85 1.95 | 2.769(5) 162 14X, -11y, 2
O2W-HIW206W 0.85 217 | 2.711(4) 121 14x, -1+y, 7
02W-H2W2-Cll 0.86 224 | 3.077(2) 164 14x,y,
O3W-HIW3Cll 0.88 221 | 3.092(2) 180 14, Y,
O3W-H2W3CI2 0.87 225 | 3.122(2) 179
O4W-HIW4ClI 0.89 221 | 3.098(2) 179
O4W-H2W4CI3 0.88 207 | 2.949(2) 179
O5W-HIW5-—Cll 0.82 243 | 3.156(3) 149 .
O5W-H2W5-CI2 0.82 246 | 3.276(2) 169 X, -1+, Z
O1-H101---CI3 0.86 1.98 2.444(5) 113
OBW-HIW6CI3 0.87 222 | 3.087(3) 172
O6W-HIW6 01 0.87 1.84 2.336(6) 114
O6W-H2W6---Cl12 0.86 2.32 3.176(4) 173
C1-H1--03W 0.95 2.44 3.130(3) 129 :
C11-H11-CI3 0.95 274 | 3.524(3) 140 X, -1+, Z
C13-H13--04W 0.95 2.50 3.087(3) 120 :
C19-H19--Cl1 0.95 2.80 3.744(3) 176 1-x, -y, -z
C24-H24---O1W 0.95 2.56 2.955(3) 106
C25-H25B-Cl13 1.00 2.48 2.934(6) 107
C25-H25C--Cl1 0.96 2.42 3.237(4) 143
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4.3.3 Thermal analysis
We have studied the thermal stability of the complex (Figure 10). The thermogravimetric analysis
displays a weight loss of 12.43% (calculated 13.91%) in the temperature range 40-117 °C that
corresponds to the removal of one lattice water molecule, one methanol molecule and three
coordinated water molecules. A further weight loss of 3.96% occurs between 117-257 °C
consistent with the loss of two coordinated water molecules (calculated 4.82%). The observed
weight losses are a little bit lower than the theoretical values. The slight discrepancy is due to

weight loss occurring even at lower than 40°C, illustrating the dynamic nature of the water

molecules in the solid state.

mg

Figure 10. The thermal plot of the complex 1.

4.3.4 Study on dynamic nature of the host-guest binding-removal and reintroduction of

guests

The rigid metal-organic coordination polymers have gained significant attention owing to their
huge potential applications in catalysis, adsorption and ion exchange [50-52]. However, the
flexible metal-organic frameworks are more efficient for these applications [53-56], as flexible

frameworks are very sensitive to the presence of guests and undergo structural changes depending
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upon the number and nature of the guest molecules [57-60]. The thermal study of complex 1 has
revealed that within 117 °C one guest water molecule, one methanol molecule and three
coordinated water molecules escape from the complex. Therefore, to study the nature of the
framework after evacuation of the guest water, guest methanol and coordinated water molecules
we have heated complex 1 at 117 °C for 3 hours and subsequently recorded the PXRD data of the
heat-treated sample. The PXRD analysis indicates that this heat-treated sample is crystalline in
nature. So, even after the removal of the coordinated and guest water and methanol molecules the
host retains its crystallinity. Due to heating, the peak at 9.37° (1% peak) disappears while a new
peak appears at 13.56°. Moreover, the intensity of the peak at 10.27° decreases. As the 1% peak
appears at a higher angle compared to that of the parent complex (complex 1) so it can be inferred
that upon thermal treatment shrinking occurs i.e., the supramolecular sheets come closer to each
other after heating. The PXRD pattern of this new complex matches well with the simulated XRD
pattern of [Pr(phen)2Cls,H20] (Figure 11) [61]. It may therefore be inferred that the structure of
the sample obtained by heating complex 1 at 117 °C is similar to that of [Pr(phen)2Cls,OHz]. Thus,
upon removal of guest molecules and coordinated water molecules (partly) by heating, the

supramolecular complex undergoes structural changes that leads to the formation of a new

complex having the crystal structure similar to that of [Pr(phen)2Cls,H20].

The crystalline nature of the partially evacuated complex inspired us to study the flexibility
of the complex upon heat treatment. So, this partially evacuated complex was kept in open air.
After 14 days, a light green crystalline solid (complex 1a) was collected and the PXRD pattern of
complex la was recorded. The PXRD pattern shows that the peak at 9.37° reappears which
indicates that the heated complex absorbs water from air and water molecules enter between the

2D supramolecular metal-organic sheets and this in turn has expanded the channels between the
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sheets. There are some notable dissimilarities between the PXRD patterns of complex 1, complex
l1a and the partially dehydrated complex. For complex 1a the intensity of the peak at 10.27° has
diminished and the highest peak has been found at 11.27°. Thus, it can be concluded that due to
soaking of water a new phase has been generated. All the PXRD patterns are presented in Figure
11. The results of PXRD study on complex 1, complex 1a and the partially dehydrated complex

have clearly revealed that the MOSH under investigation exhibits ‘shrinking and expanding

ability’upon evacuation and reintroduction of guest molecules.

b
_LLAU.__\‘AMW
L | T T T T T T T T T T 1
5 10 15 20 25 30 35 40

20 (degree)

Figure 11. PXRD patterns of the complexes: (a) simulated pattern of complex; (b) PXRD pattern
of the as synthesized material; (c) PXRD pattern of the specimen obtained after removal of guest
molecules; (d) simulated pattern of compound reported by M. Khorasani-Motlagh et.al.; () PXRD

pattern of the compound after re-absorption of water.

We have examined the thermal behavior of complex 1la (Figure 12). According to Figure
10 and Figure 12 thermal behavior of complex 1 and 1a is different up to 250 °C but it is nearly
similar above 250 °C. This difference is due to the fact that complex 1 contains methanol and water
as guests along with the coordinated water molecules while complex la does not have any

methanol molecule. The similarity of thermogravimetric curves of complex 1 and 1a indicates that
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the main structural pattern of the MOSH remains more or less same upon evacuation and

reintroduction of guest molecules.

=]
1z
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.
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Figure 12. Thermal plot of complex 1a.
4.3.5 Temperature and heating time dependent PXRD Studies

In order to investigate the mechanism of structural transformation, we have heated complex 1 at
different temperatures and for different time duration at a fixed temperature and we have recorded
PXRD patterns of the samples obtained after heating (Figures 13 and 14). We have heated the
sample at 75, 100 and 120 °C for 1 hr in each case and recorded the PXRD pattern of these heated
products. The changes occurred in the PXRD patterns are shown in Figure 13. The PXRD analysis
reveals that upon heating at 75 °C the 1% peak shifts toward higher angle (at 9.67° from 9.43°) and
a new sharp peak appears at 13.50° along with the changes in other peaks. The PXRD pattern
obtained after heating complex 1 at 120 °C is distinctly different from all previous phases. We
have recorded the PXRD pattern of the sample after heating it at 120 °C for 40 min, 80 min and
120 min. No significant change has been observed in these PXRD patterns (Figure 14). It may
therefore be concluded that with the increase in heating temperature the structural transformation
proceeds in stepwise manner through gradual removal of guest molecules. Moreover, upon heating

at 120 °C for a certain time the guest water molecule, methanol molecule and three coordinated
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water molecules get released from the host framework and so a new phase has been produced and

no further change occurs.

10 ' 15 ' 20 25 30
20 (degree)

Figure 13: PXRD patterns (a) black: simulated pattern, (b) deep gray: as synthesized pattern, (c)
royal: after heating at 75 °C, (d) wine: after heating at 100 °C, (e) orchid: after heating at 120 °C,

(F) orange: after rehydration.

(c)
(b)
(a)
lIO ' ll5 ' 2|0 ' 2|5 ' 3'0
20 (degree)

Figure 14. PXRD patterns (a) black: after heating for 40 min, (b) deep gray: after heating for 80
min, (c) pink: after heating for 120 min at 120 °C.

4.3.6. Photoluminescence study

For praseodymium (I11), there are three possible emitting f-states, e.g., 3Po, D2 and *G4. However,
in solution transitions take place from two excited states (3Po and 1Dz) [62], and from three excited
states (°Po, D2 and 'Ga) in solids [63-65]. Moreover, Pr®* also emits efficient ultraviolet 5d-4f-
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luminescence [80-83] and this transition is used for the fluorometric determination of Pr* in

solutions [65-67].

The emission spectra of complex 1 in solid state are depicted in Figure 15. It is showed of
four emission peaks: an intense peak due to *Po—>Ha transition appears at 484 nm, the weak
3Po—3Hs transition peaks appear at around 505nm, a complex band system appears in range of
558-670 nm which include the 'D2—3H4 transition (572 nm), 3Po—3Hs (592 nm) and *Po—°F>
(672 nm) transitions, and the weak peak for *Po—3F34 emission at around 719 nm. The n-n*
transition of 1,10-phen appears in the wavelength region of 340-420 nm with a broad band around
384 nm, which can be attributed to the phosphorescence of 1,10-phen [68]. The appearance of such

a phosphorescence band at room temperature is a very rare case and it indicates the presence of

stable triplet state in 1,10-phen.

1000 Complex 1

B0

601

Intensity(a.u)

401

200 4

0 T T T T T T T T
300 350 400 450 500 550 GO0 650 TO0

Wavelength(n.m)

Figure 15. Photoluminescence spectra of the complex 1.
The emission spectrum of complex 1a (Figure 16) is quite similar to that of complex 1. It
shows an intense *Po—>Ha4 transition at 486 nm, a very weak peak at 500 nm for *Po—3Hs

transition. A set of peaks with small intensity are also observed within the wavelengths range of

____________________________________________________________________________________________________________________________________|
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567-670 nm that includes the *D2—3Ha transition (567 nm), 3Po—3Hs transition (594 nm) and
3Py—3F2 (668 nm) transition. The n-n* transition of 1,10-phen appears in the wavelength region
of 330415 nm with a broad band around 385 nm, which can be assigned to the phosphorescence

of 1,10-phenanthroline. Thus, the photoluminescence property of complex 1 and 1a is similar in

nature.

1000 4 Complex 1a

K00 S

600

Intensity(a.u)

400 S

200

0 L L] ] ] L] L] ] ]
300 350 400 430 500 550 600 650 70O

Wavelength(n.m)

Figure 16. Photoluminescence spectra of complex 1a.

4.3.7 Theoretical study

We performed an ab initio geometrical optimization of the H-atom positions at the MP2 level of
DFT theory with the 6-31**G(d,p) basis set by freezing the positions of the heavy oxygen atoms
for a quantitative understanding of the stability of the water-chloride-methanol cluster. All
calculations have been implemented with the GAUSSIAN-03 package [69]. We have performed
the calculation with one motif made of six water-one methanol-three chloride, [(H20)s-(CH3OH)-
Cls]»* (Figure 17) as it is the basic repeating unit of the whole water—chloride-methanolic sheet.
We consider the stabilization energy of the cluster association having n number of water molecules

(En-mer) to be equal to En-mer - (NEmonomer) and a similar approach has been adopted for chloride ion

____________________________________________________________________________________________________________________________________|
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and methanol molecule. The monomeric energy was calculated by optimizing a single H20

molecule, methanol molecules and chloride ion at the same level of the theory.

Table 6: MP2 optimized coordinates of Water-Chloride-Methanol Cluster.

Atom X Y Z
Cl 0.000000 0.000000 0.000000
Cl 0.000000 0.000000 4.790300
Cl 4.908650 0.000000 -1.067567
0 -1.777013 -0.492141 2.488733
H -1.272554 -0.355537 1.770198
H -1.248166 -0.349620 3.180442
@) -2.880876 -1.282195 -0.131061
H -2.316511 -0.688270 -0.198843
H -3.325427 -1.553869 -0.768548
O 2.095533 0.879590 -2.097141
H 1.502809 0.632180 -1.498664
H 2.879301 0.635822 -1.803043
@) 2.043466 -2.240235 4.212969
H 1.529468 -1.549978 4.352830
H 1.578920 -2.959502 4.327755
0] 4.387017 0.086101 1.997369
H 4.342674 0.049008 1.133701
H 3.571419 0.049353 2.314898
0] 4.410427 -0.989169 4.640174
H 3.617378 -0.761061 4.444437
H 4.436926 -1.427020 5.378963
@) 2.080126 -0.013873 3.506147
H 1.876618 0.343005 4.260081
C 1.741797 0.859306 2.590359
H 2.284056 1.597503 2.627226
H 0.799011 1.165570 2.755834
H 1.619334 0.416453 1.752358
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The basis set superposition error (BSSE) was taken into account following the counterpoise
method in the calculation of stabilization energy. The corrected stabilization energy of the [(H20)s-

(CH30H)-Cl3]»* was found to be -1949.427Kcal mol* for the complex 1. The MP2 optimized

coordinates of water—chloride-methanol cluster for the complex 1 is given in Table 6.

Figure 17. [(H20)s-(CH3OH)-Clz]«* building motif of the 2D supramolecular sheet used for MP2
optimization.

4.4 Conclusion

In this work, we have shown that hybrid water chloride system can be incorporated in a Pr (I11)-
based complex synthesized by using a neutral ligand 1,10-phenanthroline. The cationic complex
[Pr(phen)2(H20)s]*" has been stabilized by the counter chloride anions. The 2D sheets are formed
within the ac-plane by using the z**m interactions between 1D supramolecular chains formed by
connecting the monomeric units. These 2D sheets are further packed by n**'x interactions to form
the MOSH having hydrophobic pockets in which guest water, chloride and methanol are stabilized
through weak interactions. The hydrogen bonding interactions among coordinated water along
with the guests form a unique 2D supramolecular water-chloride-methanol sheet. The guest

responsive hydrophobic pockets between 2D supramolecular sheets are flexible in nature. The
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MOSH can shrink and readjust itself with the retention of crystallinity upon the expulsion and
introduction of guest species. It also regains its original shape upon reabsorption of guest species.
The present system thus behaves like a dynamic supramolecular metal-organic host which can
breathe upon heating and cooling with simultaneous aquation. This dynamic nature is due to the
strong affinity of the host towards the guest molecules. The coordination tendency of the Pr(ll)
ion and the self-assembling tendency of water-chloride and methanol stabilize the system and these
are responsible for the affinity of the host towards the guest molecules. The unique hydrogen
bonded network of water-chloride and methanol molecules obtained in the present crystalline host
will enhance our knowledge on the water-anion assembly and further work may help to understand
how water-chloride and methanol may behave in biological processes like chloride ion
transportation. In summary, the present crystal structure is a very interesting example of dynamic
supramolecular metal-organic host and will act as a guide in the design of further metal-organic

host systems — where metal coordination tendency towards water molecules and anion-water self-

assembling tendency can be utilized.
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5.1 Introduction
In the family of multinuclear metal complex, the di-, tri- and polynuclear Cu(ll) complexes have
drawn special attention for few decades due to their structural diversity, distorted coordination
geometry, simple electronic configuration as well as their application in the field of magnetism,
catalysis, biochemistry, medicine and sensing [1-17]. Plethora of examples of multinuclear metal
complexes is available in the literature [1-25]. It is noteworthy that judicious selection of the metal
ions, bridging and also terminal ligands is indispensable for rational design of multinuclear metal
complexes with specific physicochemical properties [26-28]. Bridging ligands with potentially
active oxygen or nitrogen donor atom such as phenoxo [1-4, 10], azido [5], oxo/alkoxo [6, 7, 21,
22], sulfato [11], dicyanamide [12], hydroxo [1, 10, 16, 20], oxalato [14, 23-25, 29-38],
carboxylate [4, 39-44] etc., have been widely used to synthesize multinuclear homo- and hetero-
metallic Cu(ll) complexes. Again, oxalato dianion is a very attractive bridging ligand for
synthesizing a diverse type of homo- and hetero- metallic Cu(ll) complexes with interesting
physical and chemical properties (magnetic, optical and catalytic) [23-25, 36-38]. In this context,
we have used the oxalate ligand in combination with 1,10-phenanthroline to synthesize a Cu(ll)
complex to explore the possible catalytic activity.

Synthesis of inorganic-organic hybrid catalysts for the selective production of organic
compounds is of paramount importance in the field of synthetic and industrial chemistry [45]. In
literature, numerous transition metal based complexes are reported with their several important
catalytic activities based on several organic transformations and product selectivity. In this context,
Cu(I1) complexes have emerged as potential candidates for synthesis of organic molecules because
of their very good catalytic activity in catechol oxidation, sulfoxidation, alkene oxidation,

epoxidation, condensation, atom transfer radical addition, olefin aziridination etc. under both
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homogeneous and heterogeneous conditions [45-48]. The catalytic efficiency and product
selectivity of these complexes can also be tuned effectively by varying the ligand environment
around the metal center and reaction conditions [49-52].

Various oxygen containing value-added products like alcohols, aldehydes, ketones, and
epoxides can be developed through oxidation of olefins, which is an extremely important and
useful reaction in both chemical and pharmaceutical industries [45,53-55]. Epoxide is considered
as the most important product of olefin oxidation reaction because of their widespread applications
in the production of epoxy resins, paints, perfumes, surfactants, pharmaceuticals and polymers.
Further, epoxides act as a mediator in many organic syntheses and epoxidation of olefins is the
key step in several organic synthesis and biological processes [56-65]. The traditional procedure
for epoxidation of olefins using conventional oxidizing agents like H202, peracids, atmospheric Oz
suffers from very low conversion percentage and also lead to the formation of undesirable side
products, which are sometimes very difficult to separate. Thus, finding the catalytic materials
capable of producing epoxide by the oxidation of olefins with high selectivity is of immense
importance from synthetic as well as industrial viewpoints. In this context, transition metal-based
coordination complexes have emerged as a viable alternative to environmentally hazardous
reagents abundantly used in both homogeneous and heterogeneous catalysis.

Under this background, herein we report the synthesis, characterization and selective
catalytic activity of a binuclear Cu(ll) complex [Cuz(oxalate)(1,10-phen)2Clz] synthesized by
using hydrophilic oxalate ligand to bridge the metal centers and the hydrophobic 1,10-phen as the
blocking ligand to prevent the formation of infinite architecture. This Cu-based binuclear complex

shows selective catalytic behavior with very good yield for the oxidation of alkenes to their

Page No. 99



Chapter 5
corresponding epoxides e.g., 100% selectivity with 70% conversion for epoxidation of cis-
cyclooctene.

5.2 Experimental

5.2.1. Materials and methods

The copper (I1) chloride dihydrate (99 %), oxalic acid (99.9 %) and 1,10-phenanthroline (99.9 %)
were bought from Sigma Aldrich and used as received without any further purification. Sodium
carbonate (99 %) and all other chemicals (AR grade) were got from Merck India and used as
received. A Perkin- Elmer 240C elemental analyzer was employed to carry out Elemental analysis
(C, H, N). The thermal analysis was performed using a Mettler Toledo TGA-DTA 85 thermal
analyzer under a flow of N2 (30 ml min). The sample was heated at a rate of 10 °C min* using
inert alumina as a reference. IR study was done on the Nicolet Impact 410 spectrometer between
400 and 4000 cm?, using the KBr pellet method. A Perkin Elmer Lambda 365 UV-vis
spectrophotometer was used to record the UV-vis absorption spectrum of the sample.
Photoluminescence spectrum of the sample was recorded by the Shimadzu RF-5301PC
spectrophotometer. The cyclic voltametric measurement on the sample was carried out using
Epsilon Basi-C3 Cell instrument at a scan rate of 100 mV s within potential range of 0-1.80 V
with 1.0 x 103 M of complexes in acetonitrile solution deoxygenated by bubbling argon gas.
Further, 0.1 M tetrabutylammonium perchlorate (TBAP) was taken as a supporting electrolyte.
The working electrode was a glassy-carbon disk (0.32 cm?) which was washed with absolute
acetone and dichloromethane, polished with alumina solution and positively dried in air before
individual electrochemical run. The Ag/AgCl was used as the reference electrode and Pt was used
in the counter electrode. All experiments were done at standard electrochemical cells at 25 °C. The

EIS-MS was recorded with the help of Qtof Micro YA263 mass spectrometer. The powder X-ray
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diffraction (PXRD) pattern was collected at room temperature (22 °C) on Bruker D8 Advance
Diffractometer using CuKa radiation having wavelength 1.5418 A. The generator voltage and

current were set at 40 kV and 40 mA, respectively. The PXRD data was collected within the 20

range of 5°- 60° with a scan speed of 1 s/ step and step size of 0.02°.
5.2.2 Synthesis of the Complex

At first, 0.5 mmol oxalic acid (0.04501 g) was dissolved in 10 ml distilled water and neutralized
by aqueous solution of sodium carbonate to adjust the pH at 8.0 and 1.0 mmol of 1,10-
phenanthroline (0.1802 g) was dissolved in 10 ml methanol separately. These two solutions were
mixed together and stirred for 15 min at room temperature. Then the CuCl2-2H20 (0.1704 g, 1.0
mmol) was dissolved in 5 ml distilled water and added to the previous solution. The resultant
mixture was stirred at room temperature for 30 min. The whole mixture was then refluxed for 1
hour at 80°C. It was then allowed to cool down to room temperature and kept in undisturbed
condition for 2 hours. A very small amount of precipitate formation was observed. Afterwards,
the precipitate was filtered off and green colored filtrate was kept in undisturbed condition. After
a few (2-3) days, the block shaped green colored crystals suitable for single crystal x-ray structural
study were obtained and these were separated and dried. Yield 79%. Anal. Calc. for
C26H16CI2Cu2N404: C, 48.2; H, 2.5; N, 8.6. Found: C, 48.5; H, 2.4; and N, 8.5%. Selected IR bands

(KBr pellet, cm™): v (O-H) stretching 3445 (m); v (CO) 1506 (m), 1524 (s), 1483 (s), 1445 (w).

5.2.3 Crystallographic data collection and refinement

Suitable single crystal of the complex was mounted on a Bruker SMART diffractometer equipped
with a graphite monochromator and Mo-Ka (A = 0.71073 A) radiation. The structure was solved

by Patterson method using SHELXS-97 program. Subsequent difference Fourier synthesis and

Page No. 101



Chapter 5
____________________________________________________________________________________________________________________________________|
least square refinement revealed the positions of the non-hydrogen atoms. Non-hydrogen atoms

were refined using independent anisotropic displacement parameters.

Table 1: Crystallographic data and refinement parameters of the complex

Formula C26H16CI12Cu2N4O4
Formula weight 646.43
Crystal System Monoclinic

Space group P21/n (No. 14)
a(A) 8.631(5)
b (A) 11.927(7)
¢ (A) 11.779(7)
B(°) 100.223(9)
V (A3 1193.3(12)
z 2
D(calc) (g/cmq) 1.799
w(Mo Ka)(mm) 2.050
F(000) 648
Crystal Size (mm) 0.12 x 0.12 x 0.48
T (K) 100
L [A] Mo Ko 0.71073
Theta Min-Max [°] 2.4-25.3
Dataset -10:10;-14: 14 ;-14: 14
Total, Unique data 10723, 2140
Rint 0.093
Observed data 1392
Nref, Npar 2140, 172
R 0.0517
wR2 0.1092
S 0.94
Max. and Av. Shift/Error 0.00, 0.00
Min. and Max. Resd. Dens. -0.52, 0.53

w = 1/[s2(Fo2) + (0.0949P)2] where P = (Fo2 + 2Fc2)/3
Hydrogen atoms were placed in idealized positions and their displacement parameters were fixed
to be 1.2 times larger than those of the attached non-hydrogen atoms. Successful convergence was

indicated by the maximum shift/error of 0.001 for the last cycle of the least squares refinement.

|
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Analysis of single crystal X-ray data were carried out using SHELXS-97 [66], SHELXL-97 [67],
PLATON-99 [68], ORTEP-32 [69] and WinGX system Ver-1.64 [70]. Data collection, structural
refinement parameters and crystallographic data of the complex are provided in Table 1. Some

selected bond lengths, bond angles and weak interaction parameters are summarized in Table 2.

Table 2: Some selected bond lengths (A) and bond angles (°) of the complex.

cul-Ccll 2.287(2) Cul-01 2.215(4)
Cul-02 1.999(4) Cul-N1 2.019(5)
Cul-N2 2.050(5) Cl1-Cul-01 110.69(10)
Cl1-Cul-02 94.40(11) Cl1-Cul-N1 96.36(14)
Cl1-Cul-N2 142.72(14) 01-Cul-02 80.75(14)
01-Cul-N1 90.42(16) 01-Cul-N2 106.56(16)
02-Cul-N1 167.98(17) 02-Cul-N2 92.78(17)
N1-Cul-N2 81.87(19)

5.2.4 Computational Methodology

All theoretical calculations were performed with the Gaussian 09W software package [71]
employing the analytical gradient methods of DFT with Becke’s three parameters (B3) exchange
functional [72] and the Lee-Yang-Parr (LYP) nonlocal correlation functional (symbolized as
B3LYP) [73]. For C, H, N, O and Cl atoms the 6-311++G (d,p) basis set was used while for the
Cu atom LanL2DZ basis set was adopted. The ground state (So) geometries were fully optimized
using the default criteria of the respective program in both the gaseous phase and solution phase
with acetonitrile as solvent. Frequencies were calculated on the optimized geometries and the
character of the stationary point was evaluated by doing a normal mode analysis, where all the

vibrational frequencies have been found to be positive, which confirms that the optimized structure
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is at one of the minima of the potential energy surface. Orbital analysis has been performed using

GaussView and the MO composition analysis was carried out with Gausssum program [74].

5.2.5 Catalytic reaction methodology

The catalytic reactions were done in a glass batch reactor as per the following procedure. 5 mmol
of substrate, 2 mg catalysts (i.e., 0.062% of mole of the substrate) and 5 ml solvent and were first
mixed. The mixture was then equilibrated to the desired temperature in an oil bath. After addition
of 30% hydrogen peroxide (10 mmol), the reaction mixture was stirred continuously. The reactions
were performed in open air. Varian 3400 gas chromatograph equiped with a 30 m CP-SIL8CB
capillary column and a flame ionization detector were employed to quantify the reaction products
were (GC data) and identified by Trace DSQ Il GCMS equipped with a 60 m TR-50MS capillary
column. The oxidation products have been identified by comparing their retention times with those

of available pure samples.

5.3 Results and Discussion

5.3.1. Molecular and supramolecular structure of the complex

Single crystal X-ray diffraction (SCXRD) analysis revealed that the complex crystallizes in
achiral P21/n space group. The asymmetric unit contains one Cu?* ion, one coordinated CI-ion,
one phenanthroline ligand and half of oxalate moiety. The ORTEP diagram is presented in Figure
1. The metal center exhibits five coordinated distorted square pyramidal geometry with t value of
0.42 [75]. Two nitrogen atoms (N1 and N2) of phenanthroline ligand, one oxygen atom (02) of
the oxalate ligand and the chloride ion (CI1) constitute the basal plane while the other oxygen atom
(O1) of the oxalate occupies the axial positions. Here, the oxalate ligand acts as a bridge between
two metal centers, on the other hand, the hydrophobic 1,10-phen acting as blocking ligand prevents

the formation of an infinite chain and in consequence the binuclear-complex formation takes place.
|
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The oxalate acts as both bridging ligand as well as chelating ligand. Using two oxygen atoms of
two different carboxylato groups, oxalate binds one metal center in syn-syn fashion as a chelating
ligand and using two oxygen atoms of the same carboxylato groups, it bridges between two metal
centers in anti-anti binding mode. Wang et al., have reported a similar structure with P21/c space
group and distorted trigonal bipyramidal geometry while our complex crystallizes in P21/n space
group and its Cu(ll) centers show square pyramidal coordination geometry [76]. Further, the
structural parameters and packing behavior of the present complex is different from those reported
earlier. The molecular structure of this compound is similar to [(bpy)2Cu2(C204)Cl2]-H20 where
the complex has a guest water molecule while the complex under investigation is devoid of any
water molecule [77]. It has been reported that in [(bpy)2Cu2(C204)Cl2]-H20, Cu atom exhibits
square pyramidal coordination where two nitrogen atoms of one 2,2"-bypyridyl and two syn
oxygen atoms of oxalate moiety constitute the basal plane while chloride ion occupies the apical
position. Here, the oxalate ion acts as bridging ligand and 2,2"-bypyridyl serves as blocking ligand.

Although for both complexes, Cu atom exhibits square pyramidal coordination, there are distinct

differences in constitution of the basal plane, apical position and bridging mode.

Figure 1. ORTEP diagram of the complex
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The Cu-N bond distances are in the range of 2.019 - 2.050 A, Cu-O bond distances are in

the range of 1.999 - 2.215 A and Cu-Cl bond distance is ~ 2.287 A. All other coordinated bond
distances and bond angles are provided in Table 2. The supramolecular C-H---Cl (C1-H1:--ClI1)
and C-H---O (C8-H8---01) hydrogen bonding interactions connect each molecular unit to form
3D supramolecular structures (Figure 2 and Figure 3). ©- @ interactions among the aromatic rings
of phenanthroline moieties also facilitate the 3D supramolecular structure formation, as shown in

Figure 2 and Figure 3. All the hydrogen bonding and =---m interactions are summarized in Table 2

and 3, respectively.

Figure 2. 3D supramolecular structure of the complex formed by C-H---Cl and C-H---O hydrogen

bonding interactions.

Table 2: Hydrogen bond dimensions of the complex.

D-H A D-H |H~AMA) |D~A(A) |<D-H+A |Symmetry

©)
C5-H5+-02 |0.95 |260 3.460(7) 151 “1/2+x,1/2-y,1/2+7
C10-H10--CI2 | 0.95 |281 3.629(6) 145 1/2-x,1/2+y,3/2-Z
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Figure 3. 3D supramolecular structure is formed by n- -7 interactions among the phenanthroline

rings.
Table 3: n--- interactions of the complex
Cqi---Cgj Cqi---Cgj Dihedral angle between Symmetry
distance/(A) Planes | and J [o (°)]

Cg2--Cg5 3.712(4) 3.3(2) -X,1-y,2-z
Cg2Cgb 3.853(4) 25(2) X,1y,2z
Cg4Cg5 3.973(4) 17.03) ~1/2-x,-1/2+y,3/2-2
Cg4-Cg5 3.819(4) 4.5(3) X,1-y,2-2
Cg5+Cg2 3.712(4) 3.3(2) -X,1-y,2-7
Cg5Cgd 3.973(4) 17.0(3) -1/2-x,1/2+y,3/2-z
Ca5Cgd 3.819(4) 4.5(3) x1y,2-2
Cgd-Cg5 3.973(4) 17.0(3) -1/2-x,-1/2+y,3/2-z
Cgd--Cg5 3.819(4) 4.5(3) X,1-y,2-2
CglCg5 4.267(4) 71.3(2) X,y,Z

Cg2Cg2 4.539(4) 0 -X,1-y,2-z
Cg3Cg5 4.267(4) 71.3(2) x1y,1-2
Cg5Cg5 4.208(4) 0 -X,1-y,2-z
Cg5-Cgb 3.552(4) 0.8(3) X,1-y,2-2
Cg6Cg2 3.853(4) 2.5(2) -X,1-y,2-7
Cg6Cg5 3.552(4) 0.8(3) X,1-y,2-2
Cg6-Cgb 4.405(4) 0 -X,1-y,2-7
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5.3.2 PXRD and Thermal investigation

The phase purity of the bulk sample was examined by PXRD study. The PXRD pattern of the
complex matches well with the X-ray diffraction pattern simulated from the SC-XRD data (Figure

4),

X-ray powder diffraction pattern

__L.lll-l:.._.- i

L T T T T =

—— Simulated pattern

Intensity (a.u.)

10 20 30 40 50 60
20 (degree)

Figure 4. Powder X-ray diffraction pattern of the complex along with and simulated pattern
obtained from SCXRD data

Thermogravimetric analysis (TGA) for coordination and supramolecular polymers are very
important to analyze their thermal stability. The TGA curve of the sample (Figure 5) reveals that
it is stable up to 230°C. A very few amounts of weight loss (<1%) below 100°C can be attributed
to the loss of absorbed moisture. The complex gradually decomposes in stepwise fashion within
the temperature range of 230 and 900 °C due to the successive loss of coordinated moieties such
as ClI ions, bridging oxalate ligand and phenanthroline (theo: 78%, exp: 91%). The final black

residue after decomposition of the complex is probably the anhydrous copper oxide.
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Figure 5. Thermal plot of the complex

5.3.3 Cyclic voltametric investigation

The cyclic voltammogram of the complex in acetonitrile is reversible in nature with E12 ~ 27 mV
and AEp = 206 mV. The E12 ~ 27 mV corresponds to one electron transfer process in the Cu'"!
redox couple. It is already reported that strongly electronically coupled systems can display
surprisingly high AEp value in cyclic voltametric study [78]. Hence, the large AE; value implies
that, in the present complex, two redox active copper centers are strongly electronically coupled
to each other by the bridging oxalate dianion ligand. The reversibility of the redox process suggests

that the basic geometry around the copper center remains intact during the redox event (Figure 6).

16
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<
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Figure 6. CV plot of the complex
____________________________________________________________________________________________________________________________________|
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5.3.4 Spectral studies

The electronic spectra of the complex were recorded at 300 K in acetonitrile medium. The UV-
Vis spectra (Figure 7) exhibit a peak at 270 nm (molar extinction coefficient (£):39800Mtcm™)
that can be attributed to the n-t* transition within the 1,10-phenanthroline ligands. The absorption
peak at 344 nm (e: 7950 Mtcm™) is due to the charge transfer from 1,10-phenanthroline ligand to
Cu(l1) metal ion. The absorption spectra also shows a broad band around 720 nm (s: 3060 Mtcm"

1 which can be assigned to the d-d transition.

1.00
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Figure 7. UV-Vis spectra of the complex in acetonitrile medium
The emission spectra of the complex have been studied in solid state at 300 K. The complex
shows emission maxima at 451 and 480 nm upon excitation at 340 nm (Figure 8) and this can be
attributed to the m-n* transition in the aromatic n-rings of 1,10-phenanthroline ligands. The small
peak around 522 nm is possibly caused by extended m-conjugation within the ligand system. The
luminescent behavior of the complex corresponds to a ligand-centered (LC) fluorescence.
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Figure 8. Photoluminescence spectra of the complex in solid state.

The emission spectra of the complex have been studied in acetonitrile medium. Upon
exciting at 344 nm, the emission spectra show maxima at 405 nm and 430 nm (Figure 9) due to
the n-n* transition in the aromatic z-rings of 1,10-phenanthroline ligands. Hence, in the solution
phase a blue shift of the peaks is observed but the emission spectra of the complex are almost
similar in nature in both solid state and solution phase. Thus, it may be inferred that the basic

structure of the complex remains unchanged in solvent phase.
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Figure 9. Photoluminescence spectrum of the complex in acetonitrile medium
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5.3.5 Study of ground state structure and molecular orbitals
We have optimized the molecular structures of the complex at electronic ground state (So) in both

gaseous state and in acetonitrile solvent. The geometry optimized structures of the complex

computed both in the gaseous and in solution phases are presented in Figure 10.

E(RB3LYP) =-78468.8089 eV E(RB3LYP) =-78470.3405 eV

(a) (b)

Figure 10. Ground state optimized geometries and coordination environment of the complex in
(a) gaseous phase and (b) solution state with acetonitrile as solvent.

