University

of Glasgow

Bhattacharyya, A., Bauza, A., Sproules, S., Natrajan, L. S., Frontera,

A. and Chattopadhyay, S. (2017) A polynuclear and two dinuclear
copper(I1) Schiff base complexes: Synthesis, characterization, self-
assembly, magnetic property and DFT study. Polyhedron, 137, pp. 332-346.
(doi:10.1016/j.poly.2017.08.010)

This is the author’s final accepted version.

There may be differences between this version and the published version.
You are advised to consult the publisher’s version if you wish to cite from

it.

http://eprints.gla.ac.uk/147945/

Deposited on: 13 September 2017

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk



http://dx.doi.org/10.1016/j.poly.2017.08.010
http://eprints.gla.ac.uk/147945/
http://eprints.gla.ac.uk/

A polynuclear and two dinuclear copper(II) Schiff base complexes: Synthesis,

characterization, self-assembly, magnetic property and DFT study

Anik Bhattacharyya,® Antonio Bauzd,® Stephen Sproules,® Louise S. Natrajan,? Antonio

Frontera,®* Shouvik Chattopadhyay®*

‘Department of Chemistry, Inorganic Section, Jadavpur University, Kolkata - 700032, India.
®Departament de Quimica, Universitat de les Illes Balears, Crta. de Valldemossa km 7.5, 07122
Palma (Baleares), Spain.

‘WestCHEM, School of Chemistry, University of Glasgow, Glasgow 612 8QQ, United Kingdom.
dSchool of Chemistry, The University of Manchester, Oxford Road, Manchester M13 9PL, United

Kingdom

e-mail: shouvik.chem@gmail.com  Tel: +(91)33-2457-2941



mailto:shouvik.chem@gmail.com
tel:+(91)33-2457-2941

Abstract: Three elongated (4+1) square pyramidal copper(II) complexes, [Cuz(L)z2(n11-N3)2]-H20 (1),
[Cuz(L)2(p1,1-NCO)2] (2) and [Cu(L)(w15-dca)]n (3) [HL = 1((2-
(methylamino)ethylimino)methyl)naphthalen-2-ol and dca = dicyanamide], have been synthesized using
a fridentate N2O donor Schiff base ligand (HL) and characterized. Complexes 1 and 2 are
centrosymmetric dimers in which copper(II) centres are connected by asymmetric double end on
pseudohalide bridges. Complex 3 features a 1D zigzag chain in which copper(II) centres are connected
by end to end dca bridges. Variable temperature (2-300K) magnetic susceptibility measurements
indicate the presence of antiferromagnetic exchange coupling between copper(II) centres in
complexes 1 (J = -2.313 cm?) and 3 (J = -0.344 cm), whereas complex 2 shows ferromagnetic
exchange coupling between copper(II) centres (J = 0.513 cm™). DFT calculations also corroborate the
data. The fluid solution EPR spectra recorded at 293 K are typical of copper(II) species. Significant
supramolecular interactions are explored using high level DFT calculations (BP86-D3/def2-TZVP) and

characterized by Bader's theory of "atoms-in-molecules”.




1. Introduction

A rich variety of architectures of coordination complexes could be produced by linking
transition metal centres with bridging ligands [1-6]. These coordination complexes could have
potential applications in molecular based ferromagnets, non-linear optics and ferroelectrics [7-9]. A
variety of bridging groups have been employed for the synthesis of such coordination complexes.
Among them pseudohalide (azide, cyanate, thiocyanate, dicyanamide etc.) bridged complexes of
transition metals have attracted the attention of coordination chemists for their potential
application in bioinorganic modelling chemistry [10], magnetic materials [11-12] and catalysis [13].
Several N2O donor Schiff bases are popularly used as blocking ligands in preparing such complexes
[14-17]. Focusing on copper(II), pseudohalides have widely been employed for the syntheses of such
complexes because of their ability to coordinate copper(II) in different modes [18-22]. Both basal-
basal and basal-apical modes are observed in the binding of adjacent copper(II) centres by end on
pseudohalides [23]. Basal-basal bridging mode of end on pseudohalides may impose ferromagnetic or
antiferromagnetic coupling between adjacent copper(II) centres depending on Cu-N-Cu angle [23].
On the other hand, due to the absence of any meaningful overlap between magnetic orbitals, basal-
apical bridges usually give rise to very small magnetic couplings for end on modes [24-31]. Same is the
case for the end to end dca bridged complexes due to relatively longer distance between the
copper(IT) centres [32-33]. However, such complexes could be used to explore the energy associated
with various non-covalent interactions [34-50], forming interesting supramolecular networks with
different sizes and shapes.

In the present work, we have synthesized two dinuclear asymmetric double end on pseudo-
halide bridged and a polynuclear end to end dca bridged copper(II) complexes, [Cuz(L)2(u1,1-N3)2]-H20

(1), [Cuz(L)2(n11-NCO).] (2) and [Cu(L)(n15-dca)]n (3) [HL = a tridentate N2O donor Schiff base, 1((2-



(methylamino)ethylimino)methyl)naphthalen-2-ol]. Herein, we would like to report the synthesis,
spectroscopic characterizations, crystal structures, magnetic properties and supramolecular
assemblies of these three complexes. Moreover, DFT calculations have been employed to obtain a
better understanding of the magnetic exchange mechanism and to calculate energies associated with

different supramolecular interactions.

2. Experimental Section

All chemicals were of reagent grade and used as purchased from Sigma-Aldrich without

further purification.

Caution!ll Although no problems were encountered in this work, organic ligands in presence of azides
are potentially explosive. Only a small amount of the material should be prepared and it should be

handled with care.

2.1 Preparations

2.1.1 Preparation of [Cuz(L)z(u1,1-N3)2]-H20 (1)

A methanol solution of N-methyl-1,2-diaminoethane (0.10 mL, 1 mmol) and 2-hydroxy-1-
naphthaldehyde (172 mg, 1 mmol) was refluxed for ca. 1 h to form the tridentate Schiff base ligand,
HL. The ligand was not isolated. A methanol (10 mL) solution of copper(II) acetate monohydrate (200
mg, 1 mmol) was added into the methanol solution of the ligand HL to get a dark blue solution. A
methanol-water solution of sodium azide (65 mg, 1 mmol) was added into the reaction mixture with

constant stirring. The stirring was continued for an additional ca. 2 h. Dark green single crystals,



suitable for X-ray diffraction, were obtained after few days by slow evaporation of the solution in

open atmosphere.

Yield: 263 mg [77%, based on copper (II)]. Anal. Calc. for C2gH32Cu2N1003 (683.74): C, 50.52;
H, 4.54; N, 21.04 %. Found: C, 50.3; H, 4.3; N, 21.2 %. FT-IR (KBr, cm™): 3361 (vnr), 2033 (vn3), 1617

(vesn): UV-Vis, Amax (nM) [emax(Lmolem™)] (acetonitrile): 311 (1.4x10%), 382 (1.23x10%), 589 (2.57x102).

2.1.2 Preparation of [Cuz(L)2(111,1-NCO)z] (2)

It was prepared in a similar method as that of complex 1, except that sodium cyanate (65
mg, 1 mmol) was used instead of sodium azide. Single crystals, suitable for X-ray diffraction, were

obtained on slow evaporation of the solution.

Yield: 276 mg [83%, based on copper (II)]; Anal. Calc. for C3oH30Cu2NsO4 (665.70): C, 54.13;
H, 4.54; N, 12.62 %. Found: C, 53.9; H, 4.3; N, 12.8 %. FT-IR (KBr, cm™): 3377 (vnr), 2215 (vneo), 1621

(vesn): UV-Vis, Amax (nM) [emax(Lmollcm™)] (acetonitrile): 314 (1.53x10%), 393 (1.17x10%), 592 (2.33x102).

2.1.3 Preparation of [Cu(L)(1u5-dca)]n(3)

It was also prepared in a similar method as that of complex 1, except that sodium dicyanamide
(89 mg, 1 mmol) was used instead of sodium azide. Suitable single crystals for X-ray diffraction were

obtained on slow evaporation of the solution in open atmosphere.

Yield: 261 mg [73%, based on copper (II)]; Anal. Calc. for CisHi5CuNsO (356.88): C, 53.85; H,
4.24; N, 19.62 %. Found: C, 53.6; H, 4.1: N, 19.8 %. FT-IR (KBr, cm™): 3367 (vnn), 2178, 2232, 2287
(vneeny2), 1619 (veen); UV-Vis, Amax (nM) [emax(Lmol™cm™)] (acetonitrile): 307 (1.44x10%), 387 (1.22x10*

), 597 (2.41x10%).