Some selected optimized geometrical parameters (bond lengths and bond angles) of the
complex are summarized in Tables 4 and 5. In the optimized structures, both the Cu(ll) centers of
the complex show five coordinated distorted square pyramidal geometry. In the optimized
structures, two oxygen atoms of two different carboxylate groups of oxalate ligand along with one
Cl atom and one of the two N atoms of phenanthroline ligand constitute the basal plane whereas
the remaining N atom of phenanthroline ligand occupies the axial position. On the other hand, in
the crystalline molecular structure of the complex two N atoms of phenanthroline ligand, one
oxygen atom of the oxalate ligand together with one Cl atom form the basal plane and another
oxygen atom of a different carboxylate group of the oxalate ligand is in the apical position.
Although the calculated structure and the crystal structure are geometrically same in nature (square

pyramidal), the dissimilarity in position of atoms within the metallic coordination environment
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and different degree of distortion among them leads to apparent mismatch between the bond angles

and bond lengths of these molecular structures.

Table 4: Some selected calculated bond distances of the complex.

Bond distances (A)
Bond Gas phase In acetonitrile | Bond Gas phase | In acetonitrile
Cul-CI2 2.2975 2.3668 Cu31-028 2.0277 2.0189
Cul-N5 2.0632 2.0241 Cu31-04 2.0824 2.1198
Cul-N6 2.2993 2.2441 Cu31-CI32 2.2887 2.3667
Cul-030 | 2.0894 2.1199 Cu31-N33 2.0595 2.0242
Cul-03 2.0320 2.0190 Cu31-N34 2.3209 2.2443
Table 5: Selected calculated bond angles for the complex
Bond angles (°)

Bond angle Gas phase | Inacetonitrile Bond angle Gas phase | In acetonitrile
ClI2-Cul-030 | 146.9696 145.2403 ClI32-Cu31-04 | 152.9230 145.3056
CI2-Cul-N6 | 109.5029 111.7906 04-Cu31-N34 94.1315 102.9483
N6-Cul-0O30 | 103.3660 102.9679 N33-Cu3l-CI32 | 93.2414 94.9743
N5-Cul-Cl2 | 93.4563 94.9940 028-Cu31-CI32 | 96.8047 92.9660
03-Cul-Cl2 | 97.3419 92.9607 N33-Cu31-04 89.7659 91.6670
N5-Cul-N6 77.0682 79.1260 028-Cu31-04 81.6359 81.0416
03-Cul-N6 97.2088 99.0903 N33-Cu31-N34 | 76.8491 79.1233
N5-Cul-030 | 90.6772 91.6631 N34-Cu31-028 | 98.4334 99.1072
03-Cul-030 | 81.4302 80.0391 N34-Cu3l-CI32 | 112.7623 111.7449

Some selected frontier orbitals of the complex optimized in both the gaseous and solution

phases are shown in Figure 11. The HOMO-LUMO energy differences are 1.03 eV and 1.02 eV

for the structures optimized in gaseous phase and in solution phase, respectively. For MO
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composition analysis the contributions from five fragments viz., Cu, phenl, phen2, Cl and oxalato
have been considered. The energies of the orbital and each fragment contribution from in terms of
atomic orbital contribution to the frontier molecular orbital (MO) are listed in Table 3. For the
HOMOs and LUMOs of the complex in both gaseous and solution phase, the degree of

contribution coming from the p-orbitals of the C atoms in phenanthroline moieties, d-orbital of Cu

atom, Cl and oxalato is significantly different.
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Figure 11. Schematic diagram showing the selective frontier molecular orbitals for the

complex in (a) gas phase and (b) solution state with acetonitrile as solvent.

5.3.6 Catalytic activity

The complex contains five coordinated - coordinatively unsaturated Cu-centers and thus the
complex was been used for the Lewis acidic catalysis reaction under homogeneous conditions.

Catalytic activity of the complex was assessed by studying the oxidation reaction of alkenes. In
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this study, cis-cyclooctene was selected as the model substrate to optimize the catalytic oxidation
reaction conditions using H202 as oxidant. The catalytic oxidation of cis-cyclooctene produces the
corresponding epoxide as the sole product in acetonitrile solvent with H202 at 50 °C (Scheme 1).
The same experiment was performed without using H202 as oxidant keeping all the reaction
parameters unchanged. The outcomes of the control experiments indicate that the presence of both
the catalyst and oxidant are essential for the oxidation reaction. The oxidation of cis-cyclooctene
in the absence of H202 does not occur and also in absence of the catalyst, trace amount of desired
product was formed. Again, the same experiment was done in presence of CuClz using H20: as
oxidant in both methanol and acetonitrile medium. These experiments result very low conversion
rate of cis-cyclooctene to the product suggesting very mild catalytic activity of CuClz in the
epoxidation reaction. Effects of solvent, oxidant, the ratio of oxidant/substrate and the temperature

were also studied to find the most suitable reaction conditions to achieve the maximum conversion

of cis-cyclooctene.

Complex

H,0, — o
Acetonitrile, 50°C

(100%)

Scheme 1: Catalytic oxidation of cis-cyclooctene
In order to study the solvent effect, catalytic oxidation reactions were carried out in
methanol, ethanol, acetonitrile, chloroform and dichloromethane solvent and it was found that the
highest conversion, 70% after 3 h, was obtained in acetonitrile at 50 °C. The catalytic activity of
the complex decreased in the order: acetonitrile > methanol > ethanol > chloroform ~
dichloromethane (Figure 12). In summary, the reactivity of the catalyst in other solvents was much
lower than in acetonitrile. The efficiency of various oxidants, namely tert-BuOOH, H202, NaOCI
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and O2 (1 atm) was studied in the same homogeneous catalytic oxidation reaction of cis-
cyclooctene keeping all other conditions unchanged. The experimental outcomes revealed that

H20:2 is the most efficient oxidant with complex as catalyst (Table 6).

80
I Acctonitrile
[ Methanol
I Ethanol
604 [ Chloroform
I Dichloromethane
s
£ 40-
Z
2
=
S
o
20 4
0 - T v T v
0.5 1.0 1.5 2.0 2.5 3.0

Time (h)

Figure 12. Influence of solvent in the catalytic epoxidation of cis-cyclooctene by the complex.
Reaction condition - catalyst: 2 mg, cis-cyclooctene: 5 mmol, H202:10 mmol, temperature: 50 °C,

solvent: 5 ml.

The effect of temperature on the performance of the catalyst was also investigated. The
same reaction has been carried out at three different temperatures viz., 40 °C, 50 °C and 60 °C with
the fixed amount of cis-cyclooctene (5 mmol), H202 (10 mmol) and the complex (2 mg) in 5 ml
acetonitrile (Table 4, entries: 3, 6 and 7) keeping the reaction conditions same as earlier. A
maximum of 70% conversion was achieved at 50 °C while at 40 °C, the conversion was low. On
the other hand, at 60 °C the initial conversion of cis-cyclooctene was higher than at 50 °C but when
the reaction continued the conversion of cis-cyclooctene became almost the same. Therefore, 50
°C is marked as the optimum temperature and hence catalytic oxidation reactions of all other
alkenes were performed at 50 °C. The molar ratio of cis-cyclooctene to H202 was also varied (Table

4, entries: 3, 8 and 9) keeping all other experimental conditions the same to examine the effect of
|

Page No. 116



Chapter 5

____________________________________________________________________________________________________________________________________|
the molar ratio of the parent compound on the conversion process. The conversion of cis-

cyclooctene was increased from 38% to 70% on increasing the cis-cyclooctene: H20: ratio from

1:1to 1:2. On further increasing this ratio to 1:3, the conversion was barely affected. Hence, it can

be inferred that 1:2 ratio of cis-cyclooctene to H20: is sufficient for significant conversion of cis-

cyclooctene. A blank experiment (Table 4, entry: 10) was also carried out in absence of the

complex with H202 under the same experimental conditions which resulted in very low conversion

of cis-cyclooctene that confirmed the high efficiency of the complex as a catalyst. All these

optimized reaction conditions were applied to the complex-catalyzed oxidation reactions of other

alkenes.

Table 6: Epoxidation of cis-cyclooctene using different oxidants with the complex as catalyst.

Entry Oxidant Temperature (°C) Conversion (%)P
1 - 50 -
2 NaOCI 50 34
3 H202 50 70
4 tert-BuOOH 50 56
5 O2 (1 atmosphere) 50 12
6 H202 50 45
7 H202 60 72
8° H202 50 38
9d H20:2 50 74
10° H202 50 6

Reaction conditions: catalyst (2 mg), cis-cyclooctene (5 mmol), oxidant (10 mmol),
acetonitrile (5 mL), time (3 h). ® Determined by GC. ®5mmol H202 “15mmol H202. *Without

the complex.
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It is noteworthy that the complex-catalyzed oxidation reaction of cis-cyclooctene with

H20: yields the corresponding epoxide with 100% product selectivity in acetonitrile medium
(Table 7). The product was identified by GC spectroscopic study (Figure 13). Under the same
reaction condition, styrene gives styrene oxide with 89% product selectivity (67 % conversion)
along with a trace amount of benzaldehyde. In case of cyclohexene, product selectivity to the
corresponding epoxide is about 76% with conversion % of 82. A little amount of allylic oxidation

products (2-cyclohexene-1-ol and 2-cyclohexene-1-one) were also formed as side products in this

case. All these experimental results are summarized in Table 7.

Table 7: Oxidation? of various alkenes by the complex using H202 in acetonitrile

Entry Substrate Conversion Product Selectivity | Top¢
(%0)° (%0)°

: 100 376.4

1 70

2 82 76 440.8
X

3 67 89 360.2

4Reaction conditions: catalyst (2 mg), alkenes (5 mmol), H202 (10 mmol), temperature 50°C),

acetonitrile (5 mL), time (3 h). PDetermined by GC. °TOF: turnover frequency = (moles of

substrate converted per mole of metal complex per hour.
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Figure 13. Gas chromatogram of cis-cyclooctene oxidation catalyzed by complex using H202 as

W

oxidant.

Definite identification of the active species involved in homogeneous catalysis is very
difficult. In literature, it has been reported that in the reaction of a copper complex with H202,
Cu(Il) binds the peroxo- group and forms a Cu—hydroperoxo or Cu—peroxo pre-catalyst species
that can act as a mediator to enable the oxo functionality of the organic substrates to produce the
corresponding oxidized products [79-80]. In order to identify the active species, we have recorded
the UV-Vis spectra of the complex in presence of excess H20:2 in acetonitrile medium (Figure 14).
The UV-Vis spectra show an intense peak at around 430 nm with a shoulder in the range of 445—
470 nm. This may be due to the existence of Cu—hydroperoxo or Cu—peroxo species [81-82]. In
order to get an idea about the number of copper atom(s) present in the complex in solution state,
we have recorded the ESI mass spectrum of the complex in acetonitrile medium. The mass
spectrum of the complex shows m/z peaks at 611.5356, and 575.9754 (Figure 15). These peaks
are observed due to the fragments of the complex after expulsion of one and two Cl atom(s),

respectively. The fragments consisting of three peaks for isotopic distribution of two Cu atoms has

____________________________________________________________________________________________________________________________________|
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been observed in the mass spectrum at lower m/z values. Hence, from the mass spectrum it can be
inferred that two copper atoms bridged through oxalate ligands are present in the solution state and
the complex exists as a binuclear species in acetonitrile medium. Further, from the
photoluminescence study of the complex it has been found that the basic binuclear structure of the
complex in solid state and solution phase is nearly identical. Thus, the result of mass spectroscopy
study corroborates the outcome of the photoluminescence study. In case of homogeneous catalysis,
recovery of the catalyst for reuse is a very difficult task as the catalyst does not remain in its
original form after the reaction. We have recovered the residue obtained after completion of the

catalytic cycle. However, the FTIR spectra and PXRD pattern of this recovered material does not

match with those of the original complex.

1.2

1.0

0.8

0.6

Absorbence(a.u)

0.4

0.2 1

0.0 T T T T T T T T T T T T T
300 350 400 450 500 550 600 650

Wavelength(nm)

Figure 14. UV-vis spectrum of the complex in presence of H202 in acetonitrile at room
temperature.
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281.9696

Figure 15. ESI-Mass spectrum of the complex in acetonitrile medium

5.4 Conclusion

In summary the binuclear Cu(ll) complex, [Cuz(oxalate)(1,10-phen)2Cl2] (where 1,10-phen =
1,10-phenanthroline), designed by using hydrophilic oxalate as bridging ligand and the
hydrophobic 1,10-phen as the blocking ligand exhibits very good thermal stability and
photoluminescence activity along with selective catalytic activity for epoxidation of alkenes in
presence of H202. Structural analysis has revealed that binuclear metallic units of the complex are
packed by supramolecular hydrogen bonding and n---m interactions and forms a 3D
supramolecular architecture. The cyclic voltametric study suggests that both the copper centers are
strongly coupled to each other through the oxalato-bridge. Owing to the presence of n-electrons in

auxiliary ligands (1,10-phenenthroline), the complex shows strong fluorescence.

The presence of coordinately unsaturated Cu-centers inspired us to examine the catalytic
activity of the complex toward oxidation of alkenes. By optimizing the oxidation reactions of
alkenes using this binuclear Cu(ll) complex, it has been established that in all cases the maximum

catalytic efficiency can be achieved at 50 °C in presence of H202 as oxidant with acetonitrile
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solvent. Interestingly, the complex shows 100% selectivity for the oxidation of cis-cyclooctene to
the corresponding epoxide in presence of H202 as oxidant at 50 °C with 70% conversion in
acetonitrile. The complex also exhibits product selectivity and percentage conversion of 89 % and
67 %, respectively, for styrene and 76 % and 82 % for cyclohexene under the same reaction

condition. Our future research goal is to design novel homogeneous and heterogeneous catalysts

for industrial application.
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Chapter 6

6.1 Introduction

Selective bond making-bond breaking is the finest art of chemistry and has tremendous
significance in molecular and supramolecular chemistry [1-4]. After prolonged research over
centuries, chemists have gained mastery over covalent and metal-ligand coordination bond
breaking-bond making processes whereas control over the supramolecular interactions is still a
daunting task. Several catalytic processes [5-9] 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 principle [12-13] etc. can successfully explain the selective metal-
ligand bond breaking-bond making. In supramolecular chemistry, molecular recognition and
aggregation constitute the base of selectivity and determine the final compound and structure [14-
18]. Supramolecular interactions are much weaker than covalent/coordinate bonds and therefore a
minor chemical or physical perturbation may cause a severe change on 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(ll)-bridged MnzFe

trimer from Mn(l11)-monomeric precursor.

In molecular magnetism, metamagnets [19-22] are a special type of magnetic materials in
which two magnetic motifs (which may be a molecule, a 1D chain or a 2D layer) interact
antiferromagnetically (AF) through weak inter-motif (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 temperature (Tn) [23-24]. Such co-existence of AF and FM
in a material is difficult to predict and consequently highly challenging to design but may have
significant applications in technologies associated with magnetic cooling [25] and magnetocaloric

effect [26]. This magnetic field induced first order transition from AF to FM is critically dependent
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on the weak inter-motif interactions. Mukherjee et.al. [22], have reported that the metamagnetism
arises due to weak C-H---N H-bonding interactions between azido bridged 1D coordination chains
of Ni'"-Schiff base complex. Chen et.al. [27], have reported the metamagnetic behavior of 2-fold
interpenetrated 2D 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 H-bonding between neighboring
coordination chains formed by Mn(ll1)-tridentate Schiff base units connected with azide ligands
in its end-on (u-1,1") coordination mode. So, to design a metamagnetic material, we need to control
the weak intermolecular interactions, although, due to the difficulty of 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 large number of weak interactions.

In last few years, high spin Mn(I11)-Schiff base complexes have been used as structural
building units to design several types of magnetic materials like single chain magnets [29-30]
(SCMs), single molecule magnets [31-32] (SMMs), ferromagnets [33-34], antiferromagnets [35-
36] etc. thanks to several unique properties of the Mn(l1l) 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 elongation in octahedral geometry.

In this context, we have synthesized a Mn(l11) complex with a N2O2 donor based Schiff
base ligand and studied its structure and magnetic properties. X-ray structural study reveals
Mn(I11)-monomeric units with axial water and chloride ligands, that are further assembled by H-
bonds and n-m interactions to form a supramolecular dimer with a very small intra-dimer

antiferromagnetic coupling and a metamagnetic behaviour with a critical field of ca. 2.0 T at 2 K.
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The hard acid-soft base interaction makes the coordinated chlorides highly labile and the reaction
of complex 1 with Ka[Fe(CN)s] replaces the chlorides from the coordination sphere of two adjacent
monomeric Mn(l11) units to yield a trans cyanide bridged MnzFe trimer (complex 2) that co-
crystallizes in a 1:1 ratio with a Mn(111) monomer closely related to complex 1. Structural analysis
reveals the preservation of weak intermolecular H-bonds and 7n-m interactions during the
transformation of the monomer into the trimer as well as the metamagnetic behaviour. These

MnzFe trimers are assembled by H-bonds and n-7 interactions giving rise to supramolecular chains

that also present a metamagnetic transition with a critical field of ca. 2.5 T at 2 K.

6.2 Experimental section

6.2.1Materials and methods

MnCl2-4H20 (99 %), 2-hydroxy-5-methoxybenzaldehyde (99.5 %), ethylenediamine (99.5 %)
and Ka[Fe(CN)s] (99 %) have been purchased from Sigma Aldrich and utilized without further
purification. Triethylamine and all other chemicals (AR grade) were got from Merck India and
used as received. A Perkin-Elmer 240C elemental analyser were used to record the C, H, N
elemental analysis. The FT-IR spectral study was done by a Nicolet Impact 410 spectrometer

within the range of 400-4000 cm™ using KBr pellets.

6.2.2 Synthesis of the Ligand (H2L)

The  Schiff’s base ligand (H2L=2,2'-((1E,1'E)-(ethane-1,2diylbis(azaneylylidene))bis
(methaneylylidene))bis(4-methoxyphenol)) was synthesized (Scheme 1) 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. After that, the reaction mixture was cooled down and filtered
to separate out the yellow-coloured crystalline solid product, washed with diethyl ether, dried in

air. Yield: ~90%.
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6.2.3.1 Synthesis of [(L)Mn(H20)CI] (1)
The Schiff base ligand HzL (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 EtsN. An aqueous solution (5 mL) of
MnCl2-4H20 (100 mg, 0.5 mmol) was added to the previous solution and the mixed solution was
refluxed for 2 h. The reaction mixture was cooled, filtered off and the light yellowish-brown filtrate
was kept undisturbed for crystallisation. Brown needle like crystals reasonable for single crystal
X-ray analyses were collected after 2 weeks. Yield: ~86 %. Anal. Calc. for C1sH20CIMNnN20s: C,
49.7; H, 4.6; N, 6.4 %. Found: C, 49.8; H, 4.5; and N, 6.5 %. Selected IR bands (cm™): v (C=N)

1605(s); v (O-H) 3385(broad).

6.2.3.2 Synthesis of (H3zO)[Mn(L)(H20).J{[Mn(L)(H20)]2Fe(CN)s}-4H.0 (2)

The co-crystal of this hexacyanoferrate(ll)-bridged trimeric complex was synthesized by a
layering technique using the monomeric complex 1 and a K4[Fe(CN)s] 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 by dissolving Ks[Fe(CN)s] (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 analysis were collected after one month, then washed
with hexane and dried. Yield 79 %. Anal. Calc. for CeoH7sFeMnsN12021: C, 47.4; H, 4.8; N, 11.1
%. Found: C, 47.5; H, 4.7; and N, 11.1 %. Selected IR bands (KBr pellet, cm™?): v (C=N) stretching

2123, 2105(s); v (C=N) 1608(s); v (O-H) 3410(broad).

6.2.4 Magnetic measurements
Magnetic measurements on compound 1 and 2 (with masses of 33.446 and 4.406 mg, respectively)

were performed using a Quantum Desigh MPMS-XL-7 SQUID magnetometer in the temperature
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range 2-300 K in presence of an external magnetic field of 0.1 T (and in the temperature range 2-
10 K with different applied fields in the range 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 as previously measured using the same conditions and for

the diamagnetic contributions of the compounds as deduced by using Pascal’s constant tables [37].
6.2.5 Theoretical methods

All DFT calculations included in this manuscript have been done using the Gaussian-16
program [38] 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 was carried out at the same level of theory. The AIM

properties were calculated by using the AIMAII program [40].
6.2.6 Crystallographic data collection and refinement

Single crystals of complexes 1 and 2 were mounted on a Bruker SMART CCD diffractometer
equipped with a graphite monochromator and MoKa (A = 0.71073 A) radiation. The structures
were solved by the Patterson method and followed by successive Fourier and difference Fourier
synthesis. Full matrix least squares refinements were performed on F? using SHELXL-97 with
anisotropic displacement parameters for all non-hydrogen atoms. The hydrogen atoms were
refined isotropically, and their locations were determined from a different Fourier map. All
calculations were carried out using SHELXL 97, [41] SHELXS 97, [42] PLATON 99, [43]

ORTEP 32, [44] and WInGX system v1.64 [45]. All the crystallographic data and refinement
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parameters of both complexes are presented in Table 1. Complex 2 contains disordered guest water

molecules.

Table 1. Crystallographic data collection and refinement parameters of compounds 1 and 2

Compound 1 Compound 2
Formula C18H20CIMNnN20s CeoH73FeMn3N12021
Formula weight 434.75 1518.97
Crystal system Orthorhombic Triclinic
Space group Poca P-1
a(A) 11.826(6) 14.0832(14)
b (A) 12.872(7) 15.0504(15)
c(A) 22.919(12) 17.0031(18)
a () 90 108.703(3)
B () 90 101.649(3)
v (°) 90 90.023(4)
V(A 3489(3) 3335.1(6)
Z 8 2
pealc (g/cm?) 1.655 1.513
u (Mo Ka) (mm) 0.945 0.850
F(000) 1792 1572
Crystal size (mm?) 0.08x0.12x0.16 0.12x0.16x0.20
T (K) 100 152
Omin-max (0) 1.8, 25.3 2.5, 27.2
Total data 28731 34615
Unique Data 3156 14564
Rint 0.177 0.126
Observed data [l > 1625 7216
Nref 3156 14564
Npar 244 878
R 0.0581 0.0963
WR2 0.1195 0.2874
S 0.80 1.01

"Ri = SfFo-IFl/ZiFol; "wRe (Fe?) = [[w(Fo™-Fe) DwFo'T”
‘GooF = [Z [W(Foz- FCZ)Z/(Nobs-Nparams)]l/z
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6.3 Result and discussion
6.3.1 Synthesis
The tetradentate Schiff base ligand (H2L) was synthesized by the combination of ethylene diamine
with 2-hydroxy-5-methoxybenzaldehyde in a 2:1 ratio (Scheme 1). Combination of the
synthesized ligand with MnCl2 leads to the aerial oxidation of Mn(I1) to Mn(I11) with formation of
the neutral complex 1, that, besides the ligand L%, contains one CI- and one water molecule at the
axial sites (Scheme 1). When complex 1 is reacted with [Fe(CN)s]*, the cyanide groups replace

the coordinated chloride ions of two neighbouring Mn(I11)-monomers, connecting them through a

Mn-NC-Fe-CN-Mn bridge (Scheme 1).

iN (P N
I N\ p MeOH_ l\rﬁlClv \Mn
HoN NH, < s 2 >
OH HO
(i Ligand

Complex 1

=
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H, o—-—Mni—N c—Fe—c_N—-—Mn<—OH 7+ 5 O—‘;Mn-'—OH
0]
\
Ferrocyanide
bridged trimer
’0
Complex 2

Scheme 1. The complete synthetic scheme of the ligand (H2L) and complex 1 and 2.
6.3.2 Structure of complex [Mn(L)(H20)CI] (1)
The mononuclear complex 1 crystallizes in the orthorhombic centro-symmetric space group Phoca.
The asymmetric unit contains one mononuclear unit which contains one Mn(lll) ion, one
deprotonated ligand L2, one coordinated CI- and one coordinated water molecule (Figure 1).

Selected coordination bond distances and angles are given in Table 2.
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Figure 1. ORTEP diagram of complex 1 with 30 % ellipsoid probability.

The metal centre 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 (CI1) 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) A, Mn1-02 = 1.863(4) A, Mn1-N1 =
1.979(4) A and Mn1-N2 = 1.973(4) A, whereas the axial bond lengths are comparatively longer:
Mn1-Cl1 = 2.554(2) A and Mn1-O1W = 2.287(3) A. These distances reflect the expected Jahn-
Teller elongation along the axial bonds. The Mn centre is displaced towards the CI1 atom ~ 0.073

A from the mean plane formed by the donor atoms (O1-N1-N2-02) of the Schiff base ligand.

Table 2: Some selected bond lengths (A) and angles (°) in complex 1

Atoms Length Atoms Length
Mn1-Cl1 2.554(2) Mn1-O2 1.863(4)
Mn1-0O1 1.881(4) Mn1-N1 1.979(4)

Mn1-O1W 2.287(3) Mn1-N2 1.973(4)

Atoms Angle Atoms Angle

01-Mn1-02 94.46(16) Cl1-Mn1-N1 | 88.99(12)
01-Mn1-N2 172.56(16) | CI1-Mnl1-N2 | 88.12(12)

O1IW-Mn1-N1 | 87.12(15) | O1-Mnl-O1W | 91.28(12)
02-Mn1-N1 171.60(17) O1-Mn1-N1 | 91.91(17)
N1-Mn1-N2 81.37(17) | O1W-Mn1-02 | 87.26(15)
Cl1-Mn1-01 94.98(10) | O1W-Mn1-N2 | 85.25(15)

Cl1-Mn1-O1W | 172.74(10) 02-Mn1-N2 91.94(17)
Cl1-Mn1-02 95.90(13)
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Supramolecular structural analysis reveals that two neighbouring mononuclear units are
connected in an antiparallel fashion by n-7 interactions to form a supramolecular dimer which is

further stabilized by a double O1W-H1W1---O1 hydrogen bonding interaction (Figure 2).

Figure 2. Supramolecular dimer formation with n-r and O1W-H1W1.--O1 hydrogen bonding

interactions in complex 1.

These dimers are bridged by O1W-H2W1:--CI1 hydrogen bonding interactions to form
supramolecular layers parallel to the crystallographic ab-plane (Figure 3). These supramolecular
layers are further bridged by C8-H8A---CI1 and C15-H15---Cl1 H-bonding interactions to build a
3D supramolecular structure (Figure 4). The hydrogen bonding and -7 interaction parameters are

summarized in Tables 3 and 4.

Table 3: H-bonding dimensions present in complex 1

D-H---A D-H/(A) | H---A/(A | D---AI(A) | <D-H---A/l(°) Symmetry
O1W —H1W1...01 0.85 1.\99 2.830(5) 170 -X, 1-y, 2-z
O1W -H2wW1.--Cl1 0.85 2.54 3.175(4) 132 1/2-x, 1/2+y, z

C8 -H8A.--ClI1 0.99 2.83 3.465(5) 123 1/2+x, 1/2-y, 2-z
C15 -H15---Cl1 0.95 2.81 3.756(5) 171 -1/2+x, 1/2-y, 2-z
C17 -H17B---04 0.98 2.47 3.410(7) 161 -X, 1-y, 2-z
C18-H18A.--Cl1 0.98 2.76 3.535(5) 136 X, 1/2-y, -1/2+z

Page No. 138



Chapter 6

A
A
¥

:%:-

ok

.#.

ey

,#:ﬁ*

L

S

+’§ﬁz},
o e

,ﬁ

x4
e

Figure 3. 2D supramolecular sheets are formed by O1W-H1W1.--O1 (magenta) and O1W-

H2W1.---Cl1 (yellow) hydrogen bonding interactions in complex 1.

Table 4: n- -7 interaction parameters in complex 1

Ri---Rj Centroid Dihedral Perp. Symmetry
separation | angle (i,j)/(°) | distance between
Cg—Co/(A) ring i to ring j/(A)
R1---R2 3.736(4) 4.6(2) 3.351(2) -X, 1-y, 2-z
R2---R1 3.736(4) 4.6(2) 3.319(2) X, 1-y, 2-z

:

Figure 4. 3D supramolecular structure formed by O1W-H1W1.--O1 (magenta) and C-H---Cl and

C-H---O (yellow) hydrogen bonding interactions in complex 1.
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6.3.3 Crystal structure of (H;O)[Mn(L)(H20)2]{[Mn(L)(H20)]2Fe(CN)s}-4H20 (2)

The single crystal X-ray (SCXRD) analysis has established that this compound crystallizes in the
centrosymmetric triclinic P-1 space group. It is a 1:1 co-crystal of a MnzFe trimer and a Mn(l11)
monomer. The asymmetric unit contains one monomeric unit, two halves trimeric units, one
oxonium cation and four disordered guest water molecules (Figure 5). 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 5. The co-crystal contains two different trimeric units. Each
trimeric unit is formed by two Mn(I11)-Schiff base complexes connected through two trans cyanide
groups of the hexacyanoferrate(ll) 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(l11) ions, precluding the formation of an alternating cyanide bridged Mn(l11)-Fe(l1) chain.
In each trimer the asymmetric unit contains a full Mn(l11)-Schiff base complex moiety and half
[Fe(CN)s]* unit. In both trimers the Mn(l11)-ions show a distorted octahedral geometry where the
four equatorial positions are fulfilled 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)s]*
bridging unit (Figure 3). In both trimers the bond lengths from the N20O2 Schiff base donor atoms
to the metal centres are quite similar: Mn1-O1 = 1.862(5) A, Mn1-02 = 1.889(5) A, Mn1-N1 =
1.981(6) A and Mn1-N2 = 1.985(6) A for trimer 1 and Mn2-05 = 1.872(5) A, Mn2-06 = 1.902(5)

A, Mn2-N6 = 1.977(6) A and Mn2-N7 = 1.997(6) A, for trimer 2. In both trimers the two axial
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bond lengths are longer than the equatorial ones: Mn1-O1W = 2.290(5) A and Mn1-N3 = 2.316(6)
A'in trimer 1 and Mn2-02W = 2.294(5) A and Mn2-N8 = 2.2478(6) A 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.

Table 5: Some selected bond lengths (A) and angles (°) in complex 2

Atoms Length Atom Length
Fel-C19 1.913(8) Fe2-C42 1.913(9)
Fel-C20 1.949(8) Fe2-C40 1.944(8)
Fel-C21 1.926(7) Fe2-C41 1.958(8)
Mn1-O1 1.873(5) Mn2-02W 2.285(5)

Mn1-01W 2.294(5) Mn2-O6 1.863(5)
Mn1-02 1.900(5) Mn2-N6 1.984(6)
Mn1-N1 1.981(6) Mn2-05 1.889(5)
Mn1-N2 1.998(6) Mn2-N8 2.318(6)
Mn1-N3 2.245(6) Mn2-N7 1.983(6)

Mn3-010 1.894(6) Mn3-09 1.874(5)
Mn3-N11 1.989(6) Mn3-N12 1.985(6)

Mn3-04W 2.216(5) Mn3-03W 2.304(6)

Atoms Angle Atoms Angle

C19-Fel-C20 94.1(3) 01-Mn1-02 93.3(2)
C19-Fel-C21 89.4(3) 01-Mn1-01W 89.43(19)
C19-Fel-C19* 180.00 01-Mn1-N1 92.1(2)
C19-Fel-C20* 85.9(3) 01-Mn1-N2 173.3(2)
C19-Fel-C21* 90.7(3) 01-Mn1-N3 94.1(2)
C40-Fe2-C41 90.4(3) H1W1-O1W-H2W1 108.00
C40-Fe2-C42 89.0(3) N6-Mn2-N8 84.3(2)
C40-Fe2-C40** 180.00 N6 -Mn2-N7 82.4(2)
N2-Mn1-N3 89.5(2) N1-Mn1-N3 88.7(2)

(*=1-x, 1-y, 1-z, ** = -x, 2-y, 1-2)
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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 (09, 010, N11 and N12). The corresponding bond lengths are similar to those observed in
compound 1 and in both trimers in compound 2: Mn3-09 = 1.874(5) A, Mn3-N12 = 1.984(6) A,
Mn3-010 = 1.894(6) A and Mn3-N11 = 1.988(6) A. 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:
Mn3-03W = 2.299(6) A and Mn3-04W = 2.215(5) A are longer than the equatorial ones, showing,

once more, the existence of a Jahn-Teller elongation in the Mn(ll1)-monomeric unit. The Mn3

centre is displaced towards the O4W molecule by ~ 0.043 A from the mean equatorial plane.
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Figure 5. ORTEP diagram in 2 showing two complete trimers and a monomer with atom labelling.
The solvent molecules, oxonium cation and hydrogen atoms are omitted for clarity. Ellipsoids
drawn at 15% probability.

Supramolecular structural analysis reveals that each trimeric unit is connected by hydrogen
bonding interactions implying the coordinated water molecules and by n-7 interactions to form
supramolecular chains straight way to the crystallographic b-axis. Each independent trimer forms

a different type of supramolecular chain (Figure 6). These two different chains are arranged
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parallel and are connected by O2W-H1W?2:--N4 and O1W-H1W1:--N10 hydrogen bonding

interactions to form a supramolecular layer in the ab-plane.

Figure 6. View of the chains of trimers Mn1-Fel-Mn1 (top) and Mn2-Fe2-Mn2 (bottom) showing

the centroids of the aromatic rings of the ligands (as pink spheres) and the shortest Cy-Cq distances

(as pink dotted lines). H-bonds are indicated as light blue dotted lines.

The cations (the monomeric Mn(l11) 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 interactions are summarized in Tables 6 and 7.

Table 6: n-- -7 interaction parameters in complex 2

Ri---Rj* Ri-R;j centroid Ri-R;j dihedral Ri-R; distance (A) Symmetry
distance (A) angle (°)

Ri---R2 3.682(5) 10.1(4) 3.403(3) 1-x, 2-y, 1-z

Ry --R1 3.684(5) 10.1(4) 3.503(3) 1-x, 2-y, 1-z

R3---Ra 3.678(4) 7.7(4) 3.390(3) X, 1-y, 1-z

R4---R3 3.679(4) 7.7(4) 3.514(3) X, 1-y, 1-z
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Table 7: Hydrogen bond dimensions in complex 2

D-H---A D-H/(A) | H---A/(A) | D---AI(A) | <D-H---A/(°) | Symmetry
O1W-H1W1---N10 0.85 1.93 2.762(7) 168 1+X, Y, Z
O1W-H2W1---02 0.85 2.01 2.847(7) 168 1-x, 2-y, 1-z
02W-H1W?2---N4 0.85 2.03 2.823(7) 155
02W-H2W?2---05 0.85 1.92 2.767(7) 174 X, 1-y, 1-z
O3W-H2Ws3---N13 0.85 2.13 2.741(15) 129
O4W-H1W4-.-N5 0.85 2.12 2.717(8) 127
O4W-H2W4-.-07 0.85 2.05 2.898(8) 176 1-x, 1-y, 1-z
O5W-H1WS5.--02 0.78 2.21 2.982(8) 169 1-x, 1-y, 1-z
O5W-H3WS5.--06W 0.78 2.16 2.814(11) 142
OB6W-H2W6---0O3W 0.82 2.37 2.848(10) 118 1-x, 1-y, 1-z
O7W-H1W?7---N10 0.78 2.08 2.836(12) 164 1+X, Y, Z
C2-H2---N10 0.95 2.47 3.367(11) 157 -X, 2-y, 1-z
C9-H9B---06 0.99 2.58 3.551(10) 166 1+X, Y, Z
C14-H14---N13 0.95 2.45 3.230(16) 139 1-X, 2-y, 2-2
C29-H29B---N4 0.99 2.59 3.361(9) 134
C30-H30A---O5W 0.99 2.50 3.280(10) 135 1-x, 1-y, 1-z
C33-H33---011 0.95 2.48 3.321(10) 147 1-X, 2-y, 2-2
C59-H59B---04 0.98 2.50 3.482(11) 175

6.3.4 Theoretical DFT study of non-covalent interactions

We have performed DFT calculations at the PBE1PBE-D3/def2-TZVP level of theory (see
theoretical methods for details) to perceive the behavior of compounds 1 and 2 cited above and the
facile replacement of the chloride ligand by the hexacyanoferrate(ll) unit. First, we have compared
the H-bonded dimerization energy of the supramolecular dimer shown in Figure 2 to the
dissociation energy of the Mn(111)-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 (AE1 = -30.1 kcal/mol)
____________________________________________________________________________________________________________________________________|
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due to the cooperative formation of several O---H and C-H-:-O H-bonds and n-x interactions,
which are characterized by the corresponding bond critical points (CPs) and bond paths
interconnecting the interacting atoms. In order to measure the contribution of the H-bonds we have
used the AIM energy densities at the bond CPs. This methodology has successfully worked for us
and others to analyze several types of non-covalent interactions [46-48]. The dissociation energy
of each H-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 H-bonds. Figure
5 also shows the dissociation energy (in kcal/mol) obtained for each H-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 7 and they evidence that the contribution of both O-H---O H-bonds is

approximately 10.4 kcal/mol and that of the C-H---O bonds involving the methoxide groups are

significantly smaller (i.e. 3.6 kcal/mol), using the G(r) descriptor.
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Figure 7. 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 H-bonds using the V/(r) and G(r) values at the bond CP are indicated
in (kcal/mol) at the down-right corner and the formation energy of the assembly (AEz1) is also given
nearby the assembly.
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Therefore, the contribution of the n-stacking and other long range van der Waals interactions is
very significant (approximately 16 kcal/mol). The dissociation energy of the Mn(llI)-ClI
coordination bond computed for 1 in MeOH at the same level of theory is -29.3 kcal/mol, slightly

weaker than 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 into 2 upon addition of hexacyanoferrate(ll).
Agreeably, the energy formation of 2 from 1 is strongly favoured (AEr = —19.7 kcal/mol) using
methanol as solvent in the calculation. It should be mentioned that this reaction energy does not
compensate for the energy of the H-bonded dimer formation of 1 observed in the solid state (AEz,
see Figure 7). 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 8. We have performed the QTAIM analysis of a dimeric model of the polymer that is
shown in Figure 8, and exactly the same distribution of critical points and bond paths is obtained.

It is also worthy to comment that the O-H---O H-bonds in 2 are even stronger than those in

compound 1.
~ K
o] 4
CN
NC//,l | “\\\CN
. ‘Fo
| Ne™ | eN |N
N\ /O CN \ y
2x |Cl—MA—OH, o Mn NC—Fe—CN /Mn\OHZ
N o —2xCI N
|
K@ AE, = —-19.7 kcal/mol K@ ©)
_0O

Scheme 2: Transformation from 1 to 2 is energetically favourbale in methanol medium.
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Taken together, the results from the theoretical DFT study of complexes 1 and 2 revealed

that the ligand exchange of CI- by [Fe(CN)s]* 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 (H-bonds and n-n interactions).

CP# | —V(r)/2 0.429G(r)
CP1| 6.62 6.35
cpP2| o0.84 1.00

Figure 8. 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 H-bonds using the V(r) and G(r) values at the bond CP are indicated in (kcal/mol) at the

down-right corner.

6.3.5 Magnetic properties of compound 1

The ymT value per Mn(111) ion for compound 1 shows at room temperature a value of ca. 3.0 cm®
K mol?, close to the expected value for an isolated Mn(lI11) ion with a ground spin state S = 2 and
a g value close to 2. When the sample is cooled, ym T remains constant down to ca. 20 K and shows
a sharp decrease at lower temperatures to reach a value of ca. 0.8 cm® K mol™ at 2 K (Figure 7)
which suggests the presence of a weak antiferromagnetic interaction in 1 and/or the presence of a

____________________________________________________________________________________________________________________________________|
Page No. 147



Chapter 6
zero field splitting in the Mn(I11) ions. Since the structure of this compound indicates the presence
of quasi-isolated Mn(Il1l) monomers, we have fit the magnetic properties to a simple model
considering an isolated S = 2 ion with a zero field splitting (ZFS) to account for the sharp decrease
in ymT at low temperatures using the program PHI [51]. This model reproduces very satisfactorily

the magnetic properties of complex 1 in the whole temperature range with g = 1.958 and |D| = 0.69

cm* with a residual of 0.0679 (dotted line in Figure 9).

307 035 —
AZ.SEF 0.30 N
a T T b 1 o030
5 20 7025 | |
] o 1% 0.251
< 15 £02044 §
§ .. £015] \ 020
S 10- =01 ) ]
= 20007 \ 045 g
S 054 oos] N_Z 4 E eI
0-0:"H\HH\HH\HH\HH\HH 0.00:““\““\“‘\““\““\““
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

Figure 9. (@) ymT vs T plot and (b) ym vs T plot for compound 1. Solid and dotted lines present the

best fit to the models (see text).

This magnetic fitting to a monomer with a ZFS produces very satisfactory result and we
have also considered the possible presence of a weak intermolecular interaction through the n-n
and H-bonding interactions. The appearance of a maximum in the ym vs. T plot (Figure 7b) at very
low temperature confirmed such weak intermolecular coupling. 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™ and |D| = 1.23 cm?
with a residual of 0.0158 (solid line in Figure 7). In a similar way, the interaction between the

Mn(III) centres is weak and antiferromagnetic, since usually n-- -7 interactions give rise to weak
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couplings [52-57]. On the other side, the D value found for the isolated Mn(l11) center is quite low

and is in the typical range observed (-3.8 to +3.1 cm™) for mononuclear Mn(lI1) ions [58].

A 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 10a). 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 (Figure 10b) 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 is cancelled out 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.

)

N

it
dM /dH

H (T)

Figure 10. (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.

A further confirmation of this metamagnetic behaviour is represented by the thermal
variation of ym for different applied fields (Figure 11). As can be seen, ym shows a maximum at
very low temperatures when the applied field is below ca. 2.0 T and the maximum disappears for
fields above 2.0 T, in concurrence with the isothermal magnetization measurements.
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Figure 11. Thermal variation of ym for compound 1 in the low temperature region with different

applied fields.

6.3.6 Magnetic properties of complex 2

The room temperature value of ymT per formula unit (i.e., three Mn(l11) ions and a Fe(ll) ion) is
ca. 9.0 cm® K mol™* (Figure 12a). This value is close to the expected one for three S = 2 Mn(l1I)
with g = 2 and indicates that the Fe(ll) ion is a diamagnetic low spin Fe(ll) ion (as expected for a
Fe(II) coordinated to six strong field CN ligands). When the temperature is lowered, ymT stays the
same up to ca. 25 K and underneath this temperature it shows a progressive decrease to ca. 1.1
cm® K mol? at 2 K (inset in Figure 12a). This behaviour suggests the presence of a weak
antiferromagnetic interaction in compound 2 and/or the presence of a zero field splitting in the
Mn(lI11) ions. As observed in compound 1, the thermal variation of ym sShows a maximum at ca. 6
K(Figure 12b) suggesting that there is also a very weak antiferromagnetic coupling in compound

2.

A critical observation at the structure of compound 2 indicates that the Mn(l111) monomeric
units are well isolated but each MnzFe trimer presents two short inter-trimer 7t- - -7 interactions and
two H-bonds with its two neighbouring trimers to generate a regular chain of trimers (Figure 4).

Nevertheless, since the Fe(ll) ions are diamagnetic, the chains can be considered from the magnetic
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point of view as isolated Mn(I11)-Mn(111) dimers. Note that since the two Cy-Cgq distances and the
H-bonding parameters are very similar in both chains (see Tables S5 and S6), we can consider that

the Mn(I11)-Mn(l11) coupling is the same in both chains.

10
3 ]
o 8 10,
5 ] 8]
E B
><6? 6
54 4
] 2
5277 07 T T T T
] 0 5 10 15 20 25 ]
O L L I ) B 0-0 T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

Figure 12. Thermal variation of ymT (a) and ym (b) for compound 2.

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.* In order to decrease the quantity of adjustable parameters we have assumed that both
Mn(l1l) dimers (Mn1-Mnl and Mn2-Mn2) have the same coupling constant (J) and that all the
Mn(l1l) ions have the same g and D values. This model satisfactorily reconstructs the magnetic
properties of compound 2 in the entire temperature range with g = 2.009, |D|=1.21 cm™tand J = -
0.42 cm™ with a residual of 0.1355 (solid lines in Figure 10; the exchange hamiltonian is written
as H =-JS1Sz2). As observed for compound 1, the magnetic interaction between the Mn(111) centres
is weak and antiferromagnetic, as expected for z---m interactions.***® Again the D value found is

low and is within the typical range observed (-3.8 to +3.1 cm™) for Mn(111) ions.*

An additional confirmation of the presence of an antiferromagnetic interaction in compound

2 is also given by the isothermal magnetization at 2 K (Figure 13a). This plot shows a sigmoidal
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shape with a maximum slope at ca. 2.5 T as deduced from the maximum of the derivative (Figure

13b), suggesting that compound 2 also behaves as a metamagnet.

a 12 b 2000
104 ]
] 1500
8 ]
2 5 ]
E 61 <1000
24,: % ]
] 500 -
2] 1
0+ Oi-..u“H‘“"H‘HH‘HH‘HHFHH
0 1 2 3 4 5 6 7 0 1 2 37724 7
H (T) H (T)

Figure 13. (a) Isothermal magnetization at 2 K for compound 2. (b) Derivative of the M as a

function of H showing a broad maximum atca. 2.5 T.

To confirm this metamagnetic behaviour we have also measured the magnetic susceptibility
with different applied fields in the low temperature region (Figure 14). These measurements show
the presence of a maximum in ym at low temperatures (around 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.

1.3+

6
T (K)

Figure 14. Thermal variation of ym for compound 2 in the low temperature region with different

applied fields.
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6.4 Conclusions

In this work, we have reported a unique example of an inorganic reaction where a metal-ligand
bond undergoes dissociation assisted by the formation of intermolecular n-n and H-bonding
interactions. DFT calculations at the PBE1PBE/def2-TZVP level confirm that the summation of
the energies of all these intermolecular interactions overpasses the metal-ligand one. This fact has
allowed us to prepare a trimeric molecular metamagnet from a monomeric metamagnetic precursor

for the first time.

Thus, we present the formation of a novel Schiff base ligand (HzL) and the use of this
ligand to prepare a Mn(l11) monomer that shows a very weak antiferromagnetic coupling through
intermolecular ©-n and H-bonding interactions. This weak antiferromagnetic interaction can be
cancelled out by the application of an external magnetic field, giving rise to a metamagnetic
behaviour with a critical field of ca. 2.0 T at 2 K. Combination of this Mn(I11l) monomer with
[Fe(CN)s]* generates a Mn2Fe trimer where the diamagnetic [Fe(CN)s]* complex acts as a linear
connector between two monomeric Mn(l11) complexes. These anionic trimers crystallize with a
cationic Mn(111) monomer (closely related to the precursor monomer) in a 1:1 co-crystal to form
compound 2. The trimers are further assembled by n-m and H-bonding 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 behaviour 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 a study will help to analyse several biological processes like oxygen

transport by haemoglobin and myoglobin, different metallo-enzymatic catalysis etc.
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7.1. Introduction

Among the transition metal ions, multinuclear manganese complexes have gained remarkable
attention due to their potential applications in molecular magnetism [1-4] as well as their rich
biochemistry [5-7] and versatile catalytic activities [8-10]. Large variety of ligands containing
oxygen or nitrogen donor atoms like Schiff’s bases, oxalato, carboxylato, azido, phenoxido/oxido,
sulfato, dicyanamido, etc. are widely used to design and synthesize Mn-based complexes of
different nuclearities and dimensionalities [11-17]. Moreover, high spin Mn'"' -Schiff base
complexes are extensively used as the basic building blocks for designing metal clusters due to

their unique properties [18-21].

Due to its versatile coordination and bridging modes, quasi m-conjugated dicyanamide
(dca’) is one of the most widely employed bridging ligand in designing multinuclear and
multidimensional metal complexes (Scheme 1). The nuclearity and architecture of dicyanamido
bridged metal complexes exclusively depend upon the binding and bridging modes adopted by the
dca’ ligand and metal:dca” ratios [22-25]. From the literature survey, it is evident that, in presence
of tetradentate Schiff base ligands, the use of dca™ at 1:1 Mn:dca ratio results in either different
types of p1s5-dca” bridged 1D coordination polymers [26-29] or in discrete Mn'"' complexes having
terminal dca” ligands [30]. In the present report, we have successfully synthesized a dimeric Mn'"
complex [Mn2z(L)2(dca)z] (1), having double terminal dca™ ligands, by taking Mn and dca™ in 1:2

ratio for the first time.

The double phenoxido bridged Mn"" -Schiff base dimeric complexes show both ferro- or
antiferromagnetic couplings with large uniaxial anisotropy that may lead to single-molecule

magnet behaviour (with and without an applied DC field) [31-37]. Miyasaka et al. have performed
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a detailed investigation in order to find the origin of the magnetic properties of such dimers [38].
They have shown that the magnetic coupling depends on the Mn-O (bridging) bond distance. In
most cases, when the Mn-O bond distance is within the range 2.40 - 2.70 A, the dimers show

ferromagnetic interactions, whereas below this range they show antiferromagnetic couplings and

above 2.80 A the magnetic interaction is almost negligible.

Catechol-oxidase is an important plant enzyme that catalyses the oxidation of a range of
o-diphenols (catechols) and produces corresponding quinones having a significant role in disease
resistance of higher plants [39]. Manganese ions are omnipresent in a large variety of naturally
occurring redox enzymes because of their lower redox potentials [40-42]. In photosystem-II of
plants and cyanobacteria a tetra-manganese cluster acts as an active site in catalytic oxidation of
water to Oz [43]. Therefore, Mn-based complexes are widely used to mimic the catechol-oxidase
activity in presence of model substrates in order to examine the mechanism and factors of the

enzyme catalysed oxidation of catechols [44-47].

In this context, herein we report synthesis, crystal structure, spectral behaviour, magnetic
property and catalytic response of a dinuclear Mn'""'-complex with a Schiff’s base and dca” ligands
in 1:2 Mn:dca ratio. The dimeric Mn"' complex, with structural formula [Mn2(L)2(dca)z] (1) (H2L
= 2,2-((1E,1'E) -(ethane-1,2-diylbis(azanylylidene))-bis(ethan-1-ylylidene)) diphenol) shows a
rare assembly of double phenoxido bridges along with double terminal dca” ligands. The magnetic
properties of the complex reveal very weak antiferromagnetic interactions in it and, more
interestingly, a field-induced single-molecule magnet behaviour thanks to the large magnetic

anisotropy of the Mn'"" ions. Complex 1 also exhibits solvent selective enzyme catechol oxidase-
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like activity for the oxidation of the model substrate 3,5-di-tert-butylcatechol (3,5-DTBC) in

presence of aerial oxygen.
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Scheme 1: Different coordination and bridging modes of the dicyanamide ligand

7.2. Experimental

7.2.1 Materials and methods

MnCl2:4H20 (99.9 %), 2-hydroxyacetophenone (98 %), sodium dicyanamide (96 %) and
ethylenediamine (99.5 %) were obtained from Sigma Aldrich and used as received. Triethylamine
and all other chemicals (AR grade) were obtained from Merck India and used as received.
Elemental analysis (C, H, N) was performed by using a Perkin-Elmer 240C elemental analyser. A
Nicolet Impact 410 spectrometer was used to record the FT-IR spectrum in the 400-4000 cm™
range. Electronic absorption spectra were recorded in 10* (M) acetonitrile solutions using a

Hitachi U-3501 spectrophotometer.
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The cyclic voltametric measurement on complex 1 was carried out using
Autolab/PGSTAT204 electrochemical workstation (Model Number: AUT204.S: 204 Potentiostat
Galvanostat Module FRA32M.MAC204.S) at a scan rate of 50 mVs* within the potential range
+1.50 to -1.50 V by taking 1.0x10° (M) of complex in acetonitrile solution deoxygenated by
bubbling nitrogen gas. Further, 0.1 (M) tetrabutylammonium bromate (TBAB) was used as a
supporting electrolyte. The working electrode was a glassy-carbon disk (0.32 ¢cm?) which was
washed with absolute acetone and dichloromethane, polished with alumina solution and air-dried
before each electrochemical run. The Ag/AgCl and platinum wire were used as reference and
counter electrodes, respectively. The experiments were performed in standard electrochemical
cells at 25 °C.

7.2.2 Synthesis of the Schiff base ligand (H2L)

The Schiff base ligand (H2L = 2,2'-((1E,1'E)-(ethane-1,2 diylbis(azanylylidene))-
bis(ethan-1-yl-1-ylidene))diphenol) was synthesized by following a standard procedure.?
2-hydroxyacetophenone (272 mg) was refluxed with ethylenediamine (60 mg) at a 2:1 ratio in
methanol (25 mL) during 1.5 h. The yellow crystalline solid that precipitated upon cooling the
solution was collected by filtration, washed with diethyl ether, dried and used directly for the
preparation of the complex. Yield: 264 mg (89 %). Anal. Calc. (%) for C1sH20N202 (M = 296.3
g/mol): C, 72.9; H, 6.7; N, 9.4. Found: C, 72.8; H, 6.8; N, 9.0. Selected FT-IR bands (KBr pellet,

cm™): v(C=N) = 1654(s), v(C-Ophenolic) = 1260(s) and v(O-H) = 3405(b).

7.2.3 Synthesis of [Mnz(L)2(dca).] (1)

The Schiff base ligand HzL has been synthesised by following standard procedure [48],
detail of which has been provided in ESI file. The Schiff base ligand HzL (297 mg, 1.0 mmol) was

dissolved in 25 mL of a 1:1 methanol-acetonitrile mixture under boiling. The pH of the reaction
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mixture was adjusted to 9 by dropwise addition of EtsN. The MnCl2-4H20 (250 mg, 1.25 mmol)
was dissolved in 5 mL of methanol by stirring and then added to the previous solution. The
resulting solution was refluxed ~ 90 °C for 2 hours. The reaction mixture was cooled to room
temperature and sodium dicyanamide (224 mg, 2.5 mmol), dissolved in 2 mL of distilled water,
was added to the previous reaction mixture and stirred for another 1.5 hours. The resulting light
brown precipitate was filtered off and the deep brown filtrate was kept in undisturbed condition
for crystallisation at room temperature. Brown block-shaped single crystals suitable for single
crystal X-ray diffraction were obtained after two weeks. The crystals were filtered and air-dried.
Yield: 1.323 g (74 %). Anal. Calc. (%) for CaoH3sMn2N1004 (M = 830.67 g/mol): C, 57.78; H,
4.33 and N, 16.85 %. Found: C, 57.8; H, 4.3 and N, 16.9 %. Phase purity was confirmed by the X-

ray powder diffractogram that shows a good agreement with the simulated one from the single

crystal X-ray structure (Figure 1).

%“4“4 H\ ||I
|
Tl ﬂ
W
M‘u || .
| *"’*"W_,m i experimental
W W Y )u ' fﬁ
| | o &\,\mrw‘;'l
| ’WNWWWM,. P
simulated
e e e e Y e e e e e e e e
5 10 15 20 25 30 35 40

26 (°)

Figure 1. Experimental and simulated X-ray powder diffractograms for compound 1
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7.2.4 Magnetic measurements

Variable temperature magnetic susceptibility measurements were carried out in the
temperature range 2-300 K with an applied magnetic field of 0.1 T (1000 Oe) on a polycrystalline
sample with a mass of 13.598 mg using a Quantum Design MPMS-XL-7 SQUID magnetometer.
The AC susceptibility measurements were performed on the same sample at 2.0 K with different
applied dc fields (in the range 0-4300 Oe) with a field of 8 Oe oscillating in the range 10-10000 Hz
using a Quantum Design PPMS equipment. From the plot of the relaxation time vs. the dc field
(Fig. S6, ESI file), we determined an optimum dc field of 0.2 T (2000 Oe). Accordingly, we
performed the frequency sweep from 10 to 10000 Hz at different temperatures in the range 2 - 4
K with an applied dc field of 0.2 T. The susceptibility data were corrected for the sample holder
previously measured using the same conditions and for the diamagnetic contribution of the sample

as deduced by using Pascal’s constant tables [49].
7.2.5 Crystallographic data collection and refinement

Bruker SMART diffractometer equipped with a graphite monochromator and Mo-Ka
(A =0.71073 A) radiation were employed to collect the single crystal X-ray crystallographic data
of compound 1. Unit cell parameters were determined by using the APEX2 [50] program. The
SAINT [50] program was used for data reduction and correction or absorption was made using the
SADABS [50] program. The structure was solved by the Patterson method using the SHELXL-
2014[51] program embedded in WINGX software package [52]. Subsequent difference Fourier
synthesis and least-square refinement revealed the positions of the non-hydrogen atoms. Non-
hydrogen atoms were refined with independent anisotropic displacement parameters. Hydrogen
atoms were put in idealized positions and their displacement parameters were fixed to be 1.2 times
larger than those of the attached non-hydrogen atoms. These results have been embedded in the
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CIF file. All Figures were drawn by using PLATON, ORTEP and Crystal Maker software [53,54].

Data collection and structure refinement parameter and crystallographic data for the complex are

given in Table 1.

Table 1. Crystallographic data and refinement parameters of the complex 1

Crystal data
Formula Ca0H36Mn2N1004
Formula weight 830.67
Crystal system Triclinic
Space group P-1 (#2)
a(A) 8.6221(15)
b (A) 10.8616(19)
c (A) 11.741(2)
a(®) 64.798(5)
B (°) 73.308(6)
v (©) 88.199(6)
V(A 947.7(3)
z 1
pealc (g/cmd) 1.455
u (Mo Ka) (mm) 0.723
F(000) 428
Crystal size (mm?) 0.20 x 0.16 x 0.12
T (K) 293
Omin-max (°) 2.0-27.2
Total data 27641
Unique Data 4178
Rint 0.0667
Observed data [I > 2o6(1)] 3004
Npar 265
R 0.0790
WR2? 0.2167
G.O.F 1.052
Largest Peak/hole [e/A%] 0.710/-0.989
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7.3. Result and Discussion

7.3.1 Synthesis

The N202-donor based tetradentate Schiff base ligand (HzL) has been synthesized by the
condensation through refluxing the mixture of 2-hydroxyacetophenone and ethylenediamine in a
2:1 ratio in methanol (Scheme 2). The synthesis of the dimeric Mn'"' complex has been performed
in a simple one-pot reaction by refluxing the ligand (HzL) with MnCl2-4H20 at pH =9 ina 1:1
mixture of methanol-acetonitrile, followed by the addition of an aqueous solution of sodium
dicyanamide at room temperature (Scheme 2). It is noteworthy that this reaction is performed in
open air at pH = 9, as a result the Mn'" ions are easily oxidized to Mn'"" by atmospheric O2 during

the initial reaction with HzL.

o Reflux/80 °C
+ /\ 1 Sh
o HaN NH, MeOH OH HO

[H,L Ligand]
i) MnCl,-4H,0 ii) Cool down
MeOH + CH;CN(1:1) NaN(CN),, Mn:dca=1:2
Reflux/90 °C, 2h Stirring for 1.5h

at room temperature

OB D

\ 7
NC—N—CN / NC—N—CN

)“Q/

oot
Dinuclear Mn'!"

-complex

Scheme 2. Synthesis of the HzL ligand and of the dimeric Mn'"" complex 1.
7.3.2 Molecular and supramolecular structure of Complex 1

The single crystal X-ray diffraction analysis reveals that complex 1 crystallizes in the
triclinic P-1 space group and is a centrosymmetric dimeric neutral metal complex. The asymmetric
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unit contains one Mn'"" ion, one L? ligand and one dca ligand (Figure 2). Two such neighbouring
asymmetric units are connected by double phenoxido bridges through O1 atoms to form the
centrosymmetric dimer [Mn2(L)2(dca)z] (Figure 2). The Mn ions present an elongated octahedral
geometry with the four equatorial positions occupied by two imine N donor atoms (N1 and N2) of
the Schiff base ligand and two oxygen atoms (O1 and O2) of the deprotonated hydroxyl groups of
the ligand. One of the axial coordination sites is occupied by a nitrogen atom (N5) of the
dicyanamide ligand whereas the other is occupied by the O1 atom of the neighboring Mn-Schiff
base moiety. The two equatorial Mn-O bonds (Mn1-02 = 1.853(3) A and Mn1-01 = 1.914(3) A)
are shorter in length than the Mn-N ones (Mn1-N1 = 1.989(4) A and Mn1-N2 = 2.002(4) A). Al
these equatorial bond distances are shorter than the axial ones: Mn1-O1* = 2.388(3) A and Mn1-
N5 =2.199(5) A, as expected for a Mn""" ion with Jahn-Teller distortion. All the cisoid and transoid
angles are in the range of 78.88(12) - 96.53(15)° and 166.02(15) - 176.41(13)°, respectively. All

the bond lengths and angles around the Mn center are listed in Table 2 and are similar to those

found in other similar Mn""" dimers with phenoxido bridges and Schiff base ligands [55-57].

Figure 2. View of the structure of 1 with the labelling scheme around the Mn'" centres. H atoms

have been omitted for clarity. Ellipsoids are drawn at 30 % probability.
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Table 2. Selected coordination bond lengths (A) and bond angles (°) for complex 1.

Bond distances (A)

Atoms Distance Atoms Distance (A)
Mn1-O1 1914(3) Mn1-N2 2.002(4)
Mn1-02 1.853(3) Mn1-N5 2.199(5)
Mn1-N1 1.989(4) Mn1-O1* 2.388(3)

Bond angles (°)

Atoms Angle (°) Atoms Angle (°)
01-Mn1-02 | 95.22(14) | O1*-Mn1-02 92.48(13)
O1-Mn1-N1 | 87.98(19) N1-Mn1-N2 84.88(16)
O1-Mn1-N2 | 166.02(15) | N1-Mn1-N5 88.50(16)
O1-Mn1-N5 | 96.53(15) | O1*-Mn1-N1 86.52(13)
O1-Mn1-O1* | 78.88(12) N2-Mn1-N5 95.29(16)
02-Mn1-N1 | 176.41(13) 0O1*-Mn1-N2 88.68(13)
02-Mn1-N2 91.64(15) 0O1*-Mn1-N5 173.33(13)
02-Mn1-N5 92.75(16) Mn1-O1-Mnl1* 101.12(12)

*=1-x, 1y, 1-z

The doubly deprotonated Schiff base ligand, L% acts as a tetradentate N2O: chelating ligand
that occupies the four equatorial positions of the Mn'!" ion. Additionally, the O1 atom also connects
to the neighboring Mn'" ion, generating the Mn202 central unit with a double phenoxido bridge.
The dicyanamide anions act as monodentate terminal ligands and extend on both sides of the dimer

(Figure 2).

The dimer is further stabilized by two intradimer &-- -7 interactions between the two Schiff
base ligands (Figure 3). The dimers are connected by C-H---N hydrogen bonds involving the two
non-coordinated N atoms of the dca™ ligands, to form a 2D supramolecular lattice plane parallel to
the [-1 2 2] plane (Figure 4). Additionally, there are interdimer C-H---x interactions that generate
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chains along the b axis (Figure 5). All the structural parameters of the hydrogen bonds and n-
interactions are summarized in Tables 3-4. Interestingly, complex 1 can be considered as a
fragment of a Mn'!" chain reported by Ghosh et al., formulated as [Mn2(L)2(dca)]ClO4-CHsCN (2,
CCDC code = OHASIB) where double phenoxido bridged Mn'!" dimers are connected by p15-dca

bridges (Figure 6) [29].

Table 3. Hydrogen bond dimensions of complex 1.

D-H---A D-H/(A) | H---AA) | D---AI(A) | <D-H---A ()
C9-H9B---N6B 0.97 2.602 3.494 153
C37-H37C---N7 0.96 2.699 3.383 129

. W
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Figure 3. Dimer formation is also stabilized by intradimer n- - -7 interactions (shown as pink dotted
lines connecting the ring centroids, Cg). Colour code: C = grey, H = white, Mn = orange, N = blue,
O =red, Cg = pink.

Page No. 169



Chapter 7

____________________________________________________________________________________________________________________________________|
Table 4. n-interaction dimensions in complex 1.

7T interactions
Ri---Rj Symmetry | Distance between Ri-Perp a (Dihedral
ring centroids/(A) (Perpendicular Angle between
distance Ri---R})/(A) Planes (°)
Ri---Rz | 1-x,1-y,1-z 4.031(10) 3.835(4) 21.8(4)
C-H: -7 interactions
C-H---Ri | Symmetry H---Ri (A) C-H---Ri (°) C---Ri (A
H3g§§_'_R2 1-x, 1-y, 1-2 3.131(12) 129.6 3.82(2)

Ri: C1-C2-C3-C4-C5-C6; R2: C11-C12-C13-C14-C15-C16.
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Figure 4. 2D supramolecular lattice formed by C-H---N hydrogen bonding interactions in 1
(shown as red thin lines). H atoms (except H9B and H37C) have been omitted for clarity.
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Figure 5. Formation of supramolecular chains through double C-H: ‘& interactions along the b
axis (showed as red dotted lines). Colour code: C = grey, H = white, Mn = orange, N = blue, O =

red, Cq = pink. H atoms (except H12C) have been omitted for clarity.
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Figure 6. Structure of compound OHASIB showing the alternating chains with double phenoxido
and pa1s-dca” bridges connecting the Mn(l111) ions. Colour code: C = grey, H = white, Mn = orange,
N = blue, O = red.

7.3.3 Electronic absorption spectra

The electronic absorption spectrum of complex 1 has been recorded in acetonitrile (Figure
7). The spectrum shows a very low intensity single absorption band at 670 nm (inset in Figure 7)
that can be attributed to a d-d transition in the complex which is consistent with a distorted
octahedral geometry around the Mn'"" ion. The LMCT (PhO—Mn'") band is observed at 454 nm
(e =2515Mcm™). There are also two bands in the UV region at 240 nm (¢ = 21667 M™cm™) and

285 nm (e = 10205 M*cm®) appeared due to intra ligand n-n* and n-n* transitions.

0-0 T T T T T T T T T T T 1
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavelength(nm)

Figure 7. Absorption spectrum of the complex (10 M) in acetonitrile solution.
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In the FT-IR spectrum of complex 1 (Figure 8), three sharp peaks at 2273, 2152 and 2216

cm* are obtained because of the asymmetric, symmetric and symmetric + asymmetric stretching
of the C=N bonds of the dicyanamide ligands, respectively. The band at v = 1587 cm™ has been
observed due to the C=N stretching of immine bond of the Schiff’s base ligand. A sharp peak at

1297 cm'! can be attributed to the C-Ophenotic Stretching. The v(Mn-O) and v(Mn-N) are located at

601 and 451 cm™, respectively.
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Figure 8. IR spectrum of the complex 1

7.3.4 Cyclic voltametric study

The study of the electrochemical properties of a metal complex is important to assess its
capability to mimic the functionality of metalloenzymes. The electrochemical behavior of the
complex has been investigated by using cyclic voltammetry in acetontrile solution at a scan rate

of 50 mV s with respect to an Ag/AgCl electrode using tetrabutylammonium bromate as

supporting electrolyte.
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Figure 9. Cyclic voltammograms of the complex in acetontrile medium with respect to an
Ag/AgCI electrode using tetrabutylammonium bromate as supporting electrolyte at a scan rate of
50 mV s,

The cyclic voltammogram (CV) of the complex is irreversible and displays two redox
processes with Ect =-0.32 V, Ea =0.19 V, AEpc = 0.51 V, E¥2 = -65 mV and Ec2=-1.03 V, Es® =
-0.56 V, AEpc = 0.47 VV, E¥2=-0.795 V as can be seen in Figure 9. The cyclic voltammogram (CV)
of the complex is irreversible and displays two redox processes with Ect =-0.32 V, Ea! =0.19 V,
AEpc=0.51V, EY2=-65mV and Ec? = -1.03 V, Ea? = -0.56 V, AEpc = 0.47 V, E¥? = -0.795 V as

can be seen in Fig. 9.
7.3.5 Magnetic properties

The thermal variation of the product of the molar magnetic susceptibility times the
temperature (ymT) for compound 1 shows a room temperature value of ymT ca. 6.0 cm® K mol™,
which is the expected value for two independent Mn'"" ions with a ground spin state S=2 and a g
value close to 2. When the sample is cooled, ymT remains constant down to ca. 20 K and exhibits
a sharp decrease at lower temperatures to reach a value of ca. 3.0 cm® K mol? at 2 K (Fig. 10).
This behaviour suggests the presence of an overall weak antiferromagnetic interaction in the metal

complex and/or a zero-field splitting (ZFS) of the S = 2 ground spin state. Since the compound
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contains a symmetric dimeric Mn'"" complex with a double phenoxido bridge, we have fit the
magnetic data of the compound using three different models: (i) a Mn'"" dimer with ZFS in the
Mn'""ions, (ii) two independent Mn'"" monomers with a ZFS and (iii) a Mn'"" dimer with no ZFS.
For the two first models we have tried with either positive and negative initial values of the ZFS.
Using these three models with the program PHI [ 58] we obtain reasonable fits in the whole
temperature range with the five different possibilities: (i) dimer + ZFS (D > 0), (ii) dimer + ZFS
(D < 0), (iii) dimer with no ZFS, (iv) two monomers + ZFS (D > 0) and (v) two monomers + ZFS
(D < 0) (Fig. 11) with the parameters as displayed in Table 5. Nevertheless, in the low temperature
region, the best fit is obtained with the second possibility (a Mn'!" dimer with a negative value of
D, solid line in Figure 10 and orange line in Figure 11) with the following parameters: g =
1.9946(5), J = -0.065(1) cm™ and D = -1.80(2) cm™ (the Hamiltonian is written as H = -J(S1S2)).
These values indicate that the magnetic coupling through the double phenoxido bridge is almost
negligible. As expected, the inclusion of a ZFS to the dimer model reduces the antiferromagnetic

coupling along the double phenoxido bridge. The obtained D value is very close to those observed

in other high spin Mn'!" complexes [59].

Cm T (cm3 K mol-2)
&

0 50 100 150 200 250 300
T (K)

Figure 10. Thermal variation of ymT for compound 1. Solid line is the best fit to a Mn'!" dimer

model with negative zero field splitting.
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Figure 11. Thermal variation of ymT for complex 1 with the best fit obtained for different models:
(i) a Mn(111) dimer with positive ZFS, (ii) a Mn(l11) dimer with negative ZFS, (iii) a Mn(111) dimer
with no ZFS, (iv) two Mn(l11) monomers with positive ZFS and (v) two Mn(l11) monomers with

negative ZFS. Inset shows the low temperature region.

Table 5. Magnetic parameters obtained with the fit of the thermal variation of ymT for complex 1

to different models.