2.2 Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were performed using a PerkinElmer 240C
elemental analyzer. IR spectra in KBr (4500-500 cm™) were recorded with a PerkinElmer Spectrum
Two spectrophotometer. Electronic spectra in acetonitrile were recorded on a PerkinElmer Lambda
35 UV-visible spectrophotometer. Magnetic data were recorded using a SQUID magnetometer
(Quantum Design MPMS-XL) over a temperature range of 2-300 K ina 1 T external field. Corrections
for diamagnetism were made using Pascal's constants and magnetic data were corrected for
diamagnetic contributions from the sample holder. Fits were performed using the program JulX. X-
band EPR spectra were recorded on a Bruker ELEXSYS E500 spectrometer at 293 K and simulations
performed using Bruker's Xsophe Program Package [51]. Powder X-ray diffraction was performed on
a Bruker D8 instrument with Cu K, radiation. High resolution mass spectroscopy was performed on a

Waters Xevo 62 QTOf mass spectrometer.

2.3 X-ray crystallography

Suitable single crystals of each complex were used for data collection using a '‘Bruker SMART
APEX IT diffractometer equipped with graphite monochromated Mo K, radiation (A = 0.71073 A) at
100 K. The molecular structures were solved by direct method and refined by full-matrix least
squares on F? using the SHELX-97 package [52-53]. Non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms attached to oxygen and nitrogen atoms were
located by difference Fourier maps and were kept at fixed positions. All other hydrogen atoms were
placed in their geometrically idealized positions and constrained to ride on their parent atoms. Multi-

scan empirical absorption corrections were applied to the data using the program SADABS [54].



Details of crystallographic data and refinements are given in Table 1. CCDC reference numbers are

1053629-1053631 for 1, 2 and 3 respectively.

2.4 Theoretical calculations for supramolecular assembly

All calculations were carried out using the TURBOMOLE version 7.0 [55] using the BP86-
D3/def2-TZVP level of theory. To evaluate the interactions in the solid state, we have used the
crystallographic coordinates. This procedure and level of theory have been successfully used to
evaluate similar interactions [56-59]. The interaction energies were computed by calculating the
difference between the energies of isolated monomers and their assembly. The interaction energies
were corrected for the Basis Set Superposition Error (BSSE) using the counterpoise method [60].
The “atoms-in-molecules” (AIM) [61] analysis was performed at the BP86-D3/def2-TZVP level of

theory. The calculation of AIM properties was done using the ATMAI|l program [62].

2.5 Theoretical calculations for magnetic properties

The magnetic coupling constants are described using the Heisenberg model. The hybrid B3LYP
functional [63-65] has been used in all calculations as implemented in Gaussian-09 [66] using the 6-
31+G6* basis set for all atoms. The approach used in this work to determine the exchange coupling

constants for dinuclear complexes has been described before in the literature [67-70].

2.6 Hirshfeld surfaces

Hirshfeld surfaces [71-73] and the associated 2D-fingerprint [74-76] plots were calculated
using Crystal Explorer [77] which accepted a structure input file in CIF format. Bond lengths to
hydrogen atoms were set to standard values. For each point on the Hirshfeld isosurface, fwo

distances de, the distance from the point to the nearest nucleus external to the surface and d;, the



distance to the nearest nucleus internal to the surface, were defined. The normalized contact

distance (dnorm) based on d. and di was given by

dnorm -

(d; — rY™) G rydw)

vdw vdw

r] Te

where ri'® and r." were the van der Waals radii of the atoms. The value of dnorm Was negative or
positive depending on intermolecular contacts, being shorter or longer than the van der Waals
separations. The parameter dnrm displayed a surface with a red-white-blue color scheme, where
bright red spots highlighted shorter contacts, white areas represented contacts around the van der
Waals separation, and blue regions were devoid of close contacts. For a given crystal structure and
set of spherical atomic electron densities, the Hirshfeld surface was unique [78] and it was this
property that suggested the possibility of gaining additional insight into the intermolecular

interaction of molecular crystals.
3. Results and discussion

3.1 Synthesis

The tridentate N2O donor Schiff base ligand (HL) has been produced by the condensation of
N-methyl-1,2-diaminoethane and 2-hydroxy-1-naphthaldehyde following the literature method [79].
This Schiff base (HL) on reaction with copper(II) acetate monohydrate and different pseudohalides
gives three copper(II) complexes [Cuz(L)2(111-N3)2]-H20 (1), [Cuz(L)2(p1,1-NCO)2] (2) and [Cu(L)(pu5-
dca)]n (3). The reaction with azide and cyanate produces double end on bridged copper(II) dimers
whereas use of dicyanamide leads to the formation of an end to end dicyanamide bridged zigzag

polymer. Formation of all complexes is shown in Scheme 1.
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Scheme 1: Synthetic route to complexes.
3.2 Description of structures
3.2.1 Complexes [Cuz(L )2(1,1-N3)2]-Hz20 (1) and [Cuz(L)z(u1,1-NCO)2] (2)

Complexes 1 and 2 crystallize in the monoclinic space group €2/c and triclinic space group P-
1, respectively. Perspective views of 1 and 2 with selective atom numbering schemes are shown in
Figures 1 and 2. Selected bond lengths and angles are gathered in Table 2. Both complexes are
centrosymmetric dimers in which copper(II) centres are connected by two end on bridging anionic
ligands, azide in 1 and cyanate in 2. Each copper(IT) centre shows a five-coordinated elongated (4 +
1) square pyramidal environment where three donor atoms of the tridentate N2O Schiff base and one
anionic ligand (azide in 1 and cyanate in 2) occupy the basal plane. On the other hand, another anionic

ligand (azide in 1 and cyanate in 2) occupies the apical site. Each azide ion bridges copper(II) centres



in end on basal-apical fashion. The double end on azide bridging in these complexes lead to a perfectly
planar CuzN2 ring as these dinuclear complexes sits on a crystallographic inversion centre with a Cu-
N-Cu bond angle of 95.5(2)° in 1 and 88.4(1)° in 2. The bond lengths in the equatorial plane are very
similar in both complexes. The Cu-Nimine distances are significantly shorter (1.936(4) A for 1 and
1.922(3) A for 2) than the Cu-Namine distances (2.028(5) A for 1 and 2.036(4) A for 2), as also
observed in similar complexes [80-81]. The copper(II)-nitrogen(anion) bond lengths in the equatorial
plane range from 1.937(4)-1.979(5) A, while the copper(II)-nitrogen(anion) axial bond lengths range
from 2.442(5)-2.692(4) A. The bridging pseudohalides are quasi-linear with the N-N-N angle being
178.2(6)° in 1 and N-C-O angle being 175.8(5)° in 2. The intra dimer Cu--Cu distance is 3.2869(9) A

in1 and 3.2715(8) A in 2.

In both complexes, the copper(IT) centres assume square pyramidal geometry with Addison
parameters [82] 0.06 in 1 and 0.0015 in 2. As usual for square pyramidal structures, copper(II)
centres are slightly pulled out of the mean square planes towards the apical donor atoms at distances
of -0.0980(6) A in 1 and -0.0002(5) A in 2. Deviations of the coordinating atoms, N(1), N(2), O(1) and
N(3), from the least-square basal planes are 0.026(4), -0.028(4), 0.027(4) and -0.025(4) A
respectively in 1 and are 0.135(4), -0.140(3), 0.135(3), and -0.130(4) A respectively in 2. The five
membered chelate ring Cu(1)-N(1)-C(2)-C(3)-N(2) in 1 assumes an intermediate conformation
between half-chair and envelope being twisted on N(1)-C(2) with puckering parameters [83-85] q(2)
= 0.343(7) A and ¢(2) = 238.7(9)°. The same ring in 2 assumes intermediate conformation between
half-chair and envelope being twisted on C(2)-C(3) with puckering parameters [83-85] q(2) = 0.409(5)

A and §(2) = 262.9(5)°.

The hydrogen atom, H(1), attached to the amine nitrogen atom, N(1), of complex 1 is involved

in intermolecular hydrogen bonding interactions with the symmetry related (¢ = x,-y,-1/2+z) azide

10



hitrogen atom N(5)¢ to form a chain along the crystallographic ‘a’ axis, as shown in Figure 3. On the
other hand, the hydrogen atom, H(1), in complex 2 forms intra dimer hydrogen bond with the
symmetry related (° = 1-x,2-y,2-z) phenoxo oxygen atom, O(1)°, as shown in Figure 2. The details of

hydrogen bonding interactions are gathered in Table 3.
3.2.2 Complex [Cu(L )(u15-dca)]n(3)