Model g J(cm?) | |D| (cm™)
Dimer + ZFS (D >0) | 1.9948(7) | -0.132(4) | +1.32(4)
Dimer + ZFS (D <0) | 1.9948(7) | -0.065(1) | -1.80(2)

Dimer 2.0019(7) | -0.244(1) -
Monomers + ZFS (D >0) | 1.986(1) - +2.33(2)
Monomers + ZFS (D <0) | 1.989(2) - -2.71(7)

The best model is indicated in bold

The very weak antiferromagnetic coupling through the double phenoxido bridge is the
expected one since the O atoms connect an axial position of one Mn'"" jon with an equatorial
position of the other Mn'"" ion. This connectivity precludes the overlap of the magnetic orbitals

and, therefore, reduces the magnetic coupling. Moreover, a complete experimental and theoretical

____________________________________________________________________________________________________________________________________|
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study performed by Ghosh et al. on Mn"" dimers with a double phenoxido bridge, shows that the

coupling in all cases is very weak although it may be ferro or antiferromagnetic [29].

In case of Mn'"" dimers, the Jahn-Teller distortion originates a short and a long Mn-O bond
distances (in complex 1 these distances are 1.914(3) and 2.388(3) A). It is well established that the
main structural parameter determining the magnetic coupling is the long Mn-O bond distance [31,
38, 60]. When this long Mn-O bond distance is large (above ca. 2.4 A) then the orbital overlap is
reduced and the coupling is weak and ferromagnetic as a result of the orbital orthogonality of the
dz? and dp orbitals (dxy, dxz and dyz). For shorter Mn-O bond distances (as in complex 1) the overlap
increases, resulting in a weak antiferromagnetic interaction, as observed in complex 1
(J23 = -0.065(1) cmt). The negligible coupling observed in complex 1 agrees with a distance very
close to the crossing point between ferro- and antiferromagnetic coupling. The second structural
parameter that plays a role in the J value is the Mn-O-Mn bond angle (101.12(12)° in complex 1).
Both, experimental results and theoretical calculations, show that when the Mn-O distance is short
(2.3-2.5A) there is a linear relationship between the Mn-O-Mn angle and J, with a negative slope
that indicates that the larger the angle, the lower the J value [29]. Although the slope and the
crossing angle from ferro- to antiferromagnetic interaction depends on the Mn-O bond distance,
the larger the angle, the more antiferromagnetic the J value is. The Mn-O-Mn angle in complex 1
point to a weak antiferromagnetic interaction through the double phenoxido bridge, in agreement

with the obtained J value in complex 1.

Since Mn'" ions present a large magnetic anisotropy [1,14,51], we have performed AC
measurements with different applied DC fields at low temperatures. These measurements show

the presence of a frequency-dependent out of phase signal ( x;,) at low temperatures only when a
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DC field is applied (Figure 12). The analysis of the frequency dependence of out of phase signal
at 2 K with the Debye model shows that the relaxation time increases as the DC field increases
and reaches a maximum at around 2000 Oe (0.2 T, Figure 12). Accordingly, we have measured
the frequency dependence of the AC signal with an applied DC field of 0.2 T in the temperature

range of 2 - 4 K (Figure 13a). These measurements show an out-of phase signal with a maximum

that shifts to higher frequencies as the temperature increases.

The field dependence of the relaxation time can be fitted to the following equation:

B,
1+B,H2

™1 = ATH" + + D (1)
with n = 2 for a non-Kramers ion, A = 7.6(8)x10° s* K T2, B1 = 1.10(9)x10° s, B2 = 55(9) T2

and D = -2.7(1)x10* s (solid line in Fig. 12 right).

—e—00e —e— 1800 Oe
—e— 200 Oe —e— 2000 Oe

1.2 3.010°

1.0

1 ——e— 1000 Oe

101054

Ir-— = 5.0/ 106
101 102 103 104 0.0 0.1 02 03 04 05

n (Hz) Hpc (T)

Figure 12. (left) Frequency dependence of the out of phase signal of complex 1 at 2.0 K with
different DC fields. Solid lines are the fit to the Debye model. (right) Field dependence of the

relaxation time (t) of complex 1 at 2 K. Solid line is the fit to equation (1).

The fit of the frequency dependence of the y;, signal to the Debye model for complex 1
provides reliable relaxation times (t) only in the temperature range 2.0 - 2.6 K (as at higher

temperatures the maximum frequency is above the frequency limit of our equipment). The
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Arrhenius plot of these relaxation times (Ln t vs. 1/T, Figure 13b) shows a straight line in the 2.4
- 2.6 Krange and a curvature in the 2.0 - 2.4 K range that can be very well reproduced with equation

(2), including the Direct and Orbach mechanisms, respectively:

-1 — -1 “Ueff
T =AT+ T, exp(kBT) 2

with A = 206(9)x10%sK1, 10 = 8(1)x107® s and Uefr = 73(4) K (solid line in Fig. 13b), indicating

that the relaxation of the magnetization follows an activated process with a quite high energy

barrier.
1.2 S5k -10.0
Lo] Zokk 105-
a ' —— 23K -11.0%
g 0.8 11.5-
mg 0.6 E -12.0-
= 0.4- -12.5-
© -13.0
0.2 - 22 -13.51
0.0 B === 140 e
10t 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52
UT (K1)
(a) (b)

Figure 13. (a) Frequency-dependence of the out of phase susceptibility (x;,) at low temperatures
with an applied DC field of 0.2 T for complex 1. Solid lines are the best fit to the Debye model.
(b) Arrhenius plot of the relaxation time for compound 1 with a DC field of 0.2 T. Solid line is the
best fit to equation (2).

7.3.6 Catechol oxidation activity

3,5-di-tert-butylcatechol (3,5-DTBC) is an extensively used substrate in the study of model
complex catalysed catechol-oxidase-like reactions. This is because of its low redox potential,

which makes it easily oxidisable and also the presence of bulky substituents prevents further
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oxidations and ring-opening reaction [61]. The oxidation product, 3,5-di-tert-butylquinone (3,5-
DTBQ) is also very stable and exhibits a characteristic absorption maximum at 402 nm in
acetonitrile solution [46, 62]. In order to examine the catechol-oxidase-like activity of complex 1,
we dissolved the complex in acetonitrile by sonicating it few minutes to prepare a 10 (M) solution
of the complex and treated this solution with 100 equivalents of 3,5-DTBC (102 (M)) in open air.
In this catalytic reaction the aerial Oz works as an oxidant. The course of the reaction was
monitored by recording the UV-Vis spectra of the reaction mixture at intervals of 5 minutes. As
can be seen in Figure 14, the formation of 3,5-DTBQ causes a blue shift in the absorption band of
the complex from 454 nm to 401 nm with steady and gradual increase of the absorption intensity.
These results confirm the catalytic oxidation of 3,5-DTBC to 3,5-DTBQ in solution. Interestingly,
if we perform the same experiment in identical reaction conditions in methanol, no absorption
band corresponding to 3,5-DTBQ was observed (Figure 15). This result indicates that methanol is
not a suitable solvent for the oxidation of 3,5-DTBC catalysed by complex 1. A control experiment
was also performed in acetonitrile under the same conditions using Mn'" chloride instead of
complex 1 but no characteristic absorption band of 3,5-DTBQ was observed even after 4 hours. A
second control experiment performed under the same conditions, but without adding complex 1,
showed that the oxidation of 3,5-DTBC started only after 12 hours. Hence, both the control
experiments unequivocally prove the effective catalytic activity of complex 1 towards catechol

oxidation.
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Figure 14. Absorption spectra after addition of 100 equivalents of 3,5-DTBC to a 10* (M) solution

containing complex 1 in acetonitrile. The spectra were recorded at 5 minutes. intervals during

ca. 1 hour.
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Figure 15. Electronic absorption spectra after addition of 100 equivalents of 3,5-DTBC to a

solution containing compound 1 (10* M) in methanol. The spectra were recorded at 5 min

intervals.
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As the catalytic activity of the complex has been assessed using aerial O2 as oxidant, it is
therefore important to know the fate of the aerial O2 during the oxidation of 3,5-DTBC and for this
purpose a protocol experiment has been carried out following the procedure reported earlier [63].
Upon performing the catalytic oxidation of catechol for a duration of one hour, the pH of the
solution was brought to 2 by dropwise addition of H2SOa. Thereafter, we have added 1 mL of 10
% KI solution and two drops of 3 % solution of ammonium molybdate in the solution obtained
from the previous step and recorded the UV-Vis spectrum of the resultant mixture (Figure 16) to
monitor the characteristic peak of I5. In the UV-Vis spectrum the characteristic peak of I3 at 353

nm (e = 26000 Lmolcm™) has been detected. This experiment indicates that aerial O2 is reduced

to H202 during oxidation of catechol molecule to quinone (Scheme 3) [63].

3.0

2.5

353 nm(Characteristic peak of 13')

)

e
(]
!

Absorbance (a.u.)
in
1

—
=]
1

0.5 +

0.0 T M T T T T T
250 300 350 400 450 500 550

Wavelength (nm)

Figure 16. UV-Vis spectra of the reaction mixture of 3, 5-DTBC, complex 1 and KI

The detailed reaction procedure is as follows: The complex and 3,5-DTBC (100 equiv.)
solutions were prepared in acetonitrile and mixed as needed for kinetic study. After one hour of
reaction, an equal volume of water was added to the reaction mixture and the pH of the solution

was brought to 2 by acidifying it with H2SO4 to restrain any further oxidation. The quinone (3,5-
____________________________________________________________________________________________________________________________________|
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DTBQ) formed as product was extracted thrice with dichloromethane. 1 mL of a 10% solution of
Kl and three drops of 3% solution of ammonium molybdate were then added to the aqueous layer.
The formed H202 oxidizes 1" ions to I2 which further reacts with excess I” ion and form I3~ ion.

The formation of 13~ was monitored spectrophotometrically by development of its characteristic

absorption band at A = 353 nm (e = 26000 M 1cm™) in the UV-Vis spectrum.

\\\\\\““
Complex 1, ACN

N\

0, H,0,

=
=
=

Scheme 3. Catalytic Oxidation of 3,5-DTBC to 3,5-DTBQ in acetonitrile (ACN).

7.3.7 Kinetic study for catechol oxidation

The Kinetic study of the catalytic oxidation of 3,5-DTBC to 3,5-DTBQ by complex 1 was
carried out following the initial rate method by measuring the increase of the absorbance of the
quinone band at 401 nm. In order to determine the main kinetic parameters and the oxidation rate
dependence on the substrate concentration (3,5-DTBC), a 10* (M) solution of complex 1 in
acetonitrile has been reacted with increasing concentrations of 3,5-DTBC, from 10 to 100
equivalents, i.e., from 10 (M) to 102 (M), under aerobic condition. The initial rate is determined
from the slope of the absorbance vs. time plot (Figure 17) recording the absorbance data for a
duration of first 15 minutes, at an interval of 5 minutes and considering the molar extinction

coefficient of quinone (3,5-DTBQ) as 1630 Mtcm™.
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Absorbance vs Time plot
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Figure 17. Absorbance vs Time plot

A first-order dependence is found at low concentrations of the substrate, whereas saturation
kinetics has been noticed at higher substrate concentrations (Figure 18). The Michaelis-Menten
model approach can be used to explain this type of saturation rate dependence as observed in the
present case. Thus, a treatment on the basis of Michaelis-Menten equation for enzymatic kinetics
is applied here and linearized by using Lineweaver-Burk plot (double reciprocal plot) to calculate
the Michaelis-Menten constant (Km) and the maximum rate (Vmax) achieved by the system. The
values of Km and Vimax are 8.473x103 M and 5.82x10° Mmin™, respectively. The value of turnover
number (kcat) as calculated by dividing the Vmax value by the concentration of the complex. is 34.94
h,

7.3.8 ESI-Mass Spectrometric Study

The mass spectrum (ESI-MS positive) of complex 1 and a 1:100 mixture of complex 1 with
3,5-DTBC after 10 minutes of mixing have been recorded separately in acetonitrile medium to get
an insight into the structure of the complex in solution phase as well as to probe the presence of

possible substrate-catalyst intermediates involved in the catechol oxidation reaction. The mass
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spectrum of complex 1 (Figure 19) exhibits a base peak at m/z = 349.25 that indicates the presence
of mononuclear species [Mn(L)]" (C1sH1sMnN203) in the solution phase. Additional peaks at m/z
= 431.2 and 390.6 can be assigned to the solvent bound mononuclear species [Mn(L)(CH3CN)z]*
(C22H2aMnN40O2) and [Mn(L)(CH3CN)]" (C20H21MnN302), respectively. It may be noted that very
low intensity peaks are also found at higher m/z values (m/z = 612.08, 721.39 and 780.4) indicating

the presence of complex 1 in the solution.

32

12 4 .

Ratex10® (Mmin™)
>
1

1Rames 07 (M mimn)

T T T T T T T
12 3 4 & 7T B 9 mon
4 L Substrwie] = HE* (W)

0 —1r - r ~ r ~ r - 1~ 1~ 1~ T 1 * T 7
0 1 2 3 4 5 6 7 8 9 10 11
[Substrate]x10° (M)

Figure 18. Plot of initial rates vs. substrate concentration for the oxidation of 3,5-DTBC to 3,5-

DTBQ catalysed by complex 1. The Inset shows the Lineweaver-Burk plots.

The mass spectrum of the 1:100 mixture (Fig. 20) shows a base peak at m/z = 243.13 that
corresponds to the quinone-sodium aggregate [(3,5-DTBQ)Na]" (C1sH2002Na). The peak at m/z =
570.3 indicates the existence of 1:1 mononuclear species-substrate aggregate [Mn(L)(3,5-
DTBQ)H]" (Cs2H3sMnN204) formed during the course of the catalytic oxidation. Hence, on the
basis of the mass spectrometric evidence, it can be inferred that complex 1 predominantly exists
as a mononuclear species [Mn(L)]" in acetonitrile solution after its dissociation.

____________________________________________________________________________________________________________________________________|
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Figure 19. Electrospray mass spectrum (ESI-MS positive) of complex 1 in acetonitrile.

It is worthy to note that complex 1 did not exhibit catalytic activity in the oxidation of 3,5-
DTBC in methanol under the same reaction condition as we have mentioned earlier. Very similar
observation has been reported in the literature for a series of dinuclear Mn'"!-Schiff base
complexes, however, another series of mononuclear Mn'"!-Schiff base complexes display good
catalytic activity in both methanol and acetonitrile solvents [64]. Hence, from the outcome of the
present catalytic study and previous findings, it will be reasonable to conclude that the good
coordinating ability of MeOH molecule precludes the dissociation of the Mn'!" dimer to form the
mononuclear species, [Mn(L)]*, which is actually the active form of catalyst, whereas this does

not happen in acetonitrile solution.
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Scheme 4. The possible 1:1 substrate-catalyst intermediate formed by mononuclear manganese
species with 3,5-DTBQ in acetonitrile [m/z = 570.3].

This mononuclear species [Mn(L)]" is actually the active form of catalyst that binds with

the substrate 3,5-DTBC (1:1) in the course of the oxidation (Scheme 4).
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Figure 20. Electrospray mass spectrum (ESI-MS positive) of a 1:100 mixture of the complex and

3,5-DTBC in acetonitrile, recorded just after 10 min of mixing.
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Metal complexes comprising higher valent metal centres such as Cu", Mn'" and Mn'V
usually exhibit significant catalytic activity in the catechol oxidation reaction because they can be
easily reduced to their stable lower valencies [65-66]. In the UV-vis spectrum of the complex 1 in
acetonitrile, a band appears at 454 nm due to the ligand to metal charge-transfer (PhO — Mn'"").
This band completely disappears upon addition of 100 equivalent of the substrate 3,5-DTBC
(Figure 21). This spectrophotometric study clearly suggests that in the present case, the catalytic
oxidation of 3,5-DTBC to 3,5-DTBQ by aerial Oz takes place with the concomitant reduction of
Mn'"ions to Mn'' state. The Mn'" ions are further oxidised back into Mn'"" by the molecular Oz
present in the reaction media. The catalytic activity of the complex in terms of the parameters such
as Km, Vmax and kcat has been compared with manganese and other metal-based complexes toward
catalytic oxidation of catechol and presented in Table 6. This comparative study reveals that the

present dimeric Mn'"-complex exhibits moderate catalytic activity in the oxidation of catechol

substrate.

Complex+ 3,5-DTBC

Absorbance(a.u)
=
h
1

0.4 -
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0.2 /

0.1 ;

0.0 +—— -—

400 420 440 460 480 500 520 540 560 580 600
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Fig. 21. UV-vis spectra of the complex 1 alone and after addition of 100 equivalents of 3,5-DTBC

in acetonitrile.
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Table 6. A comparison of catechol oxidase mimicking activity of some previously reported

metal complexes.

Complexes Solvent V4 (Ms?) Ky (M) kegr (0 Ref.
[Mn"'(L)2(OAC)(AcOH)] [(] 183x107° - 1.32x10° [44]
[Mn"; Mn'"(O,CCH.Cl)s-(dmp)2(H20)  [c] 1.50x 10"  7.49x10°° 9.01x103 [45]
[Mn"(0-(NO2)CsH4COO)(pyz)(H20)]n [c] 867x10° 17x10" 177 [46]
[Mn"'L2(SCN)(H,0)] [b] 21x10° - 134 [67]
[Mn""L(N3)(H20)] [d 176x107 0.001022 25.4 [68]
[Mn"'L(OAC)(H-0)] [d 1.19x107 0.0007731 17.2 [68]
[Mn""Mn"L(z-O.CPh)(MeOH) (CIO,)]" [c] 4.34x10°  0.0006265 15.6 [69]
[Mn"" (L)CI] [c] 100x10* 65x10°* 3.60 x 10° [64]
[Mn"'5(L)Cl4]-4H-0 [c] 6.70x10° 240x10° 2.41 x 10° [64]
[Mn"2(L)2(NO2).] [c] 398x10° 49x10* 1472.74 [56]
[Mn"sMn"40,(pyz)2(CeHsCH.CO0)10]  [c] 1.18x10° 1.75x10°* 2.55 x 10° [70]
[Cu(LY)2(ClO4)2]2 [b] 5x1077 3.70 x 107" 34.32 [71]
[Cua(L?)2(u-Cl04)](C104) [b] 7.3x1077 6.40 x 107 26.52 [71]
[Coz(cpdp)(Hphth)] [b] 2.8x107 2175x 107  20.64 [72]
[Coz(cpdp)(Hisophth)] [b] 2.1x107 2719x 107  15.45 [72]
[Cos(cpdp)2(terephth)] [b] 3.2x107 2599 x 107 47.32 [72]
[Cuz(Hhdpa),].2CH3;0H.6H,0 [b] 23x107 5,039 x 10°  17.05 [73]
Nas[Zn,(hdpa).](OAC). [b] 1.3x107 1.78 x 1072 9.13 [73]
[Nis(L)2(H20)s(p2-H20)2] (NO3)s(H20)s [d] 3.514x107 1.966x 10°  12.65 [74]
[Mn"'y(L)2(dca).] [c] 9.7x107 8.473x10° 3494  Thiswork

Where, solvent: [a]= CH3CN: DMF(9:1), [b]= CH3;0H, [c]= CH3CN, [d]= DMF and ‘L’ denotes respective
ligand system

7.4. Conclusions

In this work we have reported the structure, magnetic properties and bio-catalytic activity
of a unique dimeric Mn'"' complex containing Schiff’s base and dca” ligands. The complex 1 is a
centrosymmetric Mn'" dimer showing a rare combination of double phenoxido bridges with
terminal dca ligands. Complex 1 is the first reported dimeric Mn'"' complex of a Schiff base ligand
having two terminal dca ligands. We have shown that for the ratiol:2 of Mn and dca’leads to
formation of a dimeric Mn'"" complex, in contrast to the discrete mononuclear complexes or 1D
structures previously obtained for 1:1 ratio of Mn and dca’. The complex 1 exhibits an almost
negligible Mn'""-Mn'" coupling and a field-induced single-molecule magnet behaviour, with a high

energy barrier of 73(4) K due to the large magnetic anisotropy of the Mn"" centres. Additionally,
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the complex 1 exhibits significant solvent selective catechol-oxidase-like activity for the model

substrate 3,5-DTBC in acetonitrile medium.
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8.1 Conclusion
Finally, in this chapter, the major outcomes and future prospects of the work will be
depicted. The thesis includes the design and detail structural characterisation of a number of novel
transition and lanthanide metal ions-based functional materials: {[Ni(squarate)(2,2'-
bipy)(H20)]-H20}n (compound 1), [Pr(1,10 phen)2 (H20)s] Cl3(H20) (CHsOH), (compound I1),
[Cuz (oxalate)(1,10-phen)2Cl2], (compound 111) [Mn(L)(H20)CI], (compound 1V)
(H3O)[Mn(L)(H20)2{[Mn(L)(H20)]2Fe(CN)6}-4H20 (compound V), and [Mnz(L)2(dca)z]
(compound V1) [where, 2,2'-bipy = 2,2'-bipyridine, 1,10-phen = 1,10-phenanthroline and HzoL =
Schiff’s base ligand, dca= dicyanmide] synthesised by utilising the ‘node and spacer’ approach of
crystal engineering. Tthe judicious selection of ligands and metal ions/cluster with clear
understanding of their preferred interactions is the backbone of the design of targeted materials
having desired functionalities. Synthesis of the desired materials using preselected ligands and
metal ions/cluster in solid crystalline form can be achieved by rational modification of reaction
techniques and tuning of various factors like temperature, solvent polarity, solvent ratio, pH,
reagent ratio and reaction time etc. These synthesised materials are valuable treasures in designing
functional materials though CE as well as synthetic coordination chemistry and also have
incredible application prospects. In depth study of functional properties of the synthesised
materials to explore their potential applications in bio catalysis, product selective catalysis of
epoxidation, magnetic properties and supramolecular host-guest chemistry have been done with
outmost care. Theoretical investigation to find out the structure properties relationship of the
materials is also performed for three representative samples. The conclusions of the thesis work

are depicted below:
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[1] A novel squarato-bridged 2D coordination polymer {[Ni(squarate)(2,20-bipy)(H20)]H20}n
with the squarato di aninon exhibiting very rare ui23 bridging mode has been successfully
synthesized. These 2D coordination sheets are packed via m---m interactions leading to the
formation of 3D supramolecular structure with 1D supramolecular channels. These 1D channels
are filled with guest water molecules which get stability through hydrogen bonding interactions.
The structural study indicates the presence of unusual rare pi23 bridging mode of squarato-
dianinon in the complex and the magnetic measurements have revealed that the complex is
antiferromagnetic in nature. This is in agreement with the magnetic property of the sole previous
example of pi23 -squarato-bridged compound. Due to the presence of p-electrons the complex
becomes fluorescence active. By providing the second example of pi23 bridging pattern of
squarato-dianion we have established that the squarate exhibits versatile bridging mode due to
strong donor ability of its oxygen atoms. Taking into account the present and large number of
previous works it may be concluded that the squarato-bridged metal complexes provide the unique
opportunity to study the wide variety of bridging modes exhibited by the ligand and to investigate
the influence of different bridging modes on magnetic property of such systems. In summary, we
have presented a new 2D coordination polymer formed by utilizing unusual p1,23 bridging pattern
of squarato-dianion that exhibits multiple functionalities: (a) acts as metal-organic supramolecular
host, (b) exhibits antiferromagnetic behavior and (c) photo-luminescent activity.
[2] It has been shown that hybrid water chloride system can be incorporated in a Pr (l11)-based
complex synthesized by using a neutral ligand 1,10-phenanthroline. The cationic complex
[Pr(phen)2(H20)s]*" has been stabilized by the counter chloride anions. The 2D sheets are formed
within the ac-plane by using the n--*m interactions between 1D supramolecular chains formed by

connecting the monomeric units. These 2D sheets are further packed by n**'w interactions to form
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the MOSH having hydrophobic pockets in which guest water, chloride and methanol are stabilized
through weak interactions. The hydrogen bonding interactions among coordinated water along
with the guests form a unique 2D supramolecular water-chloride-methanol sheet. The guest
responsive hydrophobic pockets between 2D supramolecular sheets are flexible in nature. The
MOSH can shrink and readjust itself with the retention of crystallinity upon the expulsion and
introduction of guest species. It also regains its original shape upon reabsorption of guest species.
The present system thus behaves like a dynamic supramolecular metal-organic host which can
breathe upon heating and cooling with simultaneous aquation. This dynamic nature is due to the
strong affinity of the host towards the guest molecules. The coordination tendency of the Pr(l1)
ion and the self-assembling tendency of water-chloride and methanol stabilize the system and these
are responsible for the affinity of the host towards the guest molecules. The unique hydrogen
bonded network of water-chloride and methanol molecules obtained in the present crystalline host
will enhance our knowledge on the water-anion assembly and further work may help to understand
how water-chloride and methanol may behave in biological processes like chloride ion
transportation. In summary, the present crystal structure is a very interesting example of dynamic
supramolecular metal-organic host and will act as a guide in the design of further metal-organic
host systems where metal coordination tendency towards water molecules and anion-water self-

assembling tendency can be utilized.

[3] A binuclear Cu(ll) complex, [Cuz(oxalate)(1,10-phen)2Cl2] (where 1,10-phen = 1,10-
phenanthroline), has been designed and synthesised by using hydrophilic oxalate as bridging
ligand and the hydrophobic 1,10-phen as the blocking ligand. The complex exhibits very good
thermal stability and photoluminescence activity along with product selective catalytic activity for

epoxidation of alkenes in presence of H202. Structural analysis has revealed that binuclear metallic
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units of the complex are packed by supramolecular hydrogen bonding and - -7 interactions and
forms a 3D supramolecular architecture. The cyclic voltametric study suggests that both the copper
centres are strongly coupled to each other through the oxalato-bridge. Owing to the presence of -
electrons in auxiliary ligand (1,10-phenenthroline), the complex shows strong fluorescence active
behaviour. The presence of co-ordinately unsaturated Cu-centres makes the complex active
catalyst in the high valued oxidation reaction of alkenes. By optimizing the oxidation reactions of
alkenes using this binuclear Cu(ll) complex, it has been established that in all cases the maximum
catalytic efficiency can be achieved at 50 °C in presence of H202 as oxidant with acetonitrile
solvent. Interestingly, the complex shows 100% selectivity for the oxidation of cis-cyclooctene to
the corresponding epoxide in presence of H202 as oxidant at 50 °C with 70% conversion in
acetonitrile. The complex also exhibits product selectivity and percentage conversion of 89 % and

67 %, respectively, for styrene and 76 % and 82 % for cyclohexene under the same reaction

condition.

[4] In this report, we have presented a unique example of an inorganic reaction where a selective
metal-ligand bond undergoes dissociation assisted by the formation of intermolecular n-x and H-
bonding interactions. DFT calculations at the PBE1PBE/def2-TZVP level confirm that the
summation of the energies of all these intermolecular interactions overpasses the metal-ligand one.
This fact has allowed us to prepare a trimeric molecular metamagnet from a monomeric

metamagnetic precursor for the first time.

A novel Schiff base ligand (H2L) has been successfully synthesised and it is used for the
preparation of a Mn(l11) monomer [Mn(L)(H20)CI], (compound 1V) that shows a very weak
antiferromagnetic coupling through intermolecular n-nm and H-bonding interactions. This weak
antiferromagnetic interaction can be cancelled out by the application of an external magnetic field,
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giving rise to a metamagnetic behaviour with a critical field of 2.0 T at 2 K. Combination of this
Mn(111) monomer with [Fe(CN)s]* generates a MnzFe trimer where the diamagnetic [Fe(CN)s]*
complex acts as a linear connector between two monomeric Mn(l1l) complexes. These anionic
trimers crystallize with a cationic Mn(111) monomer (closely related to the precursor monomer) in
a 1:1 co-crystal to form (HzO)[Mn(L)(H20)2]{[Mn(L)(H20)]2Fe(CN)e}-4H20 (compound V). The
trimers are further assembled by n-n and H-bonding interactions to build 1D supramolecular
chains. Compound 2 also behaves as a metamagnet with a slightly higher critical field of 2.5 T at
2 K. The magnetic behaviour of both compounds has been reproduced with a simple model of a S
= 2 monomer with a ZFS and a very weak intermolecular interaction (compound IV) anda S = 2
monomer with ZFS plus an antiferromagnetically coupled S = 2 dimer with a ZFS (compound V).
[5] The design, synthesis, structure, magnetic properties and bio-catalytic activity of a unique
dimer Mn'"" complex containing Schiff’s base and dca™ ligands synthetized by the reaction of
MnCl2 with dca” at 1:2 ratio has been reported. The complex is a centrosymmetric Mn'" dimer
showing a rare combination of double phenoxido bridges with terminal dca™ ligands. Complex is
the first reported dimeric Mn""' complex of a Schiff base ligand having two terminal dca ligands.
Complex shows that the use of a 1:2 Mn:dca™ ratio leads, for the first time, to a dimeric Mn'"
complex, in contrast to the discrete mononuclear complexes or 1D structures previously obtained
with a 1:1 Mn:dca ratio. Complex exhibits an almost negligible Mn'" - Mn"" coupling and a field-
induced single-molecule magnet behaviour, with a high energy barrier of 73(4) K due to the large
magnetic anisotropy of the Mn'!" centers. Additionally, we have shown that the complex shows an
appreciable solvent selective catechol-oxidase-like activity for the model substrate 3,5-DTBC in

acetonitrile medium.
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8.2 Future prospect of the work

Functional metal organic materials offer colossal opportunities for their applications in all
most all modern scientific and technological arenas ranging from micro level laboratory synthesis
to large scale industrial preparation. Current research trend in this field is to design multifunctional
MOMs incorporating as many functionalities as possible in a single framework. The rational
design of metal-organic frameworks may couple exciting application oriented functional properties
such as magnetic, catalytic, electrical, optical, spintronic, sensor, luminescence, drug delivery etc.
with the inherent porosity of the framework. As a consequence, a single framework becomes
compatible for a number of applications. The transportation of ions, enzymes, hormones and drug
molecules etc. in the living systems utilize weak supramolecular interactions to bind guest species
with the carrier host. In this regard, dynamic metal-organic supramolecular hosts (MOSHS) having
tunable porosity are tremendously used in various bio-related and other technological applications.
Rational understanding about intermolecular forces and judicious use of building blocks are
absolute requirements to develop of multi-functional metal organic materials. The present thesis
deals with the design, synthesis, structural characterization, thermal, spectral and study of
functional properties of a number of transition and lanthanide metal ions-based functional
materials. Study of functional properties of the synthesised materials includes bio catalysis,
product selective catalysis of epoxidation, magnetic properties and supramolecular host-guest

chemistry etc. The outcomes of this thesis work originate the following future prospect.

[i] Design and synthesis of desired novel functional MOMs with judicious selection transition/
lanthanide metal ions, auxiliary and bridging ligands with the help of CE. This thesis offers ample
scopes to manipulate bridging modes of ligands as well as modification and tuning of reaction

controlling factors in order to have desired materials with good yield.
____________________________________________________________________________________________________________________________________|
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[ii] In supramolecular host-guest chemistry, the design of dynamic MOSHs is a daunting task
because of difficulties in handling weak intermolecular forces. With the help of this thesis work,
one can plan a design strategy for dynamic MOSHSs incorporated with guest species. The breathing
nature of dynamic MOSHs can be used a) as a vector for optimal uptake and delivery of drug
molecules, b) in the guest dependent structural transformation etc. which will be addressed in our
future research plan. In addition, the lanthanide based supramolecular metal organic materials will
be very useful in sensing of hazardous species, photocatalysis, porous magnets, light-emitting
devices, contrast agents for biological imaging etc.
[iii] Catalyst that prefers to generate the sole desire product, cut off the effort, time and cost of
separation of the biproducts. The present thesis work presents design, synthesis and product
selective catalysis of a metal organic material that trigger to design novel transition metal ions
based functional materials having high product selective catalytic activity. Our future research goal
is to design novel homogeneous and heterogeneous catalysts for industrial applications. As an
extension of this thesis work, one can also develop new functional MOMs for catalysis of high-
valued reactions like water dissociation, CO2 reduction etc.
[iv] SMM, SCM and metamagnetic materials etc. are most useful classes of low dimensional
molecular magnets due to their slow magnetic relaxation and high magnetic anisotropy.
Nowadays, many research groups have focused on design multi-functional molecular magnets in
conjugation with other functional properties like catalysis, electrical, sensing, porosity etc. There
is an ample opportunity to identify the governing factors in modification and tuning of reaction
techniques that will be helpful to achieve desired multi-functional magnetic materials. One can
develop new magnetic materials that can act as a single chain magnet as well as electric conductor.

As a future scope of the present thesis work, synthesising functional MOMs showing single
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molecular magnetic behaviour with high blocking temperature as well as effective photocatalysts
or sensors can be explored. Further, this thesis opens the scope to explore design multi-functional

metamagnetic materials by controlling over weak supramolecular interactions.

[v] Findings of the present thesis will surely help to analyse several biological processes like
oxygen transport by haemoglobin and myoglobin, different metallo-enzymatic catalysis, changes
of physical properties with structural transformation etc. Finally, one can develop novel MOMs
useful in proton conduction, solar cell, membrane for separation of toxic impurities from water,

air, fuels, catalysis of H20 dissociation etc.
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A new 2D coordination polymer, {[Ni"(squarate)(2,2’-bipy)(H,0)]-H,0},, [squarate = 3,4-dihydroxycyclo-
but-3-ene-1,2-dionate, 2,2’-bipy = 2,2’-bipyridine], has been synthesized by using multi-oxygen donor
squaric acid ligand and characterized by single crystal X-ray crystallographic and various spectroscopic
studies. The structural analysis has revealed that the complex crystallizes in orthorhombic Py, space
group and it has 3D supramolecular structure. Within the complex, the squarato-dianion exhibits
unusual p-q 53 bridging mode with Ni(Il) ions and 2D coordination sheets are formed through bridging
the metal ions by squarato-anions. The 2D coordination sheets are packed along crystallographic b-axis
and the 2,2’-bipyridyl (blocking ligand) moieties are hanging in the interlamellar spaces between the 2D
coordination sheets. These 2D coordination sheets are further bridged by supramolecular 7t - -7 interac-
tions using 2,2’-bipyridyl ligands leading to the formation of 3D supramolecular framework which acts as
a metal-organic supramolecular host (MOSH). During formation of 3D supramolecular structure, 1D
supramolecular channels are formed along the crystallographic c-axis. The guest water molecules get
stability within such supramolecular channels through hydrogen bonding interactions with free oxygen
atoms of bridging squarate ions. The thermal study indicates that the complex decomposes in three steps.
The variable temperature magnetic measurements suggest that the complex is antiferromagnetic in nat-
ure. The complex exhibits solid-state photoluminescence spectra at room temperature due to n-n*/n-m*
transition of the squarate and 2,2’-bipyridine ligands. The present study points to the squarato-bridged
metal complexes as unique model system to carry out the study on different bridging modes exhibited
by the ligand.