Complex 3 crystallizes in the monoclinic space group P2:/n. The X-ray crystal structure
determination reveals that the copper(II) centres are bridged singly by end to end dicyanamide with
the formation of a zigzag chain. Perspective view of complex 3 with selective atom-numbering scheme
is shown in Figure 4 and important bond lengths and bond angles are listed in Table 2. The asymmetric
unit consists of a copper(II) centre, one deprotonated Schiff base ligand, (L"), and a dca anion. Each
copper(II) centre is coordinated equatorially by one imine nitrogen atom, N(2), one amine nitrogen
atom, N(1) and one oxygen atom, O(1), of the tridentate deprotonated Schiff base, (L), a nitrogen
atom, N(3), of the EE bridged dca ligand. The apical position is occupied by one nitrogen atom N(5)°
(¢ = -1+x,y,z) of the another EE bridged dicyanamide from a crystallographically related unit to
complete elongated square-pyramidal (4 + 1) geometry for each copper(II) centre. The Addison
parameter (t) [82]is 0.29, and this confirms the slightly distorted square pyramidal geometry. In the
equatorial plane, the Cu-Nimine distance [1.938(6) A] is shorter than the Cu-Namine [2.066(7) A]
distance, as was also observed in complexes 1 and 2. The deviations of the coordinating atoms N(1),
N(2), O(1) and N(3) from the least square mean plane through them are -0.161(7), 0.168(6) -0.158(5)
and 0.151(6) A respectively. As usual for a square pyramid structure, the copper(II) is slightly pulled
out of this mean square plane towards the apical donor atom at a distance -0.2216(9) A. The five

membered chelate ring Cu(1)-N(1)-C(2)-C(3)-N(2), assumes envelope conformation with puckering

11



parameters q(2) = 0.434(8) A and ¢(2) = 72.0(8)° [83-85]. The shortest Cu--Cu distance in the chain

is 7.778(1) A.

3.3 DFT study on supramolecular assembly

We have focused the theoretical study to analyse the noncovalent interactions that play an
important role in the crystal packing of 1-3 and their energetic features. Firstly, it is worthy to
mention the totally different solid state structure of 1 and 2, in spite of similar pseudohalides are
used in their syntheses. This is due to the formation of intramolecular N-H--O interactions in 2 that
are not formed in 1 as a consequence of the incorporation of a water molecule from the solvent in
the crystal packing of 1 that interacts with the O atoms of the ligand and impede the formation of
the intramolecular hydrogen bonds. This fact facilitates the formation of infinite hydrogen bonded
chains in the solid state of in 1 (Figure 3) where the monomers are connected via two self-
complementary N-H-N bonds. This is obviously not possible in 2, thus generating a totally different

packing.

We have first computed the Molecular Electrostatic Potential (MEP) surface of 1 and 2 in
order to know those regions where the most positive and negative MEP values are located (Figure 5).
It can be clearly observed that in both complexes the terminal atom of the pseudohalide ligand
exhibits the most negative potential (-52 kcal mol™) followed by the oxygen atom of the organic
ligand. The most significant difference between both MEP surfaces is that a strongly positive surface
is found on the accessible N-H group (+41 kcal mol™) in 1. In contrast this group is pointing to the
oxygen atom of the organic ligand in 2 and the potential MEP value in that region is much smaller.
Therefore, the MEP surface results indicate that 1 has a strong preference for the interaction

between the pseudohalide and the N-H, as it is observed in the solid state. The MEP surfaces also
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show that the electrostatic potential over the aromatic rings is negative (~-16 kcal/mol) and positive
in the aliphatic hydrogen atoms (+25 kcal mol™), therefore the formation of C-H-- interactions is

highly favoured.

In good agreement with the MEP surface results, the analysis of the crystal packing of 1
reveals the formation of supramolecular assemblies in the solid state that are dominated by hydrogen
bonding and C-H-m interactions. They are shown in Figure 6 along with the computed interaction
energies. As expected, the formation energy of the hydrogen bonded dimer (AE; = -20.7 kcal mol™;
Figure 6A) is large and negative, in agreement to the MEP analysis. However, the dimer that is
dominated by C-H-m interactions (Figure 6B) presents more favorable interaction energy (AE: = -
29.1 keal mol™; Figure 6A) due to the formation of six short C-H-m contacts upon complexation with
are favoured electrostatically (MEP surface in Figure 5). This is likely to the anionic nature of the
arene (naphtholate) and the enhanced acidity of the aliphatic hydrogen atoms due to the nitrogen
coordination to the transition metal. To corroborate this, we have computed an additional model where
the copper and azide co-ligands have been eliminated and the oxygen atom protonated. As a result,
the interaction energy is reduced to AE3 = -17.2 kcal mol (Figure 6C), confirming the strong influence
of the metal coordination on the C-H-m interaction. We have used the Bader's theory of “atoms in
molecules” (AIM), which provides an unambiguous definition of chemical bonding, to further describe
the C-H-m interactions observed in complex 1. The AIM theory has been successfully used to
characterize and understand a great variety of interactions. In Figure 6D we show the AIM analysis
of the C-H:m model complex of complex 1 and it can be observed that each C-H-m interaction is
characterized by the presence of one bond critical point (red sphere) that connects the hydrogen
atom to one carbon atom of the ring. As a consequence, two ring critical points (yellow spheres) are