Keywords:

2D coordination polymer
Squaric acid
Supramolecular interaction
Magnetic study
Photoluminescence study
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1. Introduction

In the recent past, the rational design and synthesis of coordi-
nation polymers have received paramount attention not only due
to their aesthetical beautiful architectures and topologies but also
for their several potential functional properties such as gas and
solvent adsorption, catalysis, magnetism, ferroelectricity, nonlin-
ear optical activity, optical sensing etc. [1-15]. The structural
topology of coordination polymers can be tuned by judicious
selection of parameters like stereo-electronic preferences of the
metal ions, spatial disposition of binding sites within the ligands
and reaction conditions. Moreover, several weak interactions such
as directional hydrogen bonds, 1---m interactions etc. may also
play important role in determining the resultant architecture
[16-18].
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The ordered arrangement of paramagnetic metal centers within
such coordination network allows us to design and synthesize
novel magnetic materials such as ferromagnetic, ferrimagnetic,
antiferromagnetic, canted-antiferromagnetic and spin glass
systems [19-30]. It is well established that the propagation of mag-
netic exchange interaction within coordination polymers is greatly
influenced by the nature of binding sites of ligands attached with
metal centers and obviously on the coordination mode of the bridg-
ing ligands [31,32]. The oxygen donor based ligands such as carbox-
ylates have widely used to design several types of magnetic
materials. Besides, the multi oxygen donor ligands like rhodizonate,
croconate and squarate are highly attractive for designing the metal
clusters and coordination polymers [33-36]. These ligands have
multi-oxygen donor sites around a planar-aromatic motif and thus
they can exhibit different binding aptitudes with metal ions.

Here, we have used squaric acid as the bridging ligand. Due to
its good donor ability offered by its four oxygen atoms, presence
of extensive delocalized m-electrons, highly symmetrical, cyclic
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Scheme 1. Different bridging mode of squarate dianion.

shape and the stable aromatic character it has been attracted to
several research groups. And, thus in last few years, a large number
of discrete poly-nuclear and coordination polymers with diverse
structural motifs have been synthesized using Squaric acid [37-
46]. The different bridging modes exhibited by the squarate
(Scheme 1) are: bridging bis- (p-1, and p-1 3), tris- (1i-12,3) and tet-
ra-kis-monodentate ([1-1 > 34) that leads to the formation of bridged
metal complexes with different extents of nuclearity and
dimensionality. It is noteworthy that the binding modes of squa-
rate dianion in the metal complexes are mainly governed by the
structure and geometry of the blocking ligands coordinated to
the central metal ions as well as the reaction conditions.

According to literature survey, the -1, and p-;3 bridging
modes are most common [37-43], only in few cases [1-1 334 bridg-
ing mode have been found [13,24,31,44,52]. The sole example of
t-12,3 bridging pattern of squarate-dianion in a tri-nuclear Cu(Il)
complex has been reported by Vicente et al. [46]. In this endeavor,
we are going to report a new 2D coordination polymer formed by
using unusual [-i,3 bridging mode of squarate-dianion with
Ni(II) and the blocking 2,2’-bipyridyl ligand. The structural
analysis reveals that the blocking 2,2’-bipyridyl moiversuseties
are hanging in the interlamellar space between 2D coordination
sheets. The thermal and photoluminescence properties of the
complex have been studied. The variable temperature magnetic
measurements indicate that the complex is antiferromagnetic in
nature.

2. Experimental
2.1. Materials and methods

Nickel(II) nitrate, hexahydrate; 2,2’-bipyridine; 3,4-dihydroxy-
3-cyclobutene-1,2-dione (squaric acid) and sodium carbonate
were purchased from Merck chemical company. All other chemi-
cals were AR grade and used without further purification. The ele-
mental analysis (C, H, N) was carried out using a Perkin-Elmer
240C elemental analyzer. The thermal analysis was carried out
using a Mettler Toledo TGA-DTA 85 thermal analyzer under a flow
of dinitrogen (30 ml min~'). The sample was heated at a rate of
5°Cmin~! with inert alumina as a reference. The IR spectra of
the sample were recorded on Nicolet Impact 410 spectrometer be-
tween 400 and 4000 cm™!, using the KBr pellet method. The pho-
toluminescence spectra were recorded by Shimadzu RF-5301PC
spectrophotometer. The magnetization measurements were per-
formed using a superconducting quantum interference device
vibrating sample magnetometer (Quantum Design SVSM, USA)
over a wide temperature range of 3-300 K. The experimental sus-
ceptibility data were corrected for underlying diamagnetism by
use of tabulated Pascal’s constants.

2.2. Synthesis of the complex

0.5 mmol squaric acid (0.05703 g) was dissolved in 10 ml
distilled water and neutralized by aqueous solution of
sodium carbonate to adjust the pH at 8.0. The nickel(Il) nitrate,

hexahydrate (0.2908 g, 1.0 mmol) was dissolved in 5 ml distilled
water and added to the previous solution. The resultant mixture
was stirred at room temperature for 15 min. Then, 10 ml methano-
lic solution of 2,2’-bipyridine (0.156 g, 1.0 mmol) was added to the
previous solution and stirred for another 1 h. The whole mixture
was then refluxed for 2 h at 90 °C. It was then allowed to cool to
room temperature, the blue precipitate was filtered off and light
blue colored filtrate was kept in undisturbed condition. After few
days, the block shaped greenish blue colored crystals suitable for
single crystal X-ray structural study were obtained and these were
separated and dried. Yield 72%. Anal. Calc. for Cyi4H;1N,;NiOg:
C, 46.2; H, 2.5; N, 7.7. Found: C, 46.5; H, 2.4; and N, 7.5%. Selected
IR bands (KBr pellet, cm™!): v (O-H) stretching 3445 (m); v (CO)
1506 (m), 1524 (s), 1483 (s) and 1445 (w).

2.3. Crystallographic data collection and refinement

Suitable single crystal of the complex was mounted on a Bruker
SMART diffractometer equipped with a graphite monochromator
and Mo Ko (4 =0.71073 A) radiation. The structure was solved by
Patterson method using sHeLxs-97. The subsequent difference Fou-
rier synthesis and least square refinement revealed the positions
of the non-hydrogen atoms. The non-hydrogen atoms were refined
with independent anisotropic displacement parameters. The
hydrogen atoms were placed in idealized positions and their dis-
placement parameters were fixed to be 1.2 times larger than those
of the attached non-hydrogen atoms. The successful convergence
was indicated by the maximum shift/error of 0.001 for the last
cycle of the least squares refinement. All calculations have been
carried out using sHeixs-97 [47], sHELxL-97 [48], pLaToN-99 [49],
ortEP-32 [50] and wingx system Ver-1.64 [51]. The data collection
and structure refinement parameters and crystallographic data
for the complex are given in Table 1. Some selected bond lengths,
bond angles and non-covalent interaction parameters are
presented in Table 2.

Crystal size (mm)
Data collection

Table 1

Crystallographic data and refinement parameters of complex.
Crystal data
Formula C14HgN;NiOs, H,0
Formula weight 362.97
Crystal system orthorhombic
Space group Ppeq (No. 61)
a(A) 12.774(5)
b (A) 16.818(6)
c(A) 12.140(5)
v (A3) 2608.1(17)
z 8
Dcalc (g/CmS) 1.833
(Mo Kot) (mm) 1.525
F000) 1464

0.08 x 0.08 x 0.40

T (K) 100

7 (A) Mo Kot 0.71073
0 min-max (°) 2.4-253
Dataset —15:12; -19:20; —14:13
Total 12353

Unique data 2363

Rint 0.194
Observed data [I > 2.0a(I)] 1088
Refinement

Parameters refined 209

R 0.0726

WR; 0.1516

S 0.80

Minmum and maximum resd. density [e/A3] —-0.75, 1.40

w = 1/[s2(Fo2) + (0.0949P)2] where P = (Fo2 + 2Fc2)/3.
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Table 2

Selected bond distances (A) and bond angles (°) of the complex.
Ni1-01 1.905(6) Ni1-N2 1.968(7)
Ni1-01W 1.925(5) Ni1-03 2.460(6)
Ni1-N1 1.959(7 Ni1-02 2.555(6)
01-Ni1-01W 95.3(2) 01W-Ni1-N1 175.1(3)
01-Ni1-N1 89.4(3) 01W-Ni1-N2 95.1(3)
O1-Ni1-N2 169.6(3) O1W-Ni1-03 94.9(2)
01-Ni1-03 94.7(2) 01W-Ni1-02 79.8(2)
01-Ni1-02" 92.7(2) 03'-Ni1-N1 86.1(2)
02""-Ni1-N2 89.3(2) 02""-Ni1-N1 98.6(2)
02"-Ni-03 171.23(19) 03""-Ni1-N2 84.2(2)
N1-Ni1-N2 80.2(3)

T32-x-y12+z7
"1 —x,-y, -z

3. Result and discussion
3.1. Crystal structure description of the complex

The single crystal X-ray diffraction (SC-XRD) analysis reveals
that the complex is a 2D coordination polymer and crystallizes in
orthorhombic P, space group. The asymmetric unit contains
one Ni%* ion, one 2,2'-bipyridine, one squarate dianion, one coordi-
nated water molecule and one guest water molecule, (Fig. 1). Ni(II)
has a distorted octahedral coordination. N1 and N2 atoms of one
2,2'-bipyridine ligand, one oxygen atom (O1) of bridging squarate
and O2W form the basal plane, and two oxygen atoms (02 and
03) of two different squarate ions are at the trans axial coordina-
tion sites. Thus, the oxygen atoms of three symmetry related
squarato-anions occupy facial positions in the coordination sphere.
The distortion from perfect octahedral geometry is reflected in
cisoid [79.8(2)-98.6(2)°] and transoid [169.6(3)-175.1(3)°] angles.
Ni-N bond distances are within the range of 1.959(6)-1.968(7) A
and Ni-O bond distances are within the range of 1.905(6)-2.555(6) A
while Ni-O1W bond distance is 1.925(5) A.

The squaric acid contains a four membered ring having one oxy-
gen atom connected to each carbon atom. It can bind with metal
ions by using these four oxygen atoms. It is a well established fact

Fig. 1. ortep diagram of the complex.

that the squarate dianion shows versatile bridging mode [31,37-46].
Here, the squarate dianion binds with three different metal ions in
li-12,3 mode using its three oxygen donor centers O1, 02 and 03
while the other oxygen atom 04 remains inert towards coordina-
tion with metal ion (Fig. 2). The squarate dianion binds two metal
centers Nil and Ni1* through O1 and O3 oxygen atoms in a trans
bridging mode leading to formation of 1D coordination chain
(Fig. 3) which are further connected by 02 oxygen atom of another
squarate dianion which consequently binds with other two metal
ions and this gives rise to a 2D coordination sheet structure within
the crystallographic ac-plane (Fig. 4). The 2D coordination sheets
are packed in parallel way along crystallographic b-axis. The coor-
dinated 2,2’-bipyridyl units are pendant within the interlamellar
spaces.

Such 2D sheets are packed along crystallographic b-axis by rec-
ognizing each other to inter-digitated 2D + 2D structure via 1t - -7t
stacking interactions. The pyridyl rings of pendant 2,2’-bipyridyl
moieties of a 2D sheet interact with other pyridyl rings of
neighboring 2D coordination sheets and by virtue of this the
formation of 3D supramolecular structure takes place (Fig. 5).
The distance between their centroids is 3.861(5) A and the dihedral

02 03

01
04

Fig. 2. |, 3-Bridging pattern of squarate-dianion in the complex.

04 03

01 02

Fig. 3. trans-Binding mode of squarate-dianion ligand forms 1D coordination chain
with metal centers.
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Fig. 4. (a) 2D coordination sheet of the complex within the ac-plane; (b) view along
b-axis (coordinated 2,2’-bipyridyl moieties are omitted for clarity).

Fig. 5. 3D supramolecular structure formed by 7t- - -7 interactions (magenta).

angle is 8.5(4)° (Symmetry: x,1/2 — y,—1/2 + z). During formation
of 3D supramolecular structure, 1D supramolecular channels are
created along crystallographic c-axis (Fig. 6). The guest water mol-
ecules persist within such supramolecular channels. The hanging
n-rings from the 2D coordination sheets create hydrophobicity be-
tween the 2D sheets while in contrast the uncoordinated 04 oxy-
gen atom of squarate dianion (directed toward the interlamellar
spaces) creates hydrophilicity within such channels. The overall
3D structure behaves like as metal-organic supramolecular host
(MOSH) and the uncoordinated water molecules act as guest. The
guest water molecules also act as a bridge between the 2D coordi-
nation sheets through O2W-H1W2-..04 and O2W-H2W?2...03
hydrogen bonding interactions which give further stability to the
three-dimensional (3D) supramolecular structure (Fig. 7). All
hydrogen bonding interactions have been summarized in Table 3.

3.2. Thermal analysis

The thermal (TG-DTA) studies of coordination and supramo-
lecular polymers are important to analyze their thermal stability

Fig. 6. During formation of 3D supramolecular structure 1D supramolecular
channel is formed along crystallographic c-axis.

Fig. 7. 2D coordination sheets are connected by water mediated hydrogen bonding
to form 3D supramolecular structure.

and to verify the stability of the guest species within the host.
The thermal analysis reveals that the complex decomposes in
three steps. The TG curve of the complex shows that mass loss
starts at 50 °C (Fig. 8). A mass loss took place within the tem-
perature range 50-85 °C that corresponds to the loss of guest
water molecules. In the next step, the coordinated water mole-
cules are released in the temperature range of 125-150 °C. The
anhydrous compound is stable up to 275 °C and it decomposes
at ~350°C.

The DTA plot also supports the dehydration pattern of the
complex (Fig. 8). Two small and broad endothermic peaks at 65
and 140 °C have been observed in the DTA curve of the complex.
These endothermic peaks in the DTA curve correspond to the
removal of the guest water and the coordinated water molecules,
respectively. The endothermic peak (at 140°C) indicates the
conversion from crystalline to anhydrous state of the complex.
The large exothermic peak at 350 °C corresponds to decomposi-
tion of the complex.

3.3. Magnetic study of the complex
The variable temperature magnetic studies have been per-

formed in the temperature range 3-300 K. The yx,, versus T and
xmT versus T plots of complex are shown in Fig. 9. The value of
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Table 3
Hydrogen bond dimensions of the complex.
D-H.--A D-H/(A) H.--AJ(A) D---A/(A) <D-H.--A |(A) Symmetry
O1W-H1W1--.04 0.87 2.04 2.553(8) 117 3/2-x-y1/2+z
01W-H2W1.-.02 0.90 1.78 2.657(8) 164
02W-H1W?2...04 0.85 2.50 2.892(7) 109 “12+x12—-y,—z
02W-H2W?2...03 0.85 2.08 2.819(7 144 1-x-y,-z
C1-H1---01 0.95 2.30 2.818(10) 114
C1-H1...02W 0.95 2.36 3.146(11) 140 12+x,1/2 —y,—z
C8-H8.--02W 0.95 2.25 3.203(11) 175 x1/2-y,12+z
C10-H10---01W 0.95 2.51 3.044(11) 116
110 T T T T T T T T T 450 300
100 —TGA :400 N
——DTA p 5 v
90 | 350 250 4 . /
80 L300 = e = =
P L 200 -
70 .
E 250 — ~
= 60 Fg =z 1
= = £ ® i
l%b 50 [200 » 2 1504 Linear fitting
= L1so £ z z_
= 40 ™ < ~ R™=0.99961
S " F 100
 30] 100 =
20 50
L 50
10-~—~_~ -0
0 T T T T T T T T T -50 04
50 100 150 200 250 300 350 400 450 500
Temperature ("C) T T T T T T T
0 50 100 150 200 250 300
Fig. 8. TG-DTA plot of the complex. Temperature (K)
Fig. 10. The ! vs. T plot for the complex (inset: M vs. H plot).
T T T T T T T 1'2 . . .
0.14 with further lowering temperature and attains a value of
1 |11 0.59 cm® mol~' K at 3 K. Such a behavior is typical of antiferromag-
0.121 netic interaction. The isothermal magnetization (M) versus field (H)
010_’ s o L0, shows no hysteresis loop at 3 K (vide Inset of Fig. 10) indicating
= | $ e ;'"‘T g antiferromagnetic exchange interactions between Ni(Il) centers.
j 0.08 - 0.9 g It may therefore be concluded that Ni(Il) centers are coupled by
E g antiferromagnetic interaction.
£ 0.06 r08 = In order to correlate the magnetic behavior of the complex with
—1 1 % e the bridging mode of squarate dianion, we have taken into account
- ’ ‘0 0.7 the magnetic behavior of some previously reported squarato-
oz | o\..““““ bridged metal complexes. The detailed literature survey reveals
1 T 0.6 that most of the squarato-bridged transition metal(Il) complexes
0004 o exhibit antiferromagnetic behavior irrespective of nature of bind-
0.5

T ¥ T T ¥ T v T v T T T
0 50 100 150 200 250 300
Temperature (K)

Fig. 9. Both y,, vs. T and y,,T vs. T plots of the complex.

%m at 300 K is 0.0037 cm® mol~!, and on cooling y, value increases
very slowly and reaches to 0.025 cm® mol~! at 40 K. Afterward, it
increases sharply to the maximum value of 0.118 cm® mol ™! at
3 K. In order to determine the nature of magnetic interaction, the
susceptibility data were fitted to the Curie-Weiss law. The Curie
and Weiss constants are 1.11cm®mol 'K and 0=-5496K,
respectively (see Fig. 10). The negative value of the Weiss constant
indicates the presence antiferromagnetic interaction between
Ni(Il) ions. The y,,T value is 1.12 cm® mol~! K at room-temperature
which is slightly lower than that expected (y,T at
300K =1.32 cm®mol~'K) for an isolated Ni(ll) ion having two
uncoupled spins, S=1. The y,,T value decreases monotonically
with the decrease of temperature. Upon cooling x,T value
decreases slowly up to 40K and then it decreases very sharply

ing mode of the squarate ligand, presence of other blocking ligand
and dimensionality of the resultant complex. Massoud et al. have
reported p-;,-squarato-bridged complex [Niy(TPA),(t-12-C404)
(H20),](ClO4),{TPA = tris(2-pyridylmethyl)amine} that shows anti-
ferromagnetic interaction between Ni(Il) ions [37]. Xanthopoulos
et al. have reported another -1 >-squarato bridged complex [Cu;
(SalNEt,),(H,0)(C404)]H,0  {SalNEt, = N-(2-(diethylamino)ethyl)-
salicylideneaminate} and this complex also exhibits antiferromag-
netic coupling between Cu(ll) ions [41]. Massoud et al. have re-
ported a series of dinuclear p-;3-squarato-bridged Ni(Il) and
CU(H) complexes [Ni2(2,3,2—tet)2(u—1'3—C4O4) (HzO)z](C104)2, [le
(aepn)z(H—1’3—C404)(H20)2](C104)2, [CUZ(pmedien)z(H—1’3—C404)
(H,0),](Cl04),.4H,0 {where 2,3,2-tet = 1,4,8,11-tetraazaundecane,
pmedien = N,N,N',N",N"-pentamethyldiethyl enetriamine [45]. All
these complexes exhibit weak antiferromagnetic coupling between
the metal ions. Recently, Escrivd et al. also has reported a
squarato bridged complex [Cuy(HBIMAM ),(C404)3(H20),],. 2nH,0
{BIMAM = bis(imidazol-2-yl)methylamino methane} in which the
suqarato-dianion bridge two Cu(ll) ions through the p-; 3 fashion
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Fig. 11. Photoluminescence spectra of the complex.

[43] and the complex exhibits weak antiferromagnetic interaction
between metal ions. Similar examples of -1 >- and - 3-squarato
bridged complexes have been reported by different groups
[12,23,38-40]. The one and only reported i~ 3 3-squarato bridged
complex [Cus-(pmap)3(p-1,23-C404)] (Cl04)4-2H20]  {pmap =
bis-[2-(2-pyridyl)ethyl]-(2-pyridyl)methylamine} also exhibits
antiferromagnetic coupling between its three Cu(ll) centers [46].
Castro et al. have reported [i1-234-squarato bridged tetranuclear
compound  [Cuy(tren)s([i-1234-C404)](Cl04)s  that  displays
antiferromagnetic coupling between metal centers [31]. After
literature survey, it can be said that the extent of antiferromagnetic
interaction depends upon the bridging fashion of the squarate li-
gand and obviously the metal ions present in the complexes. In
contrast, Cangussu et al. have reported a bi-nuclear squarato
bridged [Cuy(bpcam),(jt13-C404)(H20)4]-10H,0 {where bpcam =
bis(2-pyrimidylcarbonil)amidate} complex that shows weak
ferromagnetic interaction due to accidental orthogonality in the
complex [12]. Such weak to very weak ferromagnetic interaction
has also been reported for some other squarato bridged metal com-
plexes having p-13, M-13, HM-1234 types bridging fashions
[13,24,44,52]. The present complex under investigation is a
H-12,3-squarato bridged compound where a squarato-dianion
simultaneously binds three different Ni(Il) ions and also exhibits
antiferromagnetic behavior following the general trend for squara-
to bridged metal complexes.

3.4. Photoluminescence study

The emission spectra of the complex have been carried out in
solid state at room temperature. The luminescent behavior of the
complex corresponds to a ligand-centered (LC) fluorescence. The
complex has shown emission maxima at 424 nm and 487 nm upon
excitation at 300 nm (Fig. 11). This can be attributed to the m-m*
transition in the squarate and 2,2’-bipyridine ligands. The small
peak around 531 nm is possibly caused by extended m-conjugation
within the ligand system.

4. Conclusion

In conclusion, we have successfully synthesized a novel squara-
to-bridged 2D coordination polymer ({[Ni(squarate)(2,2’-bipy)
(H20)]-H,0},, where the squarato di-aninon exhibits very rare
[-12,3 bridging mode. These 2D coordination sheets are packed

via 7t- - -7 interactions leading to the formation of 3D supramolecu-
lar structure with 1D supramolecular channels. These 1D channels
are filled with guest water molecules which get stability through
hydrogen bonding interactions. The structural study indicates the
presence of unusual rare -1 53 bridging mode of squarato-diani-
non in the complex and the magnetic measurements have revealed
that the complex is antiferromagnetic in nature. This is in agree-
ment with the magnetic property of the sole previous example of
H-1.2,3-squarato-bridged compound. Due to presence of m-electrons
the complex becomes fluorescence active. By providing the second
example of p-1,3 bridging pattern of squarato-dianion we have
established that the squarate exhibits versatile bridging mode
due to strong donor ability of its oxygen atoms.

Taking into account the present and large number of previous
works it may be concluded that the squarato-bridged metal com-
plexes provide the unique opportunity to study the wide variety
of bridging modes exhibited by the ligand and to investigate the
influence of different bridging modes on magnetic property of such
systems. Finally, we have presented a new 2D coordination
polymer formed by utilizing unusual p-;,3 bridging pattern of
squarato-dianion that exhibits multiple functionalities: (a) acts as
metal-organic supramolecular host, (b) exhibits antiferromagnetic
behavior and (c) photo-luminescent activity.
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Herein, we report the formation of a unique water-chloride-methanol 2D supramolecular network within
the hydrophobic interlayer cavities of a novel flexible metal-organic supramolecular host (MOSH) frame-
work formed by m-induced self-assembly of the monomeric metal-organic complex [Pr(1,10-phen),(H,-
0)5]Cl3(H,0)(CH30H) (1,10-phen = 1,10-phenanthroline) (complex 1). Single crystal X-ray diffraction
(SC-XRD), powder X-ray diffraction (PXRD) and spectroscopic techniques are used to characterize the
complex. The structural analysis reveals that in this MOSH the discrete metal-organic moieties are con-
nected by - - -7 interactions to form 2D metal-organic supramolecular sheet structures. The guest water
and methanol molecules together with counter chloride anions stabilize in the MOSH framework through
hydrogen bonding interactions between the 2D metal-organic supramolecular layers. The hydrogen
bonding interactions among the coordinated water and guest species form a unique 2D supramolecular
water-chloride-methanol sheet structure. Upon removal of guest water and methanol molecules by heat
treatment the supramolecular framework gets shrunk but retains the crystallinity while upon re-absorp-
tion of water molecules it undergoes structural change with expansion of effective guest accessible void
space. The flexibility of the supramolecular framework and the mechanism of thermally induced phase
transformation in the MOSH are examined by PXRD study. The photoluminescence property of the com-
plex 1 and the crystalline complex obtained after rehydration has been thoroughly investigated. The the-
oretical analysis has been performed to resolve the issue of stability of the 2D supramolecular water-
chloride-methanol sheet in the MOSH framework and it has been found that for complex 1 the stabiliza-
tion energy of the [(H,0)s-(CH30H)-Cls],.>~ is 1949.427Kcal mol~".

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The self-assembly of discrete molecular units via covalent or
non-covalent interactions, such as, hydrogen-bonding, m-stacking
interactions, etc. is a popular approach for design and synthesis
of new compounds having wide range of application potential
[1-6]. During self assembly the discrete metal-organic moieties
connect themselves through cooperative non-covalent interactions
and this leads to formation of metal-organic supramolecular host

* Corresponding authors. Tel.: +91 9831115427; fax: +91 33 2413 8917
(S. Kumar).
E-mail addresses: kdey_chem.@rediffmail.com (K. Dey), atishdipankarjana@ya-
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http://dx.doi.org/10.1016/j.ica.2014.07.077
0020-1693/© 2014 Elsevier B.V. All rights reserved.

(MOSH) [7-12]. The guest molecules get stability in the MOSHs
through supramolecular interactions. The MOSHs can very effi-
ciently release and absorb guest molecules in a controlled manner
[13-14]. Depending on the design strategy, the MOSHs are classi-
fied in two broad categories, viz., charged MOSH and uncharged
MOSH. The uncharged MOSHs are capable of accommodating neu-
tral guest species like simple water clusters [15-19], whereas the
cationic MOSHs can easily accommodate anionic guest species like
chloride-hydrates [20-24]. Since the ion transportation is a very
important phenomenon in various chemical and biological pro-
cesses in the living systems [25-29], several novel strategies have
been adopted for recognition and transportation of ions in the self-
assembled complexes [30-31]. The self-assembly is one of the
unique approaches for construction of ion channels in cationic


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2014.07.077&domain=pdf
http://dx.doi.org/10.1016/j.ica.2014.07.077
mailto:kdey_chem.@rediffmail.com
mailto:atishdipankarjana@yahoo.in
mailto:atishdipankarjana@yahoo.in
mailto:kumars@phys.jdvu.ac.in
http://dx.doi.org/10.1016/j.ica.2014.07.077
http://www.sciencedirect.com/science/journal/00201693
http://www.elsevier.com/locate/ica

124 R. Saha et al./Inorganica Chimica Acta 423 (2014) 123-132

MOFs. The cationic metal-organic complex formation can be real-
ized without using any anionic donor ligands.

Studies on water clusters in metal-organic host complexes have
attracted a great deal of attention during recent times [32-36]. On
the other hand, hybrid clusters of water and other small organic
molecules or ions formed by hydrogen bonding interaction have
drawn relatively less attention. In particular, there are very few
reports on experimental identification and analysis of discrete
water-chloride clusters (the hydrogen-bonded assemblies of water
on crystallization and chloride counter ions in crystalline materi-
als) [19-24]. The hydration phenomenon of chloride ion has
canonical importance in the field of biochemistry [37] and supra-
molecular chemistry. Moreover, drug molecules are generally
organic molecules and they dissolve in organic solvents like meth-
anol, ethanol, etc. For efficient delivery of the anionic drug mole-
cules a better understanding of the mode of interaction of the
anions with organic solvents and water is a prerequisite. More than
70% of enzymes, substrates and cofactors are anions. Thus, more
theoretical and experimental investigations on hybrid water-chlo-
ride clusters with other organic molecules are very essential taste.

In this context, we have reported previously the formation of a
2D water sheet, a helical-water chain and water-chloride tape in
chiral supramolecular complexes and supramolecular hosts
[38,39]. As a continuing effort, in this report, we have shown that
a water-chloride-methanol 2D supramolecular network can be cre-
ated within the hydrophobic interlayer cavities of a dynamic
MOSH. A simple strategy that can be adopted for possible isolation
of a hybrid water-chloride system is to use a neutral ligand in syn-
thesizing Pr(Ill)-based cationic complexes. In this effort, we have
successfully synthesized a metal-organic complex [Pr(1,10-
phen),(H,0)s] Cl3(H,0)(CH30H), which includes water, chloride
and methanol as guest molecules using 1,10-phenanthroline
ligand. It is expected that the chelating nature of 1,10-phenanthro-
line along with its inherent m-stacking capability would integrate
the discrete metal moieties at least in one direction. The X-ray
crystal structure analysis has revealed that the complex assembles
into a 2D supramolecular architecture through 7 - -m interactions.
The complex behaves like a dynamic metal-organic supramolecu-
lar host (MOSH). Three chloride ions, one guest water molecule and
one guest methanol molecule along with five coordinated water
molecules form unique water-chloride-methanol hybrid 2D hydro-
gen bonded network and is stabilized within the hydrophobic
interlayer cavities. The most important property of the present
MOSH is its breathing nature — when the host is heated up it expels
the guest molecules and during cooling the species absorbs the
water molecules from the atmosphere. The dynamic breathing
metal-organic frameworks (MOFs) are easy to design but a
dynamic supramolecular host like the present one is rarely
observed as it requires involvement of weak forces. The present
work shows how weak 7t- - -7t stacking forces can be employed in
designing host-guest frameworks and may work as effective
example in designing new dynamic MOSHs.

2. Experimental
2.1. General

The ingredients praseodymium (III) chloride, hepta-hydrate and
1,10-phenanthroline were purchased from Merck Chemical Com-
pany and all other chemicals used were AR grade. The elemental
analysis (C, H and N) was carried out using a Perkin-Elmer 240C
elemental analyzer. The IR spectrum was recorded between 400
and 4000 cm~! using a Nicolet Impact 410 spectrometer employ-
ing the KBr pellet method. The thermal analysis was carried out
using a Mettler Toledo TGA-DTA 85 thermal analyzer under a flow

of N, (30mlmin~!). The sample was heated at a rate of
10 °C min~! with inert alumina as a reference. The photolumines-
cence spectra were collected on a Shimadzu RF-5301PC Spectro-
photometer. The Powder X-ray diffraction (PXRD) patterns were
recorded by using Cu-K,, radiation (Bruker D8; 40 kV, 40 mA).

2.2. Synthesis of complex 1 {[Pr(1,10-phen),(H>0)s]Cl3(H>0)(CH3s0H)}

5 ml aqueous solution of PrCls-7H,0 (0.93 g, 0.0025 mol) was
added drop-wise to a solution of 1,10-phenanthroline (0.90 g,
0.005 mol) in MeOH (5 ml). The resulting solution was then filtered
off and was kept in open air. After 10 days, the light greenish yel-
low colored single crystals suitable for single crystal X-ray (SCXRD)
study appeared and they were collected by filtration. Yield: 1.40 g
(75% based on Pr). Anal. Calc. for C;sH3,PrN405Cl3: C, 40.15; H,
4.31; N, 7.49. Found: C, 40.02; H, 4.39; N, 7.36%. IR (KBr, cm™'):
3332br, 2298vw, 1627s, 1593s, 1574s, 1518s, 1421 m, 1343s,
1299m, 1102m, 1091w, 863m, 846s, 772s, 722w, 635W. /max (in
MeOH) 260 nm, 324 nm (shoulder).

2.3. Crystallographic data collection and refinement

The suitable single crystal of the complex was mounted on a
Bruker SMART diffractometer equipped with a graphite monochro-
mator and Mo Ko (2 =0.71073 A) radiation and the data was col-
lected at room temperature. The structure was solved by
Patterson method using the sHexs97 program. The hydrogen atoms
were placed in idealized positions and their displacement parame-
ters were fixed to be 1.2 times larger than those of the attached
non-hydrogen atoms. The position of non-hydrogen atoms were
refined with independent anisotropic displacement parameters.
The subsequent difference Fourier synthesis and least-square
refinement revealed the positions of the non-hydrogen atoms.
The successful convergence was indicated by the maximum shift/
error of 0.001 for the last cycle of the least square refinement. All
calculations were carried out using sHeLxs 97 [40], sHELxL 97 [41],
pLATON 99 [42], ortEr-32 [43] and WinGX system Ver-1.64 [44].
The data collection, structure refinement parameters and crystallo-
graphic data of complex 1 are provided in Table 1.

3. Results and discussion

3.1. Crystal structure of complex 1 {[Pr(1,10-phen)»(H,0)s]Cl3(H20)
(CHsOH)}

The analysis of SCXRD data have revealed that complex 1 is a
neutral mononuclear compound in which the Pr** ion is coordi-
nated to two different 1,10-phen ligands and five water molecules
as shown in Fig. 1. Each asymmetric unit contains one metal-
organic moiety, three chloride anions, one guest methanol mole-
cule and one guest water molecule. In the present case Pr(III)
shows nine coordination mode. The four nitrogen atoms (N1, N2,
N3 and N4) of two different 1,10-phen ligands and five water mol-
ecules (O1W, O2W, 03W, 04W and O5W) fulfill the nine coordina-
tion of Pr(Ill) through formation of a paddle-wheel shaped
molecular structure. Some selected coordination bond lengths
and bond angles are listed in Table 2 and 3, respectively. The two
1,10-phen moieties are nearly at the trans position to each other.
The Pr-N bond lengths lie between 2.662(2) and 2.723(2) A which
are well within the range of other reported Pr(Ill)-phen complexes
[45-48]. It is well known that the lanthanide ions have high affin-
ity for hard donor atoms and ligands with oxygen or hybrid oxy-
gen-nitrogen atoms [49]. The Pr-Oyacer distances are in the range
between 2.448(2) and 2.487(2)A (average 2.477 A), which are
comparable with those observed in other Pr3* ion complexes with
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Table 1
Crystallographic data and refinement parameters of complex 1.

Table 2
Selected bond lengths (A) of complex 1.

Crystal data Bonds Bond distance Bonds Bond distance
Formula C24H,6N405Pr, CH,0, H,0, Pri-01W 2.4826(19) Pr1-02w 2.484(2)
3l Pr1-03wW 2.487(2 Pr1-04wW 2.448(2

Formula weight 747.81 Pr1-05W 2.481E3§ Pri-N1 2.709E2§
Crystal system triclinic Pr1-N2 2.662(2) Pr1-N3 2.723(2)
Space group P1 (No. 2) Pr1-N4 2.677(2)
a[A] 8.872(3)
b [A] 9.192(3)
;[[/§]] ;S%gg metal-organic unit bridges the phenyl ring [Cg5] of a symmetry
BI°] 84.689(5) [2 — x, —y, 1 — z] related metal-organic unit. Again, the pyridyl ring
y [°] 69.159(5) [Cg4] of the same 1,10-phen unit interacts with another phenyl
VA’ 1435.7(8) ring [Cg6] of the same symmetry [2 — x, —y, —z] related unit. In this
é (gem?] 373 0 way, the monomeric units are connected to form 1D supramolecu-
Hc(al'\jlo Ker) [mm~] 2027 lar chains along the crystallographic c-axis as shown in Fig. 2.
F(000) 752 These 1D supramolecular chains are further connected by - -1
Data collection interactions to form 2D supramolecular sheets within the ac-plane,
Temperature (K) 100 (Fig. 3). The pyridyl ring [Cg2] of one 1,10-phen unit connects the
Radiation [A] Mo Ko 0.71073 . .
Theta min-max [°] 11,284 self-complementary pyridyl ring [Cg2] of a symmetry related
Dataset 11: 11; —12: 12; —25: 24 [1 — X, —y, 1 — z] nearby unit. All the &- - -7 interaction parameters
Total 16947 are summarized in Table 4. The 2D supramolecular sheets are
Unique data 6698 packed along b-axis to form metal-organic supramolecular hosts
Ig{;;ewed data [I> 20()] g':l]os (Fig. 4) bearing hydrophobic pockets lined up by the 1,10-phen
Refinement ligands. These hydrophobic pockets are filled up by one water mol-
Nref, Npar 6698; 361 ecule, one methanol molecule and three counter chloride ions. All
R 0.0276 these guest molecules interact with the metal-organic moieties
WRa 0.0717 through hydrogen bonding interactions. Among the guest species,
iﬂaximum and average shift/error (1):83 0.00 only Cl1 is connected with the framework by hydrogen bonding
Minimum and maximum residual density ~091, 1.51 interactions as shown in Figure S1. Two chloride ions, one water

[eA] molecule and one methanol molecule form a [Cl;(H,0)(MeOH)]

analogous ligands [48]. It is noteworthy that the monomeric units
are further connected by supramolecular hydrogen bonding and
- - -interactions with the guest molecules to form a 3D supramo-
lecular structure.