also generated upon complexation due to the formation of the supramolecular rings.
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The formation of the intramolecular N-H::O hydrogen bonds in 2 is due to the absence of the
water solvent molecule affects the crystal packing. In Figure 7A we show an interesting assembly
found in the solid state structure of 2 where a combination of C-H:+O hydrogen bonds, C-H:m and
11 interactions are established. In fact, this assembly is infinitely repeated in the solid state
generating an infinite 1D ladder where the two different m-m stacking interactions participate. One
of them is assisted by a C-H-m interaction and the other one is assisted by two symmetrically related
hydrogen bonding interactions. We have evaluated energetically both binding modes using several
theoretical models. The interaction energy of the C-H-m assisted one (Figure 7B) is large and
negative (AE4 = -23.2 kcal mol™) likely due to the influence of the metal coordination that enhances
the C-H--m interaction. In fact, we have computed an additional model (Figure 7B) where the metal
ion has been eliminated and the oxygen atom protonated and the interaction energy is reduced to AE4
= -15.7 keal mol™, confirming this explanation. The hydrogen bonding assisted -1 complex (Figure
7D) exhibits a very large binding energy AEe = -43.0 kcal mol™ due to the presence of two bifurcated
hydrogen bonding interactions involving the O atom of the pseudohalide ligand, which is where the
most negative part of the MEP surface is located. In order to estimate the contribution of the m-m
stacking interaction, we have computed an additional model where the metal and pseudohalide ligands
are not present. As a results the interaction energy is dramatically reduced to AE7 = -9.0 kcal mol”,

that corresponds to the w1 stacking contribution.

As described above, 3 is a polymeric chain where the asymmetric units are connected by the
ditopic dicyanamide anion. Actually, the solid state architecture of 3 is dominated by the coordination
bonds between the end to end dca ligands and the metal centres. This likely explains the fact that
the strong hydrogen bond acceptor group (N-H) does not participate in H-bonding interactions in the

crystal packing. The infinite chains are connected to each other via two types of m-m stacking

14



interactions (Figure 8A) resembling an infinite zipper. We have denoted both stacking interactions
as (m-m) and ()2 and a close examination of both binding modes reveals that (m-m)2 is a
conventional parallel displaced m-m stacking interaction and also discloses that additional interactions
are established in (mm). Therefore, we have examined latter binding mode theoretically to
characterize the different interactions. The binding energy (Figure 8B) computed for a model of the
(m--m)1 stacking interaction is very large (AEs = -32.7 kcal mol™) due to the participation of additional
C-H-mand N-H:-m interactions and the influence of the metal coordination. In this theoretical model
we have used HCN/CN' instead of the dicyanamide in order to simplify the polymeric chain and keep
the charge of the model neutral. We have also computed the influence of the metal coordination on
the interaction energy and, similarly fo previous observations, it is very important since the
interaction energy is reduced from AEg = -32.7 kcal mol™ to AEs = -15.6 kcal mol™ (Figure 8C) if the
metal centres are eliminated. Furthermore, we have used the Bader's theory of "atoms in molecules”
(AIM), to further demonstrate the existence of the electrostatically favored N-H-m interaction
observed in 3. In Figure 8D we show the AIM analysis of the (m-m); model complex and it can be
observed the presence of two N-H:m and fwo C-H-m interactions. Each one is characterized by the
presence of one bond critical point (red sphere) that connects the hydrogen atom to one carbon atom
of the ring. The distribution of critical points also reveals the presence of three bond paths with the
corresponding critical bond critical points connecting three aromatic carbon atoms, which
characterize the mm interaction. As a consequence, several ring and cage critical points (yellow and
cage spheres) are also generated upon complexation due to the formation of the supramolecular rings

and cages.
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3.4 Magnetic properties and epr spectroscopy