3.2. Supramolecular structure

In the present system, the monomeric metal-organic units are
connected by supramolecular m-interactions to from 2D supramo-
lecular sheets and between two 2D supramolecular sheets one
guest methanol molecule, one guest water molecule and three
charge neutralized chloride ions are accumulated by self-assembly.
The pyridyl ring [Cgl] of the 1,10-phen ligand in one

cluster by hydrogen bonding interactions as shown in Figure S2.
The hydrogen bonding interactions between the coordinated
water molecules and the guest species have formed a 2D supramo-
lecular network in the crystallographic ab-plane (Figs. 5 & S3). Cl1
is bound to H2W2 of O2W water molecule and the other hydrogen
atom H1W?2 is connected with methanolic oxygen atom O1. O1 is
also connected with H2W1 of O1W water molecule. Methanolic
hydrogen atom H101 is attached with CI3. The other hydrogen
atom H1WT1 is bound to atom CI2 and CI2 binds the H2W5 of
O5W water molecule. Other hydrogen atom H1W5 is bound to
Cl1. This CI1 is also connected with the H1W4 of 04W water mol-
ecule. Second hydrogen atom H2W4 of 04W binds the CI3 atom
which is consequently bound to HIW6 of O6W. The other hydro-
gen atom H2W6 of O6W has formed bond with CI2 while CI2 is
bound to H2W3 of O3W water molecule and H1W3 of O3W is con-
nected with ClI1, which is bound to H2W?2. All these together build

Fig. 1. The ORTEP diagram of complex 1.
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Table 3
Selected bond angles (°) of complex 1.
01W-Pr1-02wW 70.13(8) 05W-Pr1-N3 69.76(6)
O1W-Pr1-03wW 132.85(7) O5W-Pr1-N4 78.94(6)
O1W-Pr1-04wW 131.25(7) N1-Pr1-N2 61.66(6)
01W-Pr1-05W 70.69(8) N1-Pr1-N3 121.07(5)
01W-Pr1-N1 117.99(6) N1-Pr1-N4 148.66(6)
O1W-Pr1-N2 71.28(6) N2-Pr1-N3 139.58(6)
01W-Pr1-N3 120.93(6) N2-Pr1-N4 139.99(5)
01W-Pr1-N4 69.50(6) N3-Pr1-N4 61.26(5)
O02W-Pr1-03w 72.48(6) 02W-Pr1-04W 140.55(6)
02W-Pr1-05W 140.40(6) 02W-Pr1-N1 73.26(6)
02W-Pr1-N2 91.74(6) 02W-Pr1-N3 128.55(6)
02W-Pr1-N4 82.37(6) 03W-Pr1-04W 95.90(6)
03W-Pr1-05W 135.36(6) 03W-Pr1-N1 76.02(6)
03W-Pr1-N2 137.58(6) 03W-Pr1-N3 65.66(6)
03W-Pr1-N4 78.07(6) 04W-Pr1-05W 73.53(6)
04W-Pr1-N1 67.32(6) 04W-Pr1-N2 71.39(6)
04W-Pr1-N3 73.85(6) 04W-Pr1-N4 133.18(6)
05W-Pr1-N1 132.31(6) 05W-Pr1-N2 81.04(6)

up a supramolecular 2D sheet of {(H,0)s-(CH30H)-Cl3},. The
hydrogen bonding association of the guest with the host leads to
the formation of a 3D supramolecular assembly of the host-guest
framework (Figure S4). All the hydrogen bonding interactions are
summarized in Table 5.

3.3. Thermal analysis

We have studied the thermal stability of the complex (Fig. 6).
The thermogravimetric analysis shows a weight loss of 12.43% (cal-
culated 13.91%) in the temperature range between 40 and 117 °C
which corresponds to the loss of one lattice water molecule, one
methanol molecule and three coordinated water molecules. A fur-
ther weight loss of 3.96% occurs between 117 and 257 °C consis-
tent with the loss of two coordinated water molecules
(calculated 4.82%). The observed weight losses are a little bit lower
than the theoretical values. The slight discrepancy is due to weight
loss occurring even at lower than 40 °C, illustrating the dynamic
nature of the water molecules in the solid state.

3.4. Study on dynamic nature of the host-guest binding-removal and
reintroduction of guests

The rigid metal-organic coordination polymers have attracted
considerable interest because of their potential applications in
catalysis, adsorption and ion exchange [50-52]. However, the flex-
ible metal-organic frameworks are more efficient for these appli-
cations [53-56], as flexible frameworks are very sensitive to the
presence of guests and undergo structural changes depending
upon the number and nature of the guest molecules [57-60]. The
thermal study of complex 1 has revealed that within 117 °C one
guest water molecule, one methanol molecule and three coordi-
nated water molecules escape from the complex. Therefore, to
study the nature of the framework after evacuation of the guest

water, guest methanol and coordinated water molecules we have
heated complex 1 at 117 °C for 3 h and subsequently recorded
the PXRD data of the heat treated sample. The PXRD analysis indi-
cates that this heat treated sample is crystalline in nature. So, even
after the removal of the coordinated and guest water and methanol
molecules the host retains its crystallinity. Due to heating, the peak
at 9.37¢° (1st peak) disappears while a new peak appears at 13.56°.
Moreover, the intensity of the peak at 10.27° decreases. As the 1st
peak appears at a higher angle compared to that of the parent com-
plex (complex 1) so it can be inferred that upon thermal treatment
shrinking occurs i.e., the supramolecular sheets come closer to
each other after heating. The PXRD pattern of this new complex
matches well with the simulated XRD pattern of [Pr(phen),Cl3,H;.
O] (Fig. 7) [61]. It may therefore be inferred that the structure of
the sample obtained by heating complex 1 at 117 °C is similar to
that of [Pr(phen),Cl3,0H,]. Thus, upon removal of guest molecules
and coordinated water molecules (partly) by heating, the supramo-
lecular complex undergoes structural changes that leads to the for-
mation of a new complex having the crystal structure similar to
that of [Pr(phen),Cl3,H,0].

The crystalline nature of the partially evacuated complex
inspired us to study the flexibility of the complex upon heat treat-
ment. So, this partially evacuated complex was kept in open air.
After 14 days, a light green crystalline solid (complex 1a) was col-
lected and PXRD pattern of complex 1a was recorded. The PXRD
pattern shows that the peak at 9.37° reappears which indicates
that the heated complex absorb water from air and water mole-
cules enter between the 2D supramolecular metal-organic sheets
and this in turn has expanded the channels between the sheets.
There are some notable dissimilarity between the PXRD patterns
of complex 1, complex 1a and the partially dehydrated complex.
For complex 1a the intensity of the peak at 10.27° has diminished
and highest peak has been found at 11.27°. Thus it can be con-
cluded that due to soaking of water a new phase has been gener-
ated. All the PXRD patterns are presented in the Fig. 7. The
results of PXRD study on complex 1, complex 1a and the partially
dehydrated complex have clearly revealed that the MOSH under
investigation exhibits “shrinking and expanding ability” upon evac-
uation and reintroduction of guest molecules.

We have examined the thermal behavior of complex 1a (Fig. 8).
According to Figs. 6 and 8 thermal behavior of complex 1 and 1a is
different up to 250 °C but it is nearly similar above 250 °C. This dif-
ference is due to the fact that complex 1 contains methanol and
water as guest along with the coordinated water molecules while
complex 1a does not have any methanol molecule. The similarity
of thermogravimetric curves of complex 1 and 1a indicates that
the main structural pattern of the MOSH remains more or less
same upon evacuation and reintroduction of guest molecules.

3.5. Temperature and heating time dependent PXRD studies

In order to investigate the mechanism of structural transforma-
tion, we have heated complex 1 at different temperatures and for
different time duration at a fixed temperature and we have

Fig. 2. 1D supramolecular chain is formed along crystallographic c-axis by - - - interactions (Pr = Orange, C = Grey, N = Blue, O = Red). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 1D chains are further connected by 7 - -7 interactions to form 2D supramolecular sheets within ac-plane (Pr = Orange, C = Grey, N = Blue, O = Red). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4

- - - interactions of complex 1.
Cg;---Cg; Cgi- - -Cgj distance/A a/(°) Cgi perpendicular distance to Cgj Symmetry
Cgl---Cg5 3.715(2) 1.07(13) 3.4051(11) 2-x%-y.1-z
Cg2.--Cg2 4.136(2) 0 3.5163(11) 1-%-y,1-2z
Cg2---Cg5 3.919(2) 1.95(13) 3.5368(11) 1-x%-y1-z
Cg4---Cg4 3.703(2) 0 3.5580(11) 2-X -y, —z
Cg4.--Cgb 3.883(2) 3.68(14) 3.5809(12) 2-Xx, -y, -z
Cg5---Cgl 3.715(2) 1.07(13) 3.3901(11) 2-%-y1-z
Cg5---Cg2 3.919(2) 1.95(13) 3.4800(11) 1-x%-y,1-z
Cg5---Cg5 3.918(2) 0 3.3807(11) 2-x-y1-z
Cgb---Cg4 3.883(2) 3.68(14) 3.4788(12) 2-Xx,-y, -z
Cgb---Cg6 3.850(2) 0 3.4849(13) 1-%-y -z

Cgl: N1->C1->C2->(C3->(C4->C5->; Cg2: N2->(C9->(C8->C10->C11->Cl12->; Cg4: N4->C21->(C20->(C22->C23—-
> (24->; Cg5: C4->(C5-> C9- > (8-> (C7->(C6->; Cgb: C16-> C17->C21->C20- > C19-> C18->.

recorded PXRD patterns of the samples obtained after heating
(Figs. 9 and 10). We have heated the sample at 75, 100 and
120 °C for 1 h in each case and recorded the PXRD pattern of these
heated products. The changes occurred in the PXRD patterns are
shown in Fig. 9. The PXRD analysis reveals that upon heating at
75°C the 1st peak shifts toward higher angle (at 9.67° from
9.43°) and a new sharp peak appears at 13.50° along with the
changes in other peaks. The PXRD pattern obtained after heating
complex 1 at 120 °C is distinctly different from all previous phases.
We have recorded the PXRD pattern of the sample after heating it
at 120 °C for 40 min, 80 min and 120 min. No significant change
has been observed in these PXRD patterns (Fig. 10). It may there-
fore be concluded that with the increase in heating temperature
the structural transformation proceeds in stepwise manner
through gradual removal of guest molecules. Moreover, upon heat-
ing at 120 °C for a certain time the guest water molecule, methanol
molecule and three coordinated water molecules get released from
the host framework and so a new phase has been produced and no
further change occurs.

3.6. Photoluminescence study

For praseodymium (III), there are three possible emitting f-
states, e.g., >Py, 'D, and 'G4. However, in solution transitions takes
place from two excited states (°Po and 'D-) [62], and from three
excited states (°Po, 'D, and 'G,) in solids [63-65]. Moreover, Pr**
also emits efficient ultraviolet 5d-4f-luminescence [80-83] and
this transition is used for the fluorometric determination of Pr’*
in solutions [65-67].

The emission spectrum of complex 1 in solid state has been
presented in Fig. 11. It is composed of four emission manifolds:
the intense 3Po—>H, transition at 484 nm, the weak >Py—>Hs tran-
sition at around 505 nm, a complex band system in 558-670 nm
range including the 'D,—3H, transition (572 nm), 3Po—>Hs
(592nm) and 3Py—3F, (672nm) transitions, and the weak
3py—3F;4 emission at around 719 nm. The m-m* transition of
1,10-phen appears in the wavelength region of 340-420 nm with
a broad band around 384 nm, which can be attributed to the phos-
phorescence of 1,10-phen [68]. The appearance of such phospho-
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Fig. 4. Supramolecular hosts are filled up by guest molecules (Pr = Grey, C = Cyan, N = Blue, O = Red, Cl = Green). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. 2D supramolecular sheet in crystallographic ab-plane formed by hydrogen bonding (green) interactions (C = Cyan, O = Red, H =White, Cl = Yellow). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rescence band at room temperature is a very rare case and it indi-
cates the presence of stable triplet state in 1,10-phen.

The emission spectrum of complex 1a (Fig. 12) is nearly similar
to that of complex 1. It shows an intense >Pq—>H, transition at
486 nm, a very weak peak at 500 nm for 3Py—>Hs transition. A
set of peaks with small intensity are also observed within the
wavelengths range of 567-670 nm that includes the 'D,—3H,
(567 nm), >Po—>Hg (594 nm) and >Po—>F, (668 nm) transitions.
The m-rt* transition of 1,10-phen appears in the wavelength region
of 330-415 nm with a broad band around 385 nm, which can be
assigned to the phosphorescence of 1,10-phenanthroline. Thus,
the photoluminescence property of complex 1 and 1a is similar
in nature.

3.7. Theoretical study

We performed an ab initio geometrical optimization of the H-
atom positions at the MP2 level of DFT theory with the 6-31"*
G(d,p) basis set by freezing the positions of the heavy oxygen
atoms for a quantitative understanding of the stability of the
water-chloride-methanol cluster. All calculations have been imple-
mented with the GAUSSIAN-03 package [69]. We have performed
the calculation with one motif made of six water-one methanol-
three chloride, [(H,0)s-(CH30H)-Cl5],>~ (Figure S5) as it is the
basic repeating unit of the whole water-chloride-methanolic sheet.
We consider the stabilization energy of the cluster association
having n number of water molecules (E,.me) to be equal to
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Table 5
Hydrogen bond dimensions of complex 1.
D-H.--A D-H/A H.---AJA D.--A/A <D-H.--AJ(°) Symmetry
O1W-H1W1.-.CI2 0.87 2.27 3.110(3) 163 x,-1+y,z
01W-H2WT1.-.01 0.88 1.91 2.758(5) 163 1+x, —1+y,z
O02W-H1W?2...01 0.85 1.95 2.769(5) 162 1+x,—-1+y,z
O2W-H1W2...06W 0.85 2.17 2.711(4) 121 T1+x,—-1+y,z
02W-H2W?2...C11 0.86 2.24 3.077(2) 164 1+x,y,2
O3W-H1W3.-.Cl1 0.88 2.21 3.092(2) 180 1+Xx,y,2
O3W-H2Ws3.-.CI2 0.87 2.25 3.122(2) 179
04W-H1W4. . .Cl1 0.89 221 3.098(2) 179
04W-H2W4. . .CI3 0.88 2.07 2.949(2) 179
O5W-H1WS5.-.Cl1 0.82 2.43 3.156(3) 149
O5W-H2WS5. - .CI2 0.82 2.46 3.276(2) 169 x,—1+y,z
01-H101---CI3 0.86 1.98 2.444(5) 113
O6W-H1W6. - -CI3 0.87 2.22 3.087(3) 172
O6W-H1W6. - -01 0.87 1.84 2.336(6) 114
O6W-H2W6. - -CI2 0.86 2.32 3.176(4) 173
C1-H1---03W 0.95 2.44 3.130(3) 129
C11-H11---CI13 0.95 2.74 3.524(3) 140 x,—1+y,z
C13-H13---04W 0.95 2.50 3.087(3) 120
C19-H19.--Cl1 0.95 2.80 3.744(3) 176 1-x -y, —z
C24-H24---01W 0.95 2.56 2.955(3) 106
C25-H25B---CI3 1.00 2.48 2.934(6) 107
C25-H25C.--Cl1 0.96 242 3.237(4) 143
mg
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Fig. 6. The thermal plot of complex 1.
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Fig. 7. PXRD patterns of the complexes: (a) simulated pattern of complex; (b) PXRD pattern of the as synthesized material; (c) PXRD pattern of the specimen obtained after
removal of guest molecules; (d) simulated pattern of compound reported by M. Khorasani-Motlagh et.al.; (e) PXRD pattern of the compound after re-absorption of water.
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Fig. 8. Thermal plot of complex 1a.
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Fig. 9. PXRD patterns (a) black: simulated pattern, (b) deep gray: as synthesized pattern, (c) royal: after heating at 75 °C, (d) wine: after heating at 100 °C, (e) orchid: after
heating at 120 °C, (f) orange: after rehydration. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. PXRD patterns (a) black: after heating for 40 min, (b) deep gray: after heating for 80 min, (c) pink: after heating for 120 min at 120 °C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. Photoluminescence spectra of complex 1.
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Fig. 12. Photoluminescence spectra of complex 1a.

En-mer — (NMEmonomer) and similar approach has been adopted for
chloride ion and methanol molecule. The monomeric energy was
calculated by optimizing a single H,O molecule, methanol mole-
cule and chloride ion at the same level of the theory. The basis
set superposition error (BSSE) was taken into account following
the counterpoise method in the calculation of stabilization energy.
The corrected stabilization energy of the [(H,0)s-(CH30H)-Cl5],,>~
was found to be —1949.427 Kcal mol~! for complex 1. The MP2
optimized coordinates of water-chloride-methanol cluster for com-
plex 1 is given in Table S1.

4. Conclusion

In this work, we have shown that hybrid water chloride system
can be incorporated in a Pr(Ill)-based complex synthesized by
using a neutral ligand 1,10-phenanthroline. The cationic complex
[Pr(phen),(H,0)s]>* has been stabilized by the counter chloride
anions. The 2D sheets are formed within the ac-plane by using
the 7t- - -7 interactions between 1D supramolecular chains formed
by connecting the monomeric units. These 2D sheets are further
packed by 7 - -1 interactions to form the MOSH having hydropho-
bic pockets in which guest water, chloride and methanol are stabi-
lized through weak interactions. The hydrogen bonding

interactions among coordinated water along with the guests form
a unique 2D supramolecular water-chloride-methanol sheet. The
guest responsive hydrophobic pockets between 2D supramolecular
sheets are flexible in nature. The MOSH can shrink and readjust
itself with the retention of crystallinity upon the expulsion and
introduction of guest species. It also regains its original shape upon
reabsorption of guest species. The present system thus behaves
like a dynamic supramolecular metal-organic host which can
breathe upon heating and cooling with simultaneous aquation.
This dynamic nature is due to the strong affinity of the host
towards the guest molecules. The coordination tendency of the
Pr(Ill) ion and the self-assembling tendency of water-chloride
and methanol stabilize the system and these are responsible for
the affinity of the host towards the guest molecules. The unique
hydrogen bonded network of water-chloride and methanol mole-
cules obtained in the present crystalline host will enhance our
knowledge on the water-anion assembly and further work may
help to understand how water-chloride and methanol may behave
in biological processes like chloride ion transportation. In sum-
mary, the present crystal structure is a very interesting example
of dynamic supramolecular metal-organic host and will act as a
guide in the design of further metal-organic host system — where
metal coordination tendency towards water molecules and anion-
water self-assembling tendency can be utilized.
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ARTICLE INFO ABSTRACT

Herein, we report the molecular and supramolecular structure, photoluminescence, redox behavior and product
selective catalytic activity of [Cup(oxalate)(1,10-phen),Cl,] (where 1,10-phen = 1,10-phenanthroline) synthe-
sized by using hydrophilic oxalate as bridging ligand and the hydrophobic 1,10-phen as the blocker ligand.
Structural analysis reveals that this binuclear Cu(Il)-complex crystallizes in achiral monoclinic P2; , space group
and it has a 3D supramolecular structure. Each Cu-center displays five coordinated distorted square pyramidal
geometry. Two such Cu centers are connected by oxalato-bridge to form the bi-nuclear-metal core and two 1,10-
phen molecules block the outer periphery of the core and restrains further polymerization. These binuclear
metallic units are connected by supramolecular hydrogen bonding and x---; interactions to form a 3D supra-
molecular architecture. The complex is stable up to 230°C. A reversible redox couple centered at (E;,
2) ~ —27 mV with AE;, ~ 206 mV corresponding to the Cu"" couple was detected in the cyclic voltammogram of
the complex in acetonitrile. The complex shows emission maxima at 451 and 480 nm upon excitation at 340 nm
due to m-nw* transition in the aromatic w-rings of 1,10-phenanthroline. Density functional analysis has been
performed to explore the molecular structure and character of the orbitals within the complex. Due to the
presence of five coordinated Cu-centers, the lewis acidic catalytic activity of the complex has been studied. It
exhibits selective oxidation behavior for alkenes in presence of several oxidants. It shows 100% selectivity with
70% conversion for the oxidation of cis-cyclooctene to corresponding epoxide at 50 °C in presence of H,O, as
oxidant in acetonitrile.

Keywords:
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1. Introduction

In the family of multinuclear metal complex, the di-, tri- and poly-
nuclear Cu(II) complexes have drawn special attention for few decades
due to their structural diversity, distorted coordination geometry,
simple electronic configuration as well as their application in the field
of magnetism, catalysis, biochemistry, medicine and sensing [1-17].
Plethora of examples of multinuclear metal complexes is available in
the literature [1-25]. It is noteworthy that judicious selection of the
metal ions, bridging and also terminal ligands is indispensable for ra-
tional design of multinuclear metal complexes with specific physico-
chemical properties [26-28]. Bridging ligands with potentially active
oxygen or nitrogen donor atom such as phenoxo [1-4,10], azido [5],
oxo/alkoxo [6,7,21,22], sulfato [11], dicyanamide [12], hydroxo
[1,10,16,20], oxalato [14,23-25,29-38], carboxylate [4,39-44] etc.,

* Corresponding author.
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have been widely used to synthesize multinuclear homo- and hetero-
metallic Cu(II) complexes. Again, oxalato dianion is a very attractive
bridging ligand for synthesizing a diverse type of homo- and hetero-
metallic Cu(Ill) complexes with interesting physical and chemical
properties (magnetic, optical and catalytic) [23-25,36-38]. In this
context, we have used the oxalate ligand in combination with 1,10-
phenanthroline to synthesize a Cu(II) complex to explore the possible
catalytic activity.

Synthesis of inorganic-organic hybrid catalysts for the selective
production of organic compounds is of paramount importance in the
field of synthetic and industrial chemistry [45]. In literature, numerous
numbers of transition metal based complexes are reported with their
several important catalytic activity based on several organic transfor-
mations and product selectivity. In this context, Cu(II) complexes have
emerged as potential candidates for synthesis of organic molecules
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because of their very good catalytic activity in catechol oxidation,
sulfoxidation, alkene oxidation, epoxidation, condensation, atom
transfer radical addition, olefin aziridination etc. under both homo-
geneous and heterogeneous conditions [45-48]. The catalytic efficiency
and product selectivity of these complexes can also be tuned effectively
by varying the ligand environment around the metal centre and reac-
tion conditions [49-52].

Various oxygen containing value-added products like alcohols, al-
dehydes, ketones, and epoxides can be developed through oxidation of
olefins, which is extremely important and useful reaction in both che-
mical and pharmaceutical industries [45,53-55]. Epoxide is considered
as the most important product of olefin oxidation reaction because of
their wide spread applications in the production of epoxy resins, paints,
perfumes, surfactants, pharmaceutical products and polymers. Further,
epoxides acts as a mediator in many organic syntheses and epoxidation
of olefins is the key step in several organic synthesis and biological
processes [56-65]. The traditional procedure for epoxidation of olefins
using conventional oxidizing agent like H,O,, peracids, atmospheric O,
suffers from very low conversion percentage and also lead to the for-
mation of undesirable side products, which are sometimes very difficult
to separate. Thus, finding the catalytic materials capable of producing
epoxide by the oxidation of olefins with high selectivity is of immense
importance from synthetic as well as industrial view points. In this
context, transition metal based coordination complexes have emerged
as a viable alternative to environmentally hazardous reagents abun-
dantly used in both homogeneous and heterogeneous catalysis.

Under this background, herein we report the synthesis, character-
ization and selective catalytic activity of a binuclear Cu(Il) complex
[Cuy(oxalate)(1,10-phen),Cl,] synthesized by using hydrophilic oxalate
ligand to bridge the metal centres and the hydrophobic 1,10-phen as
the blocking ligand to prevent the formation of infinite architecture.
This Cu-based binuclear complex shows selective catalytic behavior
with very good yield for the oxidation of alkenes to their corresponding
epoxides e.g., 100% selectivity with 70% conversion for epoxidation of
cis-cyclooctene.

2. Experimental
2.1. Materials and methods

The copper (II) chloride dihydrate (99%), oxalic acid (99.9%) and
1,10-phenanthroline (99.9%) were purchased from Sigma Aldrich and
used without further purification. Sodium carbonate (99%) and all
other chemicals (AR grade) were purchased from Merck India and used
as received. A Perkin- Elmer 240C elemental analyzer was employed to
carry out Elemental analysis (C, H, N). The thermal analysis was per-
formed using a Mettler Toledo TGA-DTA 85 thermal analyzer under a
flow of N, (30mlmin~'). The sample was heated at a rate of
10°Cmin ™! using inert alumina as a reference. IR study was done on
Nicolet Impact 410 spectrometer between 400 and 4000 cm ™ *, using
KBr pellet method. A Perkin Elmer Lambda 365 UV-vis spectro-
photometer was used to record the UV-vis absorption spectrum of the
sample. Photoluminescence spectrum of the sample was recorded by
Shimadzu RF-5301PC spectrophotometer. The cyclic voltametric mea-
surement on the sample was carried out using Epsilon Basi-C3 Cell in-
strument at a scan rate of 100mVs~! within potential range of
0-1.80V with 1.0 x 10 *M of complexes in acetonitrile solution
deoxygenated by bubbling argon gas. Further, 0.1M tetra-
butylammonium perchlorate (TBAP) was taken as supporting electro-
lyte. The working electrode was a glassy-carbon disk (0.32 cm?) which
was washed with absolute acetone and dichloromethane, polished with
alumina solution and air-dried before each electrochemical run. The
reference electrode was Ag/AgCl and platinum was used as the counter
electrode. All experiments were performed in standard electrochemical
cells at 25°C. The EIS-MS was recorded with the help of Qtof Micro
YA263 mass spectrometer. The powder X-ray diffraction (PXRD)
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pattern was collected at room temperature (22°C) on Bruker D8
Advanced Diffractometer using CuKa radiation having wavelength
1.5418 A. The generator voltage and current was set at 40kV and
40 mA, respectively. The PXRD data was collected within the 26 range
of 5°-60° with a scan speed of 1s/ step and step size of 0.02°.

2.2. Synthesis of the complex

At first, 0.5 mmol oxalic acid (0.04501 g) was dissolved in 10 ml
distilled water and neutralized by aqueous solution of sodium carbo-
nate to adjust the pH at 8.0 and 1.0mmol of 1,10-phenanthroline
(0.1802 g) was dissolved in 10 ml methanol separately. These two so-
lutions were mixed together and stirred for 15 min at room tempera-
ture. Then the CuCl,2H,0 (0.1704 g, 1.0 mmol) was dissolved in 5ml
distilled water and added to the previous solution. The resultant mix-
ture was stirred at room temperature for 30 min. The whole mixture
was then refluxed for 1 h at 80 °C. It was then allowed to cool down to
room temperature and kept in undisturbed condition for 2h. A very
small amount of precipitate formation was observed. Afterwards, the
precipitate was filtered off and green colored filtrate was kept in un-
disturbed condition. After few (2-3) days, the block shaped green co-
lored crystals suitable for single crystal x-ray structural study were
obtained and these were separated and dried. Yield 79%.Anal. Calc. for
Cy6H16CloCusN404: C, 48.2; H, 2.5; N, 8.6. Found: C, 48.5; H, 2.4; and
N, 8.5%. Selected IR bands (KBr pellet, cm ™~ H: v (0-H) stretching 3445
(m); v (CO) 1506 (m), 1524 (s), 1483 (s), 1445 (w).

2.3. Crystallographic data collection and refinement

Suitable single crystal of the complex was mounted on a Bruker
SMART diffractometer equipped with a graphite monochromator and
Mo-Ka (A = 0.71073 A) radiation. The structure was solved by
Patterson method using SHELXS-97 program. Subsequent difference
Fourier synthesis and least square refinement revealed the positions of
the non-hydrogen atoms. Non-hydrogen atoms were refined using in-
dependent anisotropic displacement parameters. Hydrogen atoms were
placed in idealized positions and their displacement parameters were
fixed to be 1.2 times larger than those of the attached non-hydrogen
atoms. Successful convergence was indicated by the maximum shift/
error of 0.001 for the last cycle of the least squares refinement. Analysis
of single crystal X-ray data were carried out using SHELXS-97 [66],
SHELXL-97 [67], PLATON-99 [68], ORTEP-32 [69] and WinGX system
Ver-1.64 [70]. Data collection, structural refinement parameters and
crystallographic data of the complex are provided in Table 1. Some
selected bond lengths, bond angles and weak interaction parameters are
summarized in Table 2.

2.4. Computational methodology

All theoretical calculations were performed with the Gaussian 09 W
software package [71] employing the analytical gradient methods of
DFT with Becke’s three parameters (B3) exchange functional [72] and
the Lee-Yang-Parr (LYP) nonlocal correlation functional (symbolized as
B3LYP) [73]. For C, H, N, O and Cl atoms the 6-311 + + G (d,p) basis set
was used while for the Cu atom LanL2DZ basis set was adopted. The
ground state (Sp) geometries were fully optimized using the default
criteria of the respective program in both the gaseous phase and solu-
tion phase with acetonitrile as solvent. Frequencies were calculated on
the optimized geometries and the nature of the stationary point was
confirmed by carrying out a normal mode analysis, where all vibra-
tional frequencies were found to be positive, which confirms that the
optimized structure is at one of the minima of the potential energy
surface. Orbital analysis was carried out with the help of Gauss View
and the MO composition analysis was done with GaussSum program
[74].
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Table 1
Crystallographic data and refinement parameters of the complex.
Formula Ca6H16CloCusN404
Formula weight 646.43
Crystal System Monoclinic
Space group P2;,, (No. 14)
a (A) 8.631(5)
b (A) 11.927(7)
c Q) 11.779(7)
B® 100.223(9)
v (A% 1193.3(12)
Z 2
D(calc) (g/cm®) 1.799
n(Mo Ka)(mm) 2.050
F(000) 648
Crystal Size (mm) 0.12 x 0.12 x 0.48
T (K) 100
A [A] Mo Ka 0.71073
Theta Min-Max [°] 2.4-25.3
Dataset —10: 10; —14: 14; —14: 14
Total, Unique data 10723, 2140
Rint 0.093
Observed data 1392
Nref, Npar 2140, 172
R 0.0517
wR2 0.1092
S 0.94
Max. and Av. Shift/Error 0.00, 0.00
Min. and Max. Resd. Dens. [e/1°\3] —0.52, 0.53

w = 1/[s2(Fo2) + (0.0949P)2] where P = (Fo2 + 2Fc2)/3.

Table 2

Some selected bond lengths (;\) and bond angles (°) of the complex.
Cul-Cl1 2.287(2) Cul-O1 2.215(4)
Cul-02 1.999(4) Cul-N1 2.019(5)
Cul-N2 2.050(5) Cl1-Cul-01 110.69(10)
Cl1-Cul-02 94.40(11) Cl1-Cul-N1 96.36(14)
Cl1-Cul-N2 142.72(14) 01-Cul-02 80.75(14)
01-Cul-N1 90.42(16) 01-Cul-N2 106.56(16)
02-Cul-N1 167.98(17) 02-Cul-N2 92.78(17)
N1-Cul-N2 81.87(19)

2.5. Catalytic reaction methodology

The catalytic reactions were carried out in a glass batch reactor
according to the following procedure. 5 mmol of substrate, 2 mg cata-
lysts (i.e. 0.062% of mole of the substrate) and 5 ml solvent and were
first mixed. The mixture was then equilibrated to the desired tem-
perature in an oil bath. After addition of 30% hydrogen peroxide
(10 mmol), the reaction mixture was stirred continuously. The reactions
were performed in open air. The reaction products were quantified (GC
data) by Varian 3400 gas chromatograph equipped with a 30 m CP-
SIL8CB capillary column and a flame ionization detector and identified
by Trace DSQ II GCMS equipped with a 60m TR-50MS capillary
column. The oxidation products were identified by comparing their
retention times with those of authentic samples.

3. Results and discussion
3.1. Molecular and supramolecular structure of the complex

Single crystal X-ray diffraction (SCXRD) analysis revealed that the
complex crystallizes in achiral P2;/n space group. The asymmetric unit
contains one Cu®* ion, one coordinated Cl ion, one phenanthroline
ligand and half of oxalate moiety. The ORTEP diagram is presented in
Fig. 1. The metal center exhibits five coordinated distorted square
pyramidal geometry with t value of 0.42 [75]. Two nitrogen atoms (N1
and N2) of phenanthroline ligand, one oxygen atom (02) of the oxalate
ligand and the chloride ion (Cl1) constitute the basal plane while the
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other oxygen atom (O1) of the oxalate occupies the axial positions.
Here, the oxalate ligand acts as a bridge between two metal centers, on
the other hand, the hydrophobic 1,10-phen acting as blocking ligand
prevents the formation of infinite chain and in consequence the bi-
nuclear-complex formation takes place. The oxalate acts as both brid-
ging ligand as well as chelating ligand. Using two oxygen atoms of two
different carboxylato groups, oxalate binds one metal center in syn-syn
fashion as a chelating ligand and using two oxygen atoms of the same
carboxylato groups, it bridges between two metal centers in anti-anti
binding mode. Wang et al., have reported a similar structure with P2;/c
space group and distorted trigonal bipyramidal geometry while our
complex crystallizes in P2;/n space group and its Cu(Il) centers show
square pyramidal coordination geometry [76]. Further, the structural
parameters and packing behavior of the present complex is different
from those of reported earlier. The molecular structure of this com-
pound is similar to [(bpy)>Cuy(C204)Cl>]-H,0 where the complex has a
guest water molecule while the complex under investigation is devoid
of any water molecule [77]. It has been reported that in
[(bpy)2Cux(C204)Cl,]1'H,0, Cu atom exhibits square pyramidal co-
ordination where two nitrogen atoms of one 2,2-bypyridyl and two syn
oxygen atoms of oxalate moiety constitute the basal plane while
chloride ion occupies the apical position. Here, the oxalate ion acts as
bridging ligand and 2,2’-bypyridyl serves as blocking ligand. Although
for both complexes, Cu atom exhibits square pyramidal coordination,
there are distinct differences in constitution of the basal plane, apical
position and bridging mode.

The Cu—N bond distances are in the range of 2.019-2.050 A, Cu—O
bond distances are in the range of 1.999-2.215A and Cu—Cl bond
distance is ~2.287 A. All other coordinated bond distances and bond
angles are provided in Table 2. The supramolecular C—H---Cl
(C1-H1---Cl1) and C—H---O (C8—HS8---:01) hydrogen bonding interac-
tions connect each molecular units to form 3D supramolecular struc-
tures (Figs. 2 and S1). m---; interactions among the aromatic rings of
phenanthroline moieties also facilitate the 3D supramolecular structure
formation, as shown in Figs. 2 and S1. All the hydrogen bonding and
gt---70 interactions are summarized in Tables S1 and S2, respectively.

3.2. PXRD and thermal investigation

The phase purity of the bulk sample was examined by PXRD study.
The PXRD pattern of the complex matches well with the X-ray dif-
fraction pattern simulated from the SC-XRD data (Fig. S2). Thermo-
gravimetric analysis (TGA) for coordination and supramolecular poly-
mers are very important to analyze their thermal stability. The TGA
curve of the sample (Fig. 3) reveals that it is stable up to 230 °C. A very
few amount of weight loss (< 1%) below 100 °C can be attributed to the
loss of absorbed moisture. The complex gradually decomposes in
stepwise fashion within the temperature range of 230 and 900 °C due to
the successive loss of coordinated moieties such as CI” ions, bridging
oxalate ligand and phenanthroline (theo: 78%, exp: 91%). The final
black residue after decomposition of the complex is probably the an-
hydrous copper oxide.

3.3. Cyclic voltammetric investigation

The cyclic voltammogram of the complex in acetonitrile is re-
versible in nature with E;,; ~27mV and AE, = 206 mV. The E,,
2~ 27mV corresponds to one electron transfer process in the Cu'™!
redox couple. It is already reported that, strongly electronically coupled
systems can display surprisingly high AE, value in cyclic voltammetric
study [78]. Hence, the large AE, value implies that, in the present
complex two redox active copper centers are strongly electronically
coupled to each other by the bridging oxalate dianion ligand. The re-
versibility of the redox process suggests that the basic geometry around
the copper centre remains intact during the redox event (Fig. 4).
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Fig. 1. ORTEP diagram of the complex.

3.4. Spectral studies

The electronic spectra of the complex were recorded at 300K in
acetonitrile medium. The UV-Vis spectra (Fig. S3) exhibit a peak at
270 nm (molar extinction coefficient (£):39,800 M~ *cm ™ 1) that can be
attributed to the m-mt* transition within the 1,10-phenanthroline li-
gands. The absorption peak at 344 nm (e: 7950 M~ 'cm ™ 1) is due to the
charge transfer from 1,10-phenanthroline ligand to Cu(II) metal ion.
The absorption spectra also shows a broad band around 720 nm (e:
3060 M~ lem 1) which can be assigned to the d-d transition.

The emission spectra of the complex have been studied in solid state
at 300 K. The complex shows emission maxima at 451 and 480 nm upon
excitation at 340 nm (Fig. 5) and this can be attributed to the m-m*
transition in the aromatic si-rings of 1,10-phenanthroline ligands. The
small peak around 522 nm is possibly caused by extended m-conjuga-
tion within the ligand system. The luminescent behavior of the complex
corresponds to a ligand-centered (LC) fluorescence.

The emission spectra of the complex have been studied in acetoni-
trile medium. Upon exciting at 344 nm, the emission spectra show
maxima at 405nm and 430 nm (Fig. S4) due to the m-x* transition in
the aromatic w-rings of 1,10-phenanthroline ligands. Hence, in solution
phase a blue shift of the peaks is observed but the emission spectra of
the complex are almost similar in nature in both solid state and solution
phase. Thus, it may be inferred that the basic structure of the complex
remains unchanged in solvent phase.

3.5. Study of ground state structure and molecular orbitals

We have optimized the molecular structures of the complex at
electronic ground state (Sp) in both gaseous state and in acetonitrile
solvent. The geometry optimized structures of the complex computed
both in the gaseous and in solution phases are presented in Fig. 6. Some
selected optimized geometrical parameters (bond lengths and bond
angles) of the complex are summarized in Tables S3 and S4. In the

Fig. 2. 3D supramolecular structure of the complex formed by C—H---Cl and C—H---O hydrogen bonding interactions.
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optimized structures, both the Cu(II) centers of the complex show five
coordinated distorted square pyramidal geometry. In the optimized
structures, two oxygen atoms of two different carboxylate groups of
oxalate ligand along with one Cl atom and one of the two N atoms of
phenanthroline ligand constitute the basal plane whereas the remaining
N atom of phenanthroline ligand occupies the axial position. On the
other hand, in the crystalline molecular structure of the complex two N
atoms of phenanthroline ligand, one oxygen atom of the oxalate ligand
together with one Cl atom form the basal plane and another oxygen
atom of a different carboxylate group of the oxalate ligand is in the
apical position. Although the calculated structure and the crystal
structure are geometrically same in nature (square pyramidal), the
dissimilarity in position of atoms within the metallic coordination en-
vironment and different degree of distortion among them leads to ap-
parent mismatch between the bond angles and bond lengths of these
molecular structures.

Some selected frontier orbitals of the complex optimized in both the
gaseous and solution phases are shown in Fig. 7. The HOMO-LUMO
energy differences are 1.03 eV and 1.02 eV for the structures optimized
in gaseous phase and in solution phase, respectively. For MO compo-
sition analysis the contributions from five fragments viz., Cu, phenl,
phen2, Cl and oxalato have been considered. The orbital energies and
the contribution from each fragment in terms of atomic orbital con-
tribution to the frontier molecular orbital (MO) are listed in Table 3. For
the HOMOs and LUMOs of the complex in both gaseous and solution
phase, the degree of contribution coming from the p-orbitals of the C
atoms in phenanthroline moieties, d-orbital of Cu atom, Cl and oxalato
is significantly different.

3.6. Catalytic activity

The complex contains five coordinated - coordinatively unsaurated
Cu-centers and thus the complex was been used for the Lewis acidic
catalysis reaction under homogeneous conditions. Catalytic activity of
the complex was assessed by studying the oxidation reaction of alkenes.
In this study, cis-cyclooctene was selected as the model substrate to
optimize the catalytic oxidation reaction conditions using H,O, as
oxidant. The catalytic oxidation of cis-cyclooctene produces the corre-
sponding epoxide as the sole product in acetonitrile solvent with H,O5
at 50 °C (Scheme 1). The same experiment was performed without using
H,0, as oxidant keeping all the reaction parameters unchanged. The
results of control experiments have revealed that presence of both the
catalyst and oxidant are essential for the oxidation reaction. The oxi-
dation of cis-cyclooctene in the absence of H,O, does not occur and also
in absence of the catalyst, trace amount of desired product was formed.
Again, the same experiment was done in presence of CuCl, using H,0,
as oxidant in both methanol and acetonitrile medium. These experi-
ments result very low conversion rate of cis-cyclooctene to the product
suggesting very mild catalytic activity of CuCl, in the epoxidation re-
action. Effects of solvent, oxidant, the ratio of oxidant/substrate and the
temperature were also studied to find the most suitable reaction con-
ditions to achieve the maximum conversion of cis-cyclooctene.

In order to study the solvent effect, catalytic oxidation reactions
were carried out in methanol, ethanol, acetonitrile, chloroform and
dichloromethane solvent and it was found that the highest conversion,
70% after 3h, was obtained in acetonitrile at 50 °C. The catalytic ac-
tivity of the complex decreased in the order: acetonitrile >
methanol > ethanol > chloroform ~ dichloromethane (Fig. 8). In
summary, the reactivity of the catalyst in other solvents was much
lower than in acetonitrile. The efficiency of various oxidants, namely
tert-BuOOH, H,0,, NaOCl and O, (1 atm) was studied in the same
homogeneous catalytic oxidation reaction of cis-cyclooctene keeping all
other conditions unchanged. The experimental outcomes revealed that
H,0, is the most efficient oxidant with complex as catalyst (Table 4).

The effect of temperature on the performance of the catalyst was
also investigated. The same reaction has been carried out at three
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Fig. 6. Ground state optimized geometries and coordination environment of the complex in (a) gaseous phase and (b) solution state with acetonitrile as solvent.
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different temperatures viz., 40 °C, 50 °C and 60 °C with the fixed amount
of cis-cyclooctene (5 mmol), H>O, (10 mmol) and the complex (2 mg) in
5ml acetonitrile (Table 4, entries: 3, 6 and 7) keeping the reaction
conditions same as earlier. A maximum of 70% conversion was
achieved at 50 °C while at 40 °C, the conversion was low. On the other
hand, at 60 °C the initial conversion of cis-cyclooctene was higher than
at 50°C but when the reaction continues the conversion of cis-cy-
clooctene became almost same. Therefore, 50 °C is the optimum tem-
perature and hence catalytic oxidation reactions of other alkenes were
carried out at this temperature. The molar ratio of cis-cyclooctene to
H,0, was also varied (Table 4, entries: 3, 8 and 9) keeping all other
experimental conditions same to examine the effect of molar ratio of the
parent compound on the conversion process. The conversion of cis-
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Fig. 7. Schematic diagram showing the selective frontier molecular orbitals for the complex in (a) gas phase and (b) solution state with acetonitrile as solvent.

cyclooctene was increased from 38% to 70% on increasing the cis-cy-
clooctene: H,O, ratio from 1:1 to 1:2. On further increasing this ratio to
1:3, the conversion was hardly affected. Hence, it can be inferred that
1:2 ratio of cis-cyclooctene to H,0, is sufficient for significant conver-
sion of cis-cyclooctene. A blank experiment (Table 4, entry: 10) was also
carried out in absence of the complex with H,O, under the same ex-
perimental conditions which resulted in very low conversion of cis-cy-
clooctene that confirmed the high efficiency of the complex as a cata-
lyst. All these optimized reaction conditions were applied to the
complex-catalyzed oxidation reactions of other alkenes.

It is noteworthy that the complex-catalyzed oxidation reaction of
cis-cyclooctene with H,0, yields the corresponding epoxide with 100%
product selectivity in acetonitrile medium (Table 5). The product was

357
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Table 3
Selected MOs of the complex along with their energies and compositions.
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MO Energy (eV) % Composition
Gas Solution Gas Solution
Cu Phenl Phen2 Oxalato Cl Cu Phenl Phen2 Oxalato Cl
HOMO-5 —6.90 —-7.49 19 40 26 8 7 11 41 14 17 18
HOMO-4 —6.36 -7.30 4 2 60 14 19 10 37 38 0 14
HOMO-3 -6.32 —-7.28 12 5 65 2 16 13 36 35 3 13
HOMO-2 —-6.29 —-7.14 4 55 3 16 21 3 47 47 1 1
HOMO-1 —6.26 -7.12 13 65 7 0 15 2 47 47 1 3
HOMO -5.51 —-6.28 34 27 25 6 8 35 27 27 5 7
LUMO —4.48 —5.26 29 22 29 13 7 33 24 24 12 7
LUMO + 1 —2.56 —2.55 0 11 85 3 0 1 51 45 2 0
LUMO + 2 -2.55 -2.55 2 80 10 8 0 4 42 48 6 0
LUMO + 3 —2.45 —-2.35 3 920 6 1 0 5 50 41 4 0
LUMO + 4 —2.44 -2.35 1 3 93 3 0 0 43 55 0 0
LUMO + 5 -1.37 —-2.00 5 23 54 17 0 25 17 17 41 0
c " Table 4
omplex o Epoxidation of cis-cyclooctene using different oxidants with the complex as
H,0, catalyst.
Acetonitrile, 50°C
. . copa
(100%) Entry Oxidant Temperature (°C) Conversion (%)
Scheme 1. Catalytic oxidation of cis-cyclooctene. 1 N 50 -
2 NaOCl 50 34
3 H50, 50 70
4 tert-BuOOH 50 56
80 5 0, (1 atmosphere) 50 12
I 6 H,0, 50 45
' I Acetonitrile ; B0 €0 79
- Methanol g H,0, 50 38
I Ethanol 9 H,0, 50 74
604 [ Chloroform 10 H0, 50 6
[ Dichloromethane . . .
= i Reaction conditions: catalyst (2mg), cis-cyclooctene (5mmol), oxidant
é (10 mmol), acetonitrile (5 ml), time (3 h).
= @ Determined by GC.
£ 401 > 5 mmol H,0
1) 22,
5 ¢ 15 mmol H,0,,
E 1 4 Without the complex.
S
Q
20 - organic substrates to give the corresponding oxidized products [79,80].
In order to identify the active species, we have recorded the UV-Vis
- spectra of the complex in presence of excess H,O, in acetonitrile
medium (Fig. 9). The UV-Vis spectra show an intense peak at around
0- 430 nm with a shoulder in the range of 445-470 nm. This may be due to
0.5 1.0 1.5 2.0 2.5 3.0 the existence of Cu-hydroperoxo or Cu—peroxo species [81,82]. In order
Time (h) to get an idea about the number of copper atom(s) present in the

Fig. 8. Influence of solvent in the catalytic epoxidation of cis-cyclooctene by the
complex. Reaction condition - catalyst: 2mg, cis-cyclooctene: 5mmol,
H,0,:10 mmol, temperature: 50 °C, solvent (acetonitrile): 5ml.

identified by GC spectroscopic study (Fig. S5). Under the same reaction
condition, styrene gives styrene oxide with 89% product selectivity
(67% conversion) along with a trace amount of benzaldehyde. In case
of cyclohexene, product selectivity to the corresponding epoxide is
about 76% with conversion % of 82. A little amount of allylic oxidation
products (2-cyclohexene-1-ol and 2-cyclohexene-1-one) were also
formed as side products in this case. All these experimental results are
summarized in Table 5.

Definite identification of the active species involved in homo-
geneous catalysis is very difficult. In literature, it has been reported that
in the reaction of a copper complex with H>O,, Cu(II) binds the peroxo-
group and forms a Cu-hydroperoxo or Cu-peroxo pre-catalyst species
that can act as a mediator to facilitate the oxo functionality to the

complex in solution state, we have recorded the ESI mass spectrum of
the complex in acetonitrile medium. The mass spectrum of the complex
shows m/z peaks at 611.5356, and 575.9754 (Fig. S6). These peaks are
observed due to the fragments of the complex after expulsion of one and
two Cl atom(s), respectively. The fragments consisting three peaks for
isotopic distribution of two Cu atoms has been observed in the mass
spectrum at lower m/z values. Hence, from the mass spectrum it can be
inferred that two copper atoms bridged through oxalate ligand are
present in the solution state and the complex exists as a binuclear
species in acetonitrile medium. Further, from the photoluminescence
study of the complex it has been found that the basic binuclear structure
of the complex in solid state and solution phase is nearly identical.
Thus, the result of mass spectroscopy study corroborates the outcome of
the photoluminescence study. In case of homogeneous catalysis, re-
covery of catalyst for reuse is a very difficult task as the catalyst does
not remain in its original form after the reaction. We have recovered the
residue obtained after completion of the catalytic cycle. However, the
FTIR spectra and PXRD pattern of this recovered material does not
match with those of the original complex.
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Table 5
Oxidation of various alkenes by the complex using H,O, in acetonitrile®.
Entry Substrate Conversion (%)" Product Selectivity (%)" TOF¢
1 O 70 100 376.4
2 :: 82 76 440.8
67 89 360.2

o

@ Reaction conditions: catalyst (2 mg), alkenes (5 mmol), H,O, (10 mmol), temperature (50 °C), acetonitrile (5ml), time (3 h).

> Determined by GC.
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Fig. 9. UV-vis spectrum of the complex in presence of H,O, in acetonitrile at
room temperature.

4. Conclusion

In summary the binuclear Cu(Il) complex, [Cu,(oxalate)(1,10-
phen),Cl,] (where 1,10-phen = 1,10-phenanthroline), designed by
using hydrophilic oxalate as bridging ligand and the hydrophobic 1,10-
phen as the blocking ligand exhibits very good thermal stability and
photoluminescence activity along with selective catalytic activity for
epoxidation of alkenes in presence of H,0,. Structural analysis has re-
vealed that binuclear metallic units of the complex are packed by su-
pramolecular hydrogen bonding and st interactions and forms a 3D
supramolecular architecture. The cyclic voltametric study suggests that
both the copper centers are strongly coupled to each other through the
oxalato-bridge. Owing to the presence of m-electrons in auxiliary ligand
(1,10-phenenthroline), the complex shows strong fluorescence.

The presence of coordinately unsaturated Cu-centers inspired us to
examine the catalytic activity of the complex toward oxidation of al-
kenes. By optimizing the oxidation reactions of alkenes using this bi-
nuclear Cu(Il) complex, it has been established that in all the cases the
maximum catalytic efficiency can be achieved at 50 °C in presence of
H,0, as oxidant with acetonitrile solvent. Interestingly, the complex
shows 100% selectivity for the oxidation of cis-cyclooctene to the

TOF: turnover frequency = moles of substrate converted per mole of metal complex per hour.

corresponding epoxide in presence of H,O, as oxidant at 50 °C with
70% conversion in acetonitrile. The complex also exhibits product se-
lectivity and percentage conversion of 89% and 67%, respectively, for
styrene and 76% and 82% for cyclohexene under same reaction con-
dition. Our future research goal is to design novel homogeneous and
heterogeneous catalysts for industrial application.
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ABSTRACT: Metal—ligand coordination interactions are usually much stronger R 4. KFeCN)g o
than weak intermolecular interactions. Nevertheless, here, we show experimental ¢* ‘ oy s

. . . . S Diffusion
evidence and theoretical confirmation of a very rare example where metal—ligand e o “"%‘
bonds dissociate in an irreversible way, helped by a large number of weak pi > < — i ]
. . . . ‘Weak interactions driven selective -
intermolecular interactions that surpass the energy of the metal—ligand bond. Thus, cleavage of Mn-Cl bond to transfer

g a . . ta tic exch interacti °
we describe the design and synthesis of trinuclear Mn,Fe complex {[Mn(L)- 1 e Il et " )

from Mn(III)-monomer to "i”
(H,0)],Fe(CN)4},>" starting from a mononuclear Mn(III)-Schiff base complex: . ferrocyanide bridged Mn,Fe trimer
[Mn(L)(H,0)Cl] (1) and [Fe(CN)¢]*" anions. This reaction implies the

~ L1

dissociation of Mn(III)-Cl coordination bonds and the formation of Mn(III)-NC % 1o

o 09

bonds with the help of several intermolecular interactions. Here, we present the &os

o7

synthesis, crystal structure, and magnetic characterization of the monomeric o €

L
Mn(III) complex [Mn(L)(H,0)Cl] (1) and of compound (H;0)[Mn(L)(H,0),]- R -
{[Mn(L)(H,0)],Fe(CN)4}+4H,0 (2) (H,L = 2,2’-((1E,1'E)-(ethane-1,2-diylbis- WealInteraction Mediated Metamagnets
(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 H,O molecule
and a CI” ion at the axial sites and the monomeric units are assembled by 7—z and hydrogen-bonding interactions to build
supramolecular dimers. The combination of [Fe(CN)¢]*~ with complex 1 leads to the formation of linear Mn-NC-Fe-CN-Mn
trimers where two frans cyano groups of the [Fe(CN)4]*" anion replace the labile chloride from the coordination sphere of two
[Mn(L)(H,0)Cl] complexes, giving rise to the linear anionic {[Mn(L)(H,0)],Fe(CN),}*~ trimer. This Mn,Fe trimer crystallizes
with an oxonium cation and a mononuclear [Mn(L)(H,0),]" cation, closely related to the precursor neutral complex
[Mn(L)(H,0)Cl]. In compound 2, the Mn,Fe trimers are assembled by several hydrogen-bonding and 7— interactions to frame an
extended structure similar to that of complex 1. Density functional theoretical (DFT) calculations at the PBE1IPBE-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 (IDI = 1.23 cm™), and a very weak intermolecular interaction (z] = —0.03
cm™"). 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, IDI = 1.21 em™), and ] = —0.42 cm™. The metamagnetic behavior of both compounds is attributed to the weak
intermolecular 7—7 and hydrogen-bonding interactions.

14

B INTRODUCTION ple,"”"? etc. can successfully explain the selective metal—ligand

Selective bond making—bond breaking is the finest art of bond breaking—bond making process. In supramolecular
chemistry and has tremendous significance in molecular and
supramolecular chemistry.'~* 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 processes’  are
well-known for the selective bond activation, bond breaking,
and bond making in organic chemistry. In coordination
chemistry, the so-called trans effect,'”'" the HSAB princi-

chemistry, molecular recognition and aggregation constitute
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the base of selectivity and determine the final compound and
strucutre.'*~'* 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(11)-bridged Mn,Fe trimer from a Mn(III)-
monomeric precursor.

In molecular magnetism, metamagnets'’~*> 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 (Ty).””** Such
coexistence of AF and FM in a material is difficult to predict
and, consequently, highly challenging to design, but it may
have significant agplications in technologies associated with
magnetic cooling” and the magnetocaloric effect.’® This
magnetic-field-induced first-order transition from AF to FM is
critically dependent on the weak intermotif interactions.
Mukherjee et al.”* have reported that the metamagnetism
arises due to weak C—H-*N hydrogen-bonding interactions
between azido-bridged 1D coordination chains of Ni"—Schiff
base complex. Chen et al.>” have reported the metamagnetic
behavior of 2-fold interpenetrated coordination layers, where
weak hydrogen bonding and dipolar interactions between
adjacent layers are resgonsible for such metamagnetic
transition. Ghosh et al.”® 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 (u-
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
magnetszg’30 (SCMs), single-molecule magnetsm’32 (SMMs),
ferromagnets,33" 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 N,O, 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
m—m 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 K,[Fe(CN)]
replaces the chlorides from the coordination sphere of two

y

adjacent monomeric Mn(III) units to yield a trans cyanide-
bridged Mn,Fe 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 77—z interactions during the
transformation of the monomer into the trimer as well as the
metamagnetic behavior. These Mn,Fe trimers are assembled
by hydrogen bonds and 7z—n interactions, giving rise to
supramolecular chains that also present a metamagnetic
transition with a critical field of ca. 2.5 T at 2 K.

B EXPERIMENTAL SECTION

Materials and Methods. MnCL-4H,0 (99%), 2-hydroxy-S-
methoxybenzaldehyde (99.5%), ethylenediamine (99.5%), and K,[Fe-
(CN)4] (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™.

Synthesis of the Ligand (H,L). The Schiff’s base ligand (H,L =
2,2'-((1E,1’E)-(ethane-1,2-diylbis(azaneylylidene) )bis-
(methaneylylidene) )bis(4-methoxyphenol)) was synthesized (see
Scheme 1, presented later in this work) by refluxing 2-hydroxy-S-
methoxybenzaldehyde (10 mmol, 1.525 g) with ethylenediamine (S
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(H,0)CI] (1). The Schiff base ligand H,L
(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 Et;N. An
aqueous solution (5 mL) of MnCl,»4H,0 (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
C,H,,CIMnN,Oq: 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™): v (C=N)
1605(s); v (O—H) 3385(broad).

Synthesis of (H;0)[Mn(L)(H,0),l{{Mn(L)(H,0)],Fe(CN)¢}
4H,0 (2). The cocrystal of this hexacyanoferrate(II)-bridged trimeric
complex was synthesized via a layering technique, using the
monomeric complex 1 and a K,[Fe(CN)] 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 K,[Fe(CN),] (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 C4oH,3FeMn;N,0,,: 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™"): v(C=N)
stretching 2123, 2105(s); v(C=N) 1608(s); v(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.*”
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Theoretical Methods. All DFT calculations included in this
manuscript have been performed using the Gaussian-16 program™® 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)*® analysis has been performed at the same level of
theory. The calculation of AIM properties was done using the AIMAIL
program.*

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 Ka (4 = 0.71073 A) radiation, and then the structures
were solved via the Patterson method, using several software
programs.*' ~** 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.

Table 1. Crystallographic Data Collection and Refinement
Parameters of Compounds 1 and 2"¢

Value/Comment

parameter

formula

formula weight

1
CsH,,CIMnN, Oy
43475

2
CeoH73FeMn3N;,0,,
1518.97

crystal system orthorhombic triclinic
space group Py, Pl

a (A) 11.826(6) 14.0832(14)
b (A) 12.872(7) 15.0504(15)
¢ (A) 22.919(12) 17.0031(18)
a (deg) 90 108.703(3)
B (deg) 90 101.649(3)
7 (deg) 90 90.023(4)
unit-cell volume, V (A%) 3489(3) 3335.1(6)
V4 8 2

Pt (g/cm®) 1.655 1.513

u (Mo Ka) (mm) 0.945 0.850
F(000) 1792 1572

crystal size (mm?®) 0.08 X 0.12 X 0.16  0.12 X 0.16 X 0.20
temperature, T (K) 100 152
Opninmma (deg) 1.8, 253 2.5,27.2
total data 28731 34615
unique data 3156 14564

Ry 0.177 0.126
observed data [I > 2.06(I)] 1625 7216

Nt 3156 14564

Ny 244 878

R 0.0581 0.0963

wR, 0.1195 0.2874

S 0.80 1.01

R, = ;um — IEI/YIE) PwR,(F2) = [X[w(E}: — F2)?/
2wE']"2 “GooF = [X[w(F® = F*)?/(Noys i

- Nparams) ]

B RESULTS AND DISCUSSION
Synthesis. The tetradentate Schiff-base ligand (H,L) was

synthesized by the combination of ethylene diamine with 2-
hydroxy-S-methoxybenzaldehyde in a 1:2 ratio (see Scheme 1).
Combination of the synthesized ligand with MnCl, leads to the
aerial oxidation of Mn(II) to Mn(III) with formation of the
neutral complex 1, that, besides the ligand L?~, contains one
Cl~ and one water molecule at the axial sites (Scheme 1).
When complex 1 is reacted with [Fe(CN)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)(H,0)CI] (1). The mono-
nuclear complex 1 crystallizes in the orthorhombic centro-
symmetric space group Py ,. The asymmetric unit contains one
mononuclear unit, which contains one Mn(IIl) ion, one
deprotonated ligand L*7, one coordinated CI~, 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
N,O, donor Schiff base-metal complexes, the four equatorial
positions are occupied by the four donor atoms (N1, N2, OI,
and 02) of the Schiff base while the trans-axial sites are
occupied by one chloride ion (ClI1) and one water molecule
(O1W). The Mn—O and Mn—N bond lengths of the Schiff-
base donor atoms are in the normal range: Mnl-O1 =
1.881(4) A, Mn1-02 = 1.863(4) A, Mn1—-N1 = 1.979(4) A,
and Mn1-N2 = 1.973(4) A, whereas the axial bond lengths
are comparatively longer: Mn1—Cl1 = 2.554(2) A and Mnl—
OIW = 2.287(3) A. These distances reflect the expected
Jahn—Teller elongation along the axial bonds. The Mn center
is displaced toward the Cl1 atom ~0.073 A from the mean
plane formed by the donor atoms (O1-N1—-N2—-02) of the
Schiff-base ligand.

Supramolecular structural analysis reveals that two neighbor-
ing mononuclear units are connected in an antiparallel fashion
by n—r interactions to form a supramolecular dimer, which is
further stabilized by a double O1W—HIW1++O1 hydrogen-
bonding interaction (Figure 2). These dimers are bridged by
O1W—-H2W1+Cll 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—HS8A-Cll and
C15—H15++Cl1 hydrogen-bonding interactions to develop a
3D supramolecular structure (Figure S2). The hydrogen
bonding and 7—7 interaction parameters are summarized in
Tables S2 and S3 in the Supporting Information.

Crystal Structure of (H;0)[Mn(L)(H,0),l{IMn(L)-
(H,0)1,Fe(CN)e}+4H,0 (2). Single-crystal X-ray analysis
reveals that this compound crystallizes in the centrosymmetric
triclinic P1 space group. It is a 1:1 cocrystal of a Mn,Fe 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 OSW 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(Il) 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(IIl) ions, precluding the
formation of an alternating cyanide-bridged Mn(III)—Fe(II)

https://dx.doi.org/10.1021/acs.inorgchem.0c00909
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Scheme 1. Complete Synthetic Scheme of the Ligand (H,L) and Complexes 1 and 2
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Figure 1. ORTEP diagram and labeling scheme of complex 1 with 30% ellipsoid probability.

3.736(4)::

Figure 2. Supramolecular dimer formation with 7—z and O1W-—
H1W1++01 hydrogen-bonding interactions in complex 1.

chain. In each trimer, the asymmetric unit contains a full
Mn(III)-Schiff base complex moiety and half [Fe(CN)q]*~
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)¢]* unit
(Figure 3). In both trimers, the bond lengths from the N,0,

Schiff-base donor atoms to the metal centers are quite similar:
Mnl1-01 = 1.862(5) A, Mn1-02 = 1.889(5) A, Mn1-N1 =
1.981(6) A, and Mn1—-N2 = 1.985(6) A for trimer 1 and
Mn2-05 = 1.872(5) A, Mn2—06 = 1.902(5) A, Mn2—N6 =
1.977(6) A, and Mn2—N7 = 1.997(6) A for trimer 2. In both
trimers, the two axial bond lengths are longer than the
equatorial ones: Mn1—O1W = 2.290(5) A and Mnl1-N3 =
2.316(6) A in trimer 1 and Mn2—O02W = 2.294(5) A and
Mn2—N8 = 2.2478(6) A 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 (09, 010, N11, and N12). The corresponding
bond lengths are similar to those observed in compound 1 and
in both trimers in compound 2: Mn3—09 = 1.874(5) A,
Mn3—N12 = 1.984(6) A, Mn3—010 = 1.894(6) A, and Mn3—
N11 = 1.988(6) A. 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) A and Mn3—04W = 2.215(5) A 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 A
from the mean equatorial plane.
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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—Fel—Mn1 (top) and Mn2—Fe2—Mn2 (bottom), showing the centroids of the aromatic rings of the
ligands (as pink spheres) and the shortest C,~C, distances (as pink dotted lines). Hydrogen bonds are indicated as light blue dotted lines.

Supramolecular structural analysis reveals that each trimeric
unit is connected by hydrogen bonding interactions implying
the coordinated water molecules and by 77—z 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-HIWI1-*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
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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(I) 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 S. It can be observed that the dimerization energy is

CP# | -V(r)/2 0.429G(r)

AE1 =-30.1 kcal/mol CP1| 5.05 5.22
CP2| 1.60 1.83

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 (AE,) is also given near the assembly.

very large (AE; = —30.1 kcal/mol), because of the cooperative
formation of several O**H and C—H-**O hydrogen bonds and
7m—r 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.”*** The dissociation energy of each hydrogen-
bonding contact can be estimated according to the ag)proach
proposed by Espinosa et al.*’ and Vener et al,”” which
developed energy descriptors specifically for hydrogen bonds.
Figure S 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 S, 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 7-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 (AE, = —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 (AE,; see Figure S). 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 CI™
by [Fe(CN)]*" 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
7—7 interactions).

Magnetic Properties of Compound 1. At room
temperature, the y,, T value per Mn(III) ion for compound 1
is ca. 3.0 cm® K mol ™!, 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, y, T remains
constant, down to ca. 20 K, and shows a sharp decrease at
lower temperatures to reach a value of ca. 0.8 cm® K mol™" 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

Scheme 2. Transformation from 1 to 2 is Energetically Favorable in Methanol Medium
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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.

simple model considering an isolated S = 2 ion with a zero field
splitting (ZFS) to account for the sharp decrease in y,,T at low
temperatures, using the program PHI>' This model
reproduces very satisfactorily the magnetic properties of
complex 1 in the entire temperature range with g = 1.958
and IDl = 0.69 cm™ 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 n—n and hydrogen-bonding interactions. This
weak intermolecular coupling is supported by the presence of a
maximum at very low temperatures in the y,, 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™, and IDI = 1.23 cm™! 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 77 interactions give rise to
weak couplings.””~” 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™ to +3.1 cm™') for mononuclear
Mn(III) ions.>®

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 y,, for different applied
fields (Figure 9). As can be seen, y,, 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 y,,T per formula unit (i.e., three Mn(III) ions
and a Fe(II) ion) is ca. 9.0 cm® K mol™" (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,
XwT remains the same up to ca. 25 K, and below this
temperature, it shows a progressive decrease to ca. 1.1 cm® K
mol ™" 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 y,, 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
Mn,Fe trimer presents two short intertrimer 7*=*7 interactions
and two hydrogen bonds with its two neighboring trimers to
generate a regular chain of trimers (Figure 4). Nevertheless,
since the Fe(Il) ions are diamagnetic, the chains can be
considered, from the magnetic point of view, as isolated
Mn(II1)~Mn(III) dimers. Note that since the two C,—C,
distances and the hydrogen-bonding parameters are very
similar in both chains (see Tables S5 and S6 in the Supporting
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Figure 7. Thermal variation of (a) y,,T and (b) y,, for compound 1. Solid and dotted lines represent the best fit to the models (see text).
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Figure 9. Thermal variation of y,, for compound 1 in the low-
temperature region with different applied fields.

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 PHL* In order to decrease the quantity of adjustable
parameters, we have assumed that both Mn(III) dimers
(Mn1—Mnl 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, DI = 1.21 cm™', and ] = —0.42 cm ™', with a residual
of 0.1355 (solid lines in Figure 10; the exchange Hamiltonian
is written as H = —JS;S,). As observed for compound 1, the
magnetic interaction between the Mn(III) centers is weak and
antiferromagnetic, as expected for a7 interactions.**~*
Again, the D value found is low and is within the typical
range observed (—3.8 cm™' to +3.1 cm™") for Mn(III) ions.>"

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 y,, 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.

B 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 7—x
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
(H,L) and the use of this ligand to prepare a Mn(III)
monomer that exhibits very weak antiferromagnetic coupling
through intermolecular 7—z 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)4]*
generates a Mn,Fe trimer where the diamagnetic [Fe(CN)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 n—z and hydrogen-bonding
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Figure 10. Thermal variation of (a) y,,T and (b) y,, for compound 2. Insets show the low-temperature regions. Solid lines are the best fit to the

model (see text).
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Figure 12. Thermal variation of y,, for compound 2 in the low-
temperature region with different applied fields.

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 § =
2 monomer with a ZFS and a very weak intermolecular
interaction (for 1) and a § = 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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Herein, we report the magnetic properties and bio-catalytic activity of a flying bee-like double phenoxido
bridged dinuclear Mn'-Schiff base complex decorated with double dicyanamide (dca™) ligands and formulated
as: [Mng(L)2(dca)2] (1) (where HoL = 2,2'-((1E,1'E)-(ethane-1,2-diylbis(azanylylidene))-bis(ethan-1-yl-ylidene))
diphenol). The complex has been synthesised by one-pot stepwise reaction of the tetradentate Schiff’s base ligand
HoL with MnCl; and dca™ at 1:1:2 ratio under aerobic conditions. It has been characterized by single crystal X-ray
diffraction (SC-XRD) and spectroscopic techniques. Complex 1 contains two Mn'" ions connected by a double
phenoxido bridge in an octahedral geometry and terminal dca™ ligands. The dimers are connected to other di-
mers through both hydrogen bonding and n-interactions to form an extended supramolecular network. The
present study reveals that in presence of tetradentate Schiff base ligands, the use of a 1:2 Mn:dca™ ratio leads to
formation of a dimeric Mn'! complex in contrast to the discrete mononuclear complexes or 1D structures pre-
viously obtained for the Mn:dca ™ ratio of 1:1. The magnetic study indicates that the dimeric Mn'" complex shows
a negligible Mn"™'-Mn'" interaction and a large anisotropy. The AC susceptibility measurements indicate that
complex 1 behaves as a field-induced single-molecule magnet (SMM), with a high energy barrier of 73(4) K. The
study of model catechol oxidase-like enzyme activity of complex 1 indicates that the dimeric Mn' complex acts
as an active catalyst (kea = 34.94 h™1) in the oxidation of 3,5-di-tert-butylcatechol (3,5-DTBC) in presence of
aerial O5 in acetonitrile medium.

il

1. Introduction (Scheme S1). The nuclearity and architecture of dicyanamido bridged
metal complexes exclusively depend upon the binding and bridging
modes adopted by the dca™ ligand and metal:dca™ ratios [22-25]. From

the literature survey, it is evident that, in presence of tetradentate Schiff

Among the transition metal ions, multinuclear manganese complexes
have gained remarkable attention due to their potential applications in

molecular magnetism [1-4] as well as their rich biochemistry [5-7] and
versatile catalytic activities [8-10]. Large variety of ligands containing
oxygen or nitrogen donor atoms like Schiff’s bases, oxalato, carboxylato,
azido, phenoxido/oxido, sulfato, dicyanamido, etc. are widely used to
design and synthesize Mn-based complexes of different nuclearities and
dimensionalities [11-17]. Moreover, high spin Mn""-Schiff base com-
plexes are extensively used as the basic building blocks for designing
metal clusters due to their unique properties [18-21].