The variable temperature magnetic properties (in the range of 2 - 300 K) of three complexes
in the form of xmT vs T (xm vs T inset) plots are illustrated in Figures 9-11 respectively (xmT is the
molar susceptibility for two copper(II)). Both complexes 1 and 3 show similar xmT vs T plots. At room
temperature (300 K), the xmT values are of 0.802 cm® K mol™ (for 1) and 1.777 cm® K mol™ (for 3).
The xmT value remains practically constant up to 50 K for both complexes. As the temperature
continues to decrease, it begins to decrease due to antiferromagnetic exchange coupling between
copper(II) centres. On the other hand, complex 2 exhibited temperature independent xmT value
between 25-300 K. Below 25 K it shows a upturn in the xuT value due to ferromagnetic exchange
coupling between copper(II) centres.

Since 1 and 2 are present as isolated copper(II) dimers with double asymmetric end on
pseudohalide bridges (azide in 1; cyanate in 2), we used a simple Bleaney-Bowers dimer model for two
S = !/; ions to fit the magnetic data [86]. This model reproduces very satisfactorily magnetic
properties of both complexes in the whole temperature range. Simulation of both xmT vs T and xm vs
T plots were performed using H = -2J51'S2 + 18gSH (the standard Heisenberg-Dirac-van Vleck
Hamiltonian). A good fit for the xuT versus T data of complex 1 has been obtained for the parameters
g=2.103 and J = -2.313 cm™.. The fit included a minor contribution from the temperature independent
paramagnetism (40 x 10 cm® mol™ for 1) [87]. The magnetic property of complex 1 has been
compared with other reported antiferromagnetic asymmetric double end on azide bridged copper(IT)
complexes with 'half salen’ type Schiff base ligands (Table 4). Although both Cu-Nazide bond distances
and Cu-Nazide=Cu angle have pronounced effects on the magnetic coupling through asymmetric double

end on azide bridges, the main parameter determining the magnetic exchange seems to be the long
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Cu-Nazige bond distance. It explains the weak antiferromagnetic exchange observed in 1. Similar

conclusion has also been drawn by other groups [31].

On the other hand, complex 2 shows a xuT value of 0.850 cm® K mol™ at room temperature,
which increases to 0.976 cm® K mol™ at 2 K. Complex 2, which shows ferromagnetic exchange
interactions, gave a best fit for g = 2.141 and J = 0.513 cm™ (Figure 10). The only previously reported
double 11 cyanate bridged dinuclear copper(II) complex with half salen as blocking ligand exhibits
antiferromagnetic exchange coupling between copper(II) centres with J = -0.54 cm™and g = 2.072
[24]. With the addition of a methyl group at the amine nitrogen atom of the Schiff base of the
reported complex [24], the Cu-Ncyanate=Ceyanate angle has increased from 153° to 162°. The cyanate
ligand in 2 is pitched at a very different angle to that of azide ligand in 1 (Cu-Nazide-Nazide = 134°).
Hydrogen bonds to phenoxo oxygen atoms are causing this angle to increase in case of cyanate which
may be the cause for the observed change in sign of J. A satisfactory fit required inclusion of TIP

of -210 x 10® cm3 mol™* [87].

In case of complex 3, four independent spin-half copper(II) centres with equivalent exchange
coupling constants (J12 = J23 = J34) have been used to model the data since complex 3 represents a
chain of end to end dca bridged copper(II) centres. A good fit for the xmT vs T data has been
obtained for the parameters g = 2.192 and J = -0.344 cm™ having a TIP value of -400 x 10 cm® mol
! Literature shows that similar end to end dca bridged polynuclear copper(II) complexes have similar

values [24,88].

The fluid solution EPR spectra recorded at 293 K are typical of copper(IT) species (Figures
12-14). Each compound gave near identical spectrum consistent with mononuclear copper species that

form when dimeric 1 and 2, and polymeric 3 are dissolved in solution. This outcome was independent
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of the choice of solvent, which ranged from potentially ligating DMF and MeCN, to non-coordinating
CH2Cl,. The spectra were simulated giving spin-Hamiltonian parameters: g = 2096, A% = 77 x 10 cm
(1), g = 2103, A% = 75 x 10* cm? (2); g = 2.102, A% = 77.5 x 10* cm! (3). The nearly identical
parameters underscore the similarity of the copper(II) coordination sphere. Moreover, the g-values

match nicely with those obtained from magnetic susceptibility.