Due to its versatile coordination and bridging modes, quasi n-con-
jugated dicyanamide (dca") is one of the most widely employed bridging
ligand in designing multinuclear and multidimensional metal complexes

* Corresponding authors.

base ligands, the use of dca™ at 1:1 Mn:dca™ ratio results in either
different types of ji; s—dca™ bridged 1D coordination polymers [26-29]
or in discrete Mn'™! complexes having terminal dca™ ligands [30]. In the
present report, we have successfully synthesized a dimeric Mn™ com-
plex [Mny(L)2(dca)s] (1), having double terminal dca™ ligands, by using
Mn and dca™ in 1:2 ratio for the first time.

Double phenoxido bridged Mn™-Schiff base dimeric complexes show
both ferro- or antiferromagnetic couplings with large uniaxial anisot-
ropy that may lead to single-molecule magnet behaviour (with and
without an applied DC field) [31-37]. Miyasaka et al. have performed a
detailed investigation in order to find the origin of the magnetic
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properties of such dimers [38]. They have shown that the magnetic
coupling depends on the Mn-O (bridging) bond distance. In most cases,
when the Mn-O bond distance is within the range 2.40-2.70 A, the di-
mers show ferromagnetic interactions, whereas below this range they
show antiferromagnetic couplings and above 2.80 A the magnetic
interaction is almost negligible.

Catechol-oxidase is an important plant enzyme that catalyses the
oxidation of a range of o-diphenols (catechols) and produces corre-
sponding quinones having significant role in disease resistance of higher
plants [39]. Manganese ions are omnipresent in a large variety of
naturally occurring redox enzymes because of their lower redox poten-
tials [40-42]. In photosystem-II of plants and cyanobacteria a tetra-
manganese cluster acts as an active site in catalytic oxidation of water
to Oz [43]. Therefore, Mn-based complexes are widely used to mimic the
catechol-oxidase activity in presence of model substrates in order to
examine the mechanism and factors of the enzyme catalysed oxidation
of catechols [44-47].

In this context, herein we report synthesis, crystal structure, spectral
behaviour, magnetic properties and catalytic response of a dinuclear
Mn"™-complex with a Schiff’s base and dca~ ligands in 1:2 Mn:dca~
ratio. The dimeric Mn™ complex, with structural formula
[Mny(L)2(deca)s] (1) (HoL = 2,2-((1E,1’E) -(ethane-1,2-diylbis(azanyly-
lidene))-bis(ethan-1-ylylidene)) diphenol) shows a rare assembly of
double phenoxido bridges along with double terminal dca™ ligands. The
magnetic properties of the complex reveal very weak antiferromagnetic
interactions in it and, more interestingly, a field-induced single-mole-
cule magnet behaviour thanks to the large magnetic anisotropy of the
Mn'" ions. Complex 1 also exhibits solvent selective enzyme catechol
oxidase-like activity for the oxidation of the model substrate 3,5-di-tert-
butylcatechol (3,5-DTBC) in presence of aerial oxygen.

2. Experimental
2.1. Materials and methods

MnCly-4H20 (99.9 %), 2-hydroxyacetophenone (98 %), sodium
dicyanamide (96 %) and ethylenediamine (99.5 %) were obtained from
Sigma Aldrich and used as received. Triethylamine and all other
chemicals (AR grade) were obtained from Merck India and used as
received. Elemental analysis (C, H, N) was performed by using a Perkin-
Elmer 240C elemental analyser. A Nicolet Impact 410 spectrometer was
used to record the FT-IR spectrum in the 400-4000 cm™! range. Elec-
tronic absorption spectra were recorded in 10~ M acetonitrile solutions
using a Hitachi U-3501 spectrophotometer.

The cyclic voltametric measurement on complex 1 was carried out
using Autolab/PGSTAT204 electrochemical workstation (Model Num-
ber: AUT204.S: 204 Potentiostat Galvanostat Module FRA32M.
MAC204.5) at a scan rate of 50 mVs~! within the potential range + 1.50
to —1.50 V on a 10~> M solution of the complex in deoxygenated
acetonitrile (by bubbling nitrogen gas). A 0.1 M tetrabutylammonium
bromate (TBAB) solution was used as supporting electrolyte. The
working electrode was a glassy-carbon disk (0.32 cm?) which was
washed with absolute acetone and dichloromethane, polished with
alumina solution and air-dried before each electrochemical run. The Ag/
AgCl and platinum wire were used as reference and counter electrode,
respectively. The experiments were performed in standard electro-
chemical cells at 25 °C.

2.2. Synthesis of [Mna(L)z(dca)2] (1)

The Schiff base ligand H,L has been synthesised by following a
standard procedure [48], detailed in the ESI file. The Schiff base ligand
HoL (297 mg, 1.0 mmol) was dissolved in 25 mL of a 1:1 meth-
anol-acetonitrile mixture under boiling. The pH of the reaction mixture
was adjusted to 9 by dropwise addition of EtsN. MnCly-4H50 (250 mg,
1.25 mmol) was dissolved in 5 mL of methanol by stirring and then
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Table 1

Crystallographic data and refinement parameters of complex 1.
Compound 1
CCDC 2,191,124
Formula C40H36MnyN1 (04
Formula weight 830.67
Crystal system Triclinic
Space group P-1 (#2)
a () 8.6221(15)
b (&) 10.8616(19)
cd 11.741(2)
a(®) 64.798(5)
(@] 73.308(6)
v () 88.199(6)
\(N) 947.7(3)
Z 1
Peae (8/cm®) 1.455
p (Mo Ka) (mm) 0.723
F(000) 428
Crystal size (mm®) 0.20 x 0.16 x 0.12
T (K) 293
Omin-max (°) 2.0-27.2
Total data 27,641
Unique Data 4178
Rint 0.0667
Observed data [I > 26(I)] 3004
Npar 265
R 0.0790
wR3 0.2167
G.O.F 1.052
Largest Peak/hole [e/A%] 0.710/-0.989

added to the previous solution. The resulting solution was refluxed ~
90 °C for 2 h. The reaction mixture was cooled to room temperature and
sodium dicyanamide (224 mg, 2.5 mmol), dissolved in 2 mL of distilled
water, was added to the previous reaction mixture and stirred for
another 1.5 h. The resulting light brown precipitate was filtered off and
the deep brown filtrate was kept undisturbed for crystallisation at room
temperature. Brown block-shaped single crystals suitable for single
crystal X-ray diffraction were obtained after two weeks. The crystals
were filtered and air-dried. Yield: 1.323 g (74 %). Anal. Calc. (%) for
CaoH36Mn,N1004 (M = 830.67 g/mol): C, 57.78; H, 4.33 and N, 16.85
%. Found: C, 57.8; H, 4.3 and N, 16.9 %. Phase purity was confirmed by
the X-ray powder diffractogram that shows a good agreement with the
simulated one from the single crystal X-ray structure (Fig. S1, ESI file).

2.3. Magnetic measurements

Variable temperature magnetic susceptibility measurements were
carried out in the temperature range 2-300 K with an applied magnetic
field of 0.1 T (1000 Oe) on a polycrystalline sample with a mass of
13.598 mg using a Quantum Design MPMS-XL-7 SQUID magnetometer.
The AC susceptibility measurements were performed on the same sam-
ple at 2.0 K with different applied dc fields (in the range 0-4300 Oe)
with a field of 8 Oe oscillating in the range 10-10000 Hz using a
Quantum Design PPMS-9 equipment. From the plot of the relaxation
time vs the dc field (Fig. S6, ESI file), we determined an optimum dc field
of 0.2 T (2000 Oe). Accordingly, we performed the frequency sweep
from 10 to 10000 Hz at different temperatures in the range 2-4 K with
an applied dc field of 0.2 T. The susceptibility data were corrected for
the sample holder previously measured using the same conditions and
for the diamagnetic contribution of the sample as deduced by using
Pascals constant tables [49].

2.4. Crystallographic data collection and refinement

Bruker SMART diffractometer equipped with a graphite mono-
chromator and Mo-K, (A = 0.71073 A) radiation were employed to
collect the single crystal X-ray crystallographic data of compound 1.
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complex 1.

Fig. 1. View of the structure of 1 with the labelling scheme around the Mn™
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probability. * =1 -x,1 -y, 1 — z.

Unit cell parameters were determined by using the APEX2 [50] pro-
gram. The SAINT [50] program was used for data reduction and
correction or absorption was made using the SADABS [50] program. The
structure was solved by Patterson method using the SHELXL-2014 [51]
program embedded in WINGX software package [52]. Subsequent dif-
ference Fourier synthesis and least-square refinement revealed the po-
sitions of the non hydrogen atoms. Non-hydrogen atoms were refined
with independent anisotropic displacement parameters. Hydrogen
atoms were put in idealized positions and their displacement parameters
were fixed to be 1.2 times larger than those of the attached non-
hydrogen atoms. These results have been embedded in the CIF file. All
Figures were drawn by using PLATON, ORTEP and Crystal Maker soft-
ware [53,54]. Data collection and structure refinement parameters and
crystallographic data for complex are given in Table 1.
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3. Result and discussion
3.1. Synthesis

The N,Os-donor based tetradentate Schiff base ligand (H,L) has been
synthesized by the condensation under reflux of a mixture of 2-hydrox-
yacetophenone and ethylenediamine in a 2:1 ratio in methanol (Scheme
1). The synthesis of the dimeric Mn" complex has been performed in a
simple one-pot reaction by refluxing the ligand (HL) with MnCly-4H>0
at pH = 9 in a 1:1 mixture of methanol-acetonitrile, followed by the
addition of an aqueous solution of sodium dicyanamide at room tem-
perature (Scheme 1). It is noteworthy that this reaction is performed in
open air at pH = 9, as a result the Mn"" ions are easily oxidized to Mn™" by
atmospheric Oy during the initial reaction with HjL.

3.2. Molecular and supramolecular structure of complex 1

The single crystal X-ray diffraction analysis reveals that complex 1
crystallizes in the triclinic P-1 space group and is a centrosymmetric
dimeric neutral metal complex. The asymmetric unit contains one Mn™"
ion, one L2~ ligand and one dca™ ligand (Fig. 1). Two such neighbouring
asymmetric units are connected by double phenoxido bridges through
O1 atoms to form the centrosymmetric dimer [Mny(L)2(dca)z] (Fig. 1).
The Mn ions present an elongated octahedral geometry with the four
equatorial positions occupied by two imine N donor atoms (N1 and N2)
of the Schiff base ligand and two oxygen atoms (O1 and O2) of the
deprotonated hydroxide groups of the ligand. One of the axial coordi-
nation sites is occupied by a nitrogen atom (N5) of the dicyanamide
ligand whereas the other is occupied by the O1 atom of the neighboring
Mn-Schiff base moiety. The two equatorial Mn-O bonds (Mn1-02 =
1.853(3) A and Mn1-O1 = 1.914(3) A) are shorter in length than the
Mn-N ones (Mn1-N1 = 1.989(4) A and Mn1-N2 = 2.002(4) A). All these
equatorial bond distances are shorter than the axial ones: Mn1-O1* =
2.388(3) A and Mn1-N5 = 2.199(5) A, as expected for a Mn'" ion with
Jahn-Teller distortion. All the cisoid and transoid angles are in the range
of 78.88(12) — 96.53(15)° and 166.02(15) — 176.41(13)°, respectively.
All the bond lengths and angles around the Mn center are listed in
Table S1 and are similar to those found in other similar Mn'™ dimers with
phenoxido bridges and Schiff base ligands [55-57].

The doubly deprotonated Schiff base ligand, L2~ acts as a tetra-
dentate N2O5 chelating ligand that occupies the four equatorial positions
of the Mn'! ion. Additionally, the O1 atom also connects to the neigh-
boring Mn'! ion, generating the MnyO, central unit with a double
phenoxido bridge. The dicyanamide anions act as monodentate terminal
ligands and extend on both sides of the dimer (Fig. 1).

The dimer is further stabilized by two intradimer x---m interactions
between the two Schiff base ligands (Fig. S2, ESI file). The dimers are
connected by C—H:-N hydrogen bonds involving the two non-
coordinated N atoms of the dca™ ligands, to form a 2D supramolecular
lattice plane parallel to the [—122] plane (Fig. 2). Additionally, there are
interdimer C—H---& interactions that generate chains along the b axis
(Fig. S3, ESI file). All the structural parameters of the hydrogen bonds
and n-interactions are summarized in Tables S2-S3 (ESI file). Interest-
ingly, complex 1 can be considered as a fragment of a Mn' chain re-
ported by Ghosh et al., formulated as [Mny(L)2(dca)]ClO4-CH3CN (2,
CCDC code = OHASIB) where double phenoxido bridged Mn™ dimers
are connected by p; s-dca” bridges (Fig. 54, ESI file) [29].

3.3. Electronic absorption spectra

The electronic absorption spectrum of complex 1 has been recorded
in acetonitrile (Fig. S5, ESI file). The spectrum shows a very low in-
tensity single absorption band at 670 nm (inset in Fig. S5, ESI file) that
can be attributed to a d-d transition in the complex which is consistent
with a distorted octahedral geometry around the Mn'" ion. The LMCT
(PhO — Mn™) band is observed at 454 nm (¢ = 2515 M~ ! cm ™). There



S. Goswami et al.

Inorganica Chimica Acta 550 (2023) 121370

Fig. 2. 2D supramolecular lattice formed by C—H---N hydrogen bonding interactions in 1 (shown as red thin lines). H atoms (except H9B and H37C) have been
omitted for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

are also two bands in the UV region at 240 nm (¢ = 21667 M lem™)
and 285 nm (¢ = 10205 M~! cm™!) that appear due to intra ligand n-r*
and n-n* transitions.

In the FT-IR spectrum of complex 1 (Fig. S6, ESI file), three sharp
peaks at 2273, 2152 and 2216 cm ™ are observed due to the asymmetric,
symmetric and symmetric + asymmetric stretching of the C=N bonds of
the dicyanamide ligands, respectively. The band at v = 1587 cm™! is
attributed to the C=N stretching of the immine bond of the Schiff’s base
ligand. A sharp peak at 1297 cm ™! can be attributed to the C-Ophenolic
stretching. The v(Mn-O) and v(Mn-N) vibrations are located at 601 and
451 ecm™!, respectively.

3.4. Cyclic voltametric study

The study of the electrochemical properties of a metal complex is
important to assess its capability to mimic the functionality of metal-
loenzymes. The electrochemical behavior of the complex has been
investigated by using cyclic voltammetry in acetontrile solution at a scan
rate of 50 mV s~ with respect to an Ag/AgCl electrode using tetrabu-
tylammonium bromate as supporting electrolyte. The cyclic voltam-
mogram (CV) of the complex is irreversible and displays two redox
processes with B! =-0.32V, E;' = 0.19 V, AEy. = 0.51 V, EV/2 = .65 mV
and E2 =-1.03 V, E;> = -0.56 V, AEp. = 0.47 V, E/? = -0.795 V as can be
seen in Fig. 3. These peaks can be assigned to the Mn"™/Mn' and Mn'/
Mn'™" redox couple, respectively. We may, therefore, infer that the
complex can act as an active catalyst in the oxidation catechol substrate
like catechol oxidase enzyme.

3.5. Magnetic properties

The thermal variation of the product of the molar magnetic suscep-
tibility times the temperature (y,T) for compound 1 shows a room
temperature value of y,,T ca. 6.0 cm® K mol !, which is the expected
value for two independent Mn™ ions with a ground spin state S = 2 and a
g value close to 2. When the sample is cooled, y,T remains constant
down to ca. 20 K and exhibits a sharp decrease at lower temperatures to

reach a value of ca. 3.0 cm® K mol™! at 2 K (Fig. 4). This behaviour

suggests the presence of an overall weak antiferromagnetic interaction
in the metal complex and/or a zero-field splitting (ZFS) of the S = 2
ground spin state. Since the compound contains a symmetric dimeric
Mn'™ complex with a double phenoxido bridge, we have fit the magnetic
data of the compound using three different models: (i) a Mn™ dimer with
ZFS in the Mn'™ ions, (ii) two independent Mn"™ monomers with a ZFS
and (iii) a Mn'" dimer with no ZFS. For the two first models we have
tried with either positive and negative initial values of the ZFS. Using
these three models with the program PHI [58] we obtain reasonable fits
in the whole temperature range with the five different possibilities: (i)
dimer + ZFS (D > 0), (ii) dimer + ZFS (D < 0), (iii) dimer with no ZFS,
(iv) two monomers + ZFS (D > 0) and (v) two monomers + ZFS (D < 0)
(Fig. S7, ESI file) with the parameters as displayed in Table S4 (ESI file).
Nevertheless, in the low temperature region, the best fit is obtained with
the second possibility (a Mn'" dimer with a negative value of D, solid line
in Fig. 4 and orange line in Fig. S7, ESI file) with the following param-
eters: g = 1.9946(5), J = -0.065(1) cm ! and D = —1.80(2) cm™! (the
Hamiltonian is written as H = —JS1S,). These values indicate that the
magnetic coupling through the double phenoxido bridge is almost
negligible. As expected, the inclusion of a ZFS to the dimer model re-
duces the antiferromagnetic coupling along the double phenoxido
bridge. The obtained D value is very close to those observed in other
high spin Mn™ complexes [59].

The very weak antiferromagnetic coupling through the double phe-
noxido bridge is the expected one since the O atoms connect an axial
position of one Mn'" jon with an equatorial position of the other Mn™
ion. This connectivity precludes the overlap of the magnetic orbitals
and, therefore, reduces the magnetic coupling. Moreover, a complete
experimental and theoretical study performed by Ghosh et al. on Mn'™"
dimers with a double phenoxido bridge, shows that the coupling in all
cases is very weak although it may be ferro or antiferromagnetic [29].

In case of Mn"" dimers, the Jahn-Teller distortion originates a short
and a long Mn-O bond distances (in complex 1 these distances are 1.914
(3) and 2.388(3) /0\). It is well established that the main structural
parameter determining the magnetic coupling is the long Mn-O bond
distance [31,38,60]. When this long Mn-O bond distance is large (above
ca. 2.4 A) then the orbital overlap is reduced and the coupling is weak
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Fig. 3. Cyclic voltammogram of the complex in acetontrile medium with respect to an Ag/AgCl electrode using tetrabutylammonium bromate as supporting

electrolyte at a scan rate of 50 mV s~ _.

YmT (cm3 K mol-1)
S = N W Bk U N

LI s s ) S B ) U S B L S N BN L

0 50 100 150 200 250 300
T (K)

Fig. 4. Thermal variation of y,T for compound 1. Solid line is the best fit to a
Mn™ dimer model with negative zero field splitting.

and ferromagnetic as a result of the orbital orthogonality of the dZ and dp
orbitals (dyy, dy, and dy,). For shorter Mn-O bond distances (as in
complex 1) the overlap increases, resulting in a weak antiferromagnetic
interaction, as observed in complex 1 (Jp3 = —0.065(1) em™). The
negligible coupling observed in complex 1 agrees with a distance very

close to the crossing point between ferro- and antiferromagnetic
coupling. The second structural parameter that plays a role in the J value
is the Mn—O-Mn bond angle (101.12(12)° in complex 1). Both, experi-
mental results and theoretical calculations, show that when the Mn-O
distance is short (2.3-2.5 [o\) there is a linear relationship between the
Mn-O-Mn angle and J, with a negative slope that indicates that the larger
the angle, the lower the J value [29]. Although the slope and the
crossing angle from ferro- to antiferromagnetic interaction depends on
the Mn-O bond distance, the larger the angle, the more antiferromag-
netic the J value is. The Mn-O-Mn angle in complex 1 points to a weak
antiferromagnetic interaction through the double phenoxido bridge, in
agreement with the obtained J value in complex 1.

Since Mn™ ions present a large magnetic anisotropy [1,14,51], we
have performed AC measurements with different applied DC fields at
low temperatures. These measurements show the presence of a
frequency-dependent out of phase signal (y,) at low temperatures only
when a DC field is applied (Fig. S8, ESI file). The analysis of the fre-
quency dependence of out of phase signal at 2 K with the Debye model
shows that the relaxation time increases as the DC field increases and
reaches a maximum at around 2000 Oe (0.2 T, Fig. S8, ESI file).
Accordingly, we have measured the frequency dependence of the AC
signal with an applied DC field of 0.2 T in the temperature range of 2-4 K
(Fig. 5a). These measurements show an out of phase signal with a
maximum that shifts to higher frequencies as the temperature increases.

The fit of the frequency dependence of the y;, signal to the Debye
model for complex 1 provides reliable relaxation times (t) only in the
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Fig. 5. (a) Frequency-dependence of the out of phase susceptibility (y,) at low temperatures with an applied DC field of 0.2 T for complex 1. Solid lines are the best
fit to the Debye model. (b) Arrhenius plot of the relaxation time for compound 1 with a DC field of 0.2 T. Solid line is the best fit to Eq. (2).
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Fig. 6. Absorption spectra after addition of 100 equivalents of 3,5-DTBC to a
10~* M solution containing complex 1 in acetonitrile. The spectra were recor-
ded at 5 min. intervals during ca. 1 h.

temperature range 2.0-2.6 K (as at higher temperatures the maximum
frequency is above the frequency limit of our equipment). The Arrhenius
plot of these relaxation times (Ln t vs 1/T, Fig. 5b) shows a straight line
in the 2.4-2.6 K range and a curvature in the 2.0-2.4 K range that can be
very well reproduced with equation (2), including the Direct and Orbach
mechanisms, respectively:

(2)

- - —Uetr
T = AT+ T()lexp( T )

with A =206(9) x 102571 K1, 7o = 8(1) x 107! s and Uegr = 73(4) K
(solid line in Fig. 5b), indicating that the relaxation of the magnetization
follows an activated process with a quite high energy barrier.

3.6. Catechol oxidation activity

3,5-di-tert-butylcatechol (3,5-DTBC) is an extensively used substrate
in the study of model complex catalysed catechol-oxidase-like reactions.
This is because of its low redox potential, which makes it easily oxi-
disable and also the presence of bulky substituents prevents further
oxidations and ring-opening reaction [61]. The oxidation product, 3,5-
di-tert-butylquinone (3,5-DTBQ) is also very stable and exhibits a char-
acteristic absorption maximum at 402 nm in acetonitrile solution
[46,62]. In order to examine the catechol-oxidase-like activity of com-
plex 1, we dissolved the complex in acetonitrile by sonicating it few
minutes to prepare a 10~* M solution of the complex and treated this
solution with 100 equivalents of 3,5-DTBC (1072 M) in open air. In this

\\\\\\\\-
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Scheme 2. Catalytic Oxidation of 3,5-DTBC to 3,5-DTBQ in acetonitrile (ACN).

catalytic reaction the aerial Oy works as oxidant. The course of the re-
action was monitored by recording the UV-vis spectra of the reaction
mixture at intervals of 5 min. As can be seen in Fig. 6, the formation of
3,5-DTBQ causes a blue shift in the absorption band of the complex from
454 nm to 401 nm with steady and gradual increase of the absorption
intensity. These results confirm the catalytic oxidation of 3,5-DTBC to
3,5-DTBQ in solution. Interestingly, if we perform the same experiment
in identical reaction conditions in methanol, no absorption band cor-
responding to 3,5-DTBQ was observed (Fig. S9, ESI file). This result
indicates that methanol is not a suitable solvent for the oxidation of 3,5-
DTBC catalysed by complex 1. A control experiment was also performed
in acetonitrile under the same conditions using Mn"! chloride instead of
complex 1 but no characteristics absorption band of 3,5-DTBQ was
observed even after 4 h. A second control experiment performed under
the same conditions, but without adding complex 1, showed that the
oxidation of 3,5-DTBC started only after 12 h. Hence, both the control
experiments unequivocally prove the effective catalytic activity of
complex 1 towards catechol oxidation.

As the catalytic activity of the complex has been assessed using aerial
O, as oxidant, it is therefore, important to know the fate of the aerial O
during the oxidation of 3,5-DTBC and for this purpose a protocol
experiment has been carried out following the procedure reported
earlier [63]. Upon performing the catalytic oxidation of catechol for a
duration of one hour, the pH of the solution was brought to 2 by drop-
wise addition of HySO4. Thereafter, we have added 1 mL of 10 % KI
solution and two drops of 3 % solution of ammonium molybdate in the
solution obtained from the previous step and recorded the UV-vis
spectrum of the resultant mixture (Fig. S10, ESI file) to monitor the
characteristic peak of Iy . In the UV-vis spectrum the characteristic peak
of I3 at 353 nm (e = 26000 M~! cm™1) has been detected. The detail of
this experiment has been provided in the ESI file. This experiment in-
dicates that aerial Oy is reduced to HyO, during oxidation of catechol
molecule to quinone (scheme 2) [63].

3.7. Kinetic study for catechol oxidation

The kinetic study of the catalytic oxidation of 3,5-DTBC to 3,5-DTBQ
by complex 1 was carried out following the initial rate method by
measuring the increase of the absorbance of the quinone band at 401
nm. In order to determine the main kinetic parameters and the oxidation
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Fig. 7. Plot of initial rates vs substrate concentration for the oxidation of 3,5-DTBC to 3,5-DTBQ catalysed by complex 1. The Inset shows the Lineweaver-Burk plots.

rate dependence on the substrate concentration (3,5-DTBC), a 1074 M
solution of complex 1 in acetonitrile has been reacted with increasing
concentrations of 3,5-DTBC, from 10 to 100 equivalents, i.e., from
1073M to 1072 M, under aerobic condition. The initial rate is deter-
mined from the slope of the absorbance vs time plot (Fig. S11, ESI file)
recording the absorbance data for a duration of first 15 min, at an in-
terval of 5 min and considering the molar extinction coefficient of
quinone (3,5-DTBQ) as 1630 M~ em™l. A first-order dependence is
found at low concentrations of the substrate, whereas saturation kinetics
has been noticed at higher substrate concentrations (Fig. 7). The
Michaelis-Menten model approach can be used to explain this type of
saturation rate dependence as observed in the present case. Thus, a
treatment on the basis of Michaelis-Menten equation for enzymatic ki-
netics is applied here and linearized by using Lineweaver-Burk plot
(double reciprocal plot) to calculate the Michaelis-Menten constant (Kyp)
and the maximum rate (Vo) achieved by the system. The values of Ky
and Viax are 8.473 x 107> M and 5.82 x 10~> M min?, respectively.
The value of turnover number (kcy) as calculated by dividing the Viax
value by the concentration of the complex, is 34.94 h™™.

3.8. ESI-Mass spectrometric study

The mass spectrum (ESI-MS positive) of complex 1 and a 1:100
mixture of complex 1 with 3,5-DTBC (after 10 min of mixing) have been
recorded separately in acetonitrile medium to get an insight into the
structure of the complex in solution phase as well as to probe the pres-
ence of possible substrate-catalyst intermediates involved in the cate-
chol oxidation reaction. The mass spectrum of complex 1 (Fig. S12, ESI
file) exhibits a base peak at m/z = 349.25 that indicates the presence of
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Scheme 3. The possible 1:1 substrate-catalyst intermediate formed by mono-
nuclear manganese species with 3,5-DTBQ in acetonitrile [m/z = 570.3].

mononuclear species [Mn(L)]" (C;gH;gMnN,0,) in the solution phase.
Additional peaks at m/z = 431.2 and 390.6 can be assigned to the sol-
vent bound mononuclear species [Mn(L)(CH3CN),]" (CooHasMnN4O5)
and [Mn(L)(CH3CN)]" (CooHo1MnN30,), respectively. It may be noted
that very low intensity peaks are also found at higher m/z values (m/z =
612.08, 721.39 and 780.4) indicating the presence of complex 1 in the
solution. The mass spectrum of the 1:100 mixture (Fig. S13, ESI file)
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Fig. 8. UV-vis spectra of the complex 1 alone and after addition of 100 equivalents of 3,5-DTBC in acetonitrile.

Table 2
A comparison of catechol oxidase mimicking activity of some previously reported metal complexes.
Complexes Solvent Vinax(Ms ™) Ky(M) k(™) Ref.
[Mn'(L),(OAc)(AcOH)] [a] 18.3 x 107° - 1.32 x 10° [44]
[Mn}! Mn"((02CCH,Cl)4-(dmp)2(H20)2 [c] 1.50 x 107* 7.49 x 107° 9.01 x 10° [45]
[Mn"(0-(NO2)CsH4CO0)4(pyz)(H20)1, [c] 8.67 x 10°° 1.7 x 107* 177 [46]
[Mn'™L2(SCN)(H,0)] [b] 2.1 x 1078 - 134 [671
[Mn™L(N3)(H,0)] [d1 1.76 x 1077 0.001022 25.4 [68]
[Mn™L(0AC)(H,0)] [d] 1.19 x 1077 0.0007731 17.2 [68]
[Mn"™"Mn"L(y-0,CPh)(MeOH) (ClO4)] " [c] 4.34 x 1078 0.0006265 15.6 [69]
[Mn'™ (L)C1] [c] 1.00 x 107* 65 x 107* 3.60 x 10° [64]
[Mn3'(L)Cl4]-4H,0 [c] 6.70 x 1073 2.40 x 1073 2.41 x 103 [64]
[Mn5(L)2(NO>),] [c] 3.98 x 10°° 49 x107* 1472.74 [56]
[MnfMn4'0,(pyz)o(CeHsCH2CO0)10] [c] 1.18 x 107° 1.75 x 1074 2.55 x 10° [70]
[Cu(L1)o(ClO4)2]2 [b] 5x 1077 3.70 x 107* 34.32 [71]
[Cuy(L2),(4-Cl04)](ClO,) [b] 7.3 x 1077 6.40 x 10°* 26.52 [71]
[Cox(cpdp)(Hphth)] [b] 2.8 x 1077 2.175 x 1072 20.64 [72]
[Cox(cpdp)(Hisophth)] [b] 2.1 x1077 2.719 x 1072 15.45 [72]
[Co4(cpdp)o(terephth)] [b] 3.2x1077 2.599 x 1073 47.32 [72]
[Cu,(Hhdpa),].2CH;0H-6H,0 [b] 2.3x1077 5.039 x 1072 17.05 [73]
Nay[Zn,(hdpa);](OAc), [b] 1.3 x 1077 1.78 x 1072 1.78 x 1072 9.13 [73]
[Nig(L)2(H20)s(p2-H20)21(NO3)s(H20)s [d] 3.514 x 1077 1.966 x 1073 12.65 [74]
[Mn3'(L),(dca),] [c] 9.7 x 1077 8.473 x 1073 34.94 This work

Where, solvent: [a] = CH3CN: DMF(9:1), [b] = CH30H, [c] = CH3CN, [d] = DMF and ‘L’ denotes respective ligand system.

shows a base peak at m/z = 243.13 that corresponds to the quinone-
sodium aggregate [(3,5-DTBQ)Na]™ (C;4H00oNa). The peak at m/z
= 570.3 indicates the existence of 1:1 mononuclear species-substrate
aggregate [Mn(L)(3,5-DTBQ)H]™ (C32H30MnN04) formed during the
course of the catalytic oxidation. Hence, on the basis of the mass spec-
trometric evidence, it can be inferred that complex 1 predominantly
exists as a mononuclear species [Mn(L)] " in acetonitrile solution after its
dissociation. This mononuclear species [Mn(L)]™" is actually the active
form of the catalyst that binds with the substrate 3,5-DTBC (1:1) in the
course of the oxidation (Scheme 3).

It is worthy to note that, complex 1 did not exhibit catalytic activity
in the oxidation of 3,5-DTBC in methanol under the same reaction
condition as we have mentioned earlier. Very similar observation has
been reported in the literature for a series of dinuclear Mn'™-Schiff base

complexes, however, another series of mononuclear Mn'"LSchiff base
complexes display good catalytic activity in both methanol and aceto-
nitrile solvents [64]. Hence, from the outcome of the present catalytic
study and previous findings, it will be reasonable to conclude that the
good coordinating ability of MeOH molecule precludes the dissociation
of the Mn!"! dimer to form the mononuclear species, [Mn(L)]", which is
actually the active form of catalyst, whereas this does not happen in
acetonitrile solution.

Metal complexes comprising higher valent metal centres such as Cu'l,
Mn™ and Mn" usually exhibit significant catalytic activity in the cate-
chol oxidation reaction because they can be easily reduced to their
stable lower valencies [65-66]. In the UV-vis spectrum of the complex 1
in acetonitrile, a band appears at 454 nm due to the ligand to metal
charge-transfer (PhO — Mn™). This band completely disappears upon
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addition of 100 equivalent of the substrate 3,5-DTBC (Fig. 8). This
spectrophotometric study clearly suggests that in the present case, the
catalytic oxidation of 3,5-DTBC to 3,5-DTBQ by aerial O, takes place
with the concomitant reduction of Mn™ jons to Mn" state. The Mn" ions
are further oxidised back into Mn™ by the molecular O present in the
reaction media. The catalytic activity of the complex in terms of the
parameters such as Ky, Vinax and keae has been compared with manga-
nese and other metal-based complexes toward catalytic oxidation of
catechol and presented in Table 2. This comparative study reveals that
the present dimeric Mn'"-complex exhibits moderate catalytic activity in
the oxidation of catechol substrate.

4. Conclusions

In this work we have reported the structure, magnetic properties and
bio-catalytic activity of a unique dimeric Mn" complex containing
Schiff’s base and dca™ ligands. The complex 1 is a centrosymmetric Mn'"
dimer showing a rare combination of double phenoxido bridges with
terminal dca~ ligands. Complex 1 is the first reported dimeric Mn™
complex of a Schiff base ligand having two terminal dca™ ligands. We
have shown that the ratio 1:2 of Mn and dca™leads to the formation of a
dimeric Mn'! complex, in contrast to the discrete mononuclear com-
plexes or 1D structures previously obtained for 1:1 ratio of Mn and dca™.
Complex 1 exhibits an almost negligible Mn™Mn'" coupling and a field-
induced single-molecule magnet behaviour, with a high energy barrier
of 73(4) K due to the large magnetic anisotropy of the Mn™ centres.
Additionally, complex 1 exhibits significant solvent selective catechol-
oxidase-like activity for the model substrate 3,5-DTBC in acetonitrile
medium.
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