3.5 DFT study on magnetic properties

We have analysed the magnetic coupling interaction theoretically in the dinuclear 1 and 2 by
computing the Mulliken spin density distribution. According to the molecular orbital theory, spin
delocalization is the result of electron transfer from the magnetic centres to the ligand atoms. For
this theoretical study we have used the crystal structure geometries. The calculation of the individual
pairwise exchange constants have been carried out by means of spin-unrestricted DFT calculations
using the B3LYP method and employing the 6-31+G* basis set. Since each complex (1 or 2) features
one unpaired electron on each copper ion, they constitute a set of magnetically coupled spin centres
[89-90] whose interaction is quantified by the Heisenberg exchange coupling constant, J [91-94]. For
the modelling of the magnetic properties of the present systems, the broken symmetry (BS) approach
was used [95-97]. The theoretical J-value calculation has been performed computing the difference
between the energy values of the high-spin (HS) state and the broken symmetry state. Using this
methodology, the resulting theoretical J-values obtained for 1 and 2 are -2.50 cm™ and 0.75 cm™
respectively, which are in excellent agreement with the experimental values (-2.31 and 0.51 cm™ for
1 and 2, respectively) and confirms the weak antiferromagnetic coupling between both metal centres
in 1 and, conversely, ferromagnetic coupling in 2. The Mulliken spin population analyses (Table 5) for

the HS configuration of 1 and 2 indicate that a significant spin (ca. 0.86 e) is delocalized through the
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ligands, and the rest (1.14 e) is carried by the copper atoms. For the low spin configuration of 1, the
spin densities of +0.58 on one copper(II) and -0.58 on the other confirms that they are the magnetic
centres, and the spin densities on the ligand atoms have the same signs as that of the copper(II)
atoms to which they are bonded (Table 5). The spin density values at the bridging nitrogens (belonging
to the pseudohalides) are small; thus weak magnetic coupling is mediated through the bridging ligands

communicating the magnetic orbitals, in agreement with the small J-values.

In square-pyramidal copper(IT) complexes, the dx,? orbital contains the unpaired electron;
consequently, these orbitals along with the local orbitals of the bridging ligands are involved in the
super exchange pathway, which is confirmed by the SOMOs shown in Figure 15 for complexes 1 and
2. The spin density plots are also shown in Figure 15 for the low spin state (one broken symmetry
solution) of complex 1 and high spin state of 2. The spin density distributions show a delocalization
mechanism in which the copper atoms carry ~57% of net spin and the remaining part is delocalized

through the coordinating atoms.

3.6 IR and electronic spectra

Strong and sharp bands around 1620 cm™ were routinely noticed due to imine (C=N) groups of
Schiff bases in the IR spectra of all three complexes [79]. One moderately strong band in the region
of 3300-3400 cm™ in the IR spectrum of each complex is observed due to N-H stretching vibrations
[79]. An intense absorption band at 2033 cm™ in the IR spectrum of complex 1 indicates the presence
of azide [24]. Presence of the nitrogen bonded cyanate in complex 2 is confirmed by the strong band
at 2215 cm™ [24]. Presence of dicyanamide in complex 3 is indicated by the bands at 2178, 2232 and

2287 cm™ [98].
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The electronic spectrum of each complex in acetonitrile displays a single broad absorption
band around 590 nm. Copper(II), in square pyramidal environment, usually have three transitions in
between of 2Aig < %Big, 2Bzg < 2By, and 2E4 < 2By states. The broad absorption band is due to two
overlapping bands corresponding to ?Bzg <— 2By, and 2E4 «— 2Big states [99]. The UV absorption bands
around 310 nm may be assigned to intra ligand ™ « n fransitions of azomethine (C=N) function of
Schiff base [100-101]. The band around 390 nm may be attributed to LMCT transition from the N

donor centres of Schiff base to copper(II).

3.7 ESI mass spectroscopy

The electron spray ionization mass spectrum is useful fo know the nature of complexes in
solution. The ESI-MS positive spectra of all three complexes have been recorded in the acetonitrile
solution. The experimentally observed peaks along with their isotopic distribution patterns
correspond very well to that of their corresponding simulated spectral patterns. In the mass
spectrum of complex 1, the peak at m/z = 665.12 indicates the presence of [{Cuz(L)2(u11-N3)23HT".
The peaks at 666.12, 667.12, 668.12 and 669.12 are due to isotopic distribution (Figure 16). Complex
2 exhibits quite similar mass spectrum giving peak at m/z = 665.09. Complex 3 shows peak at m/z =
645.96 (along with peaks at 647.97, 649.01, 650.01 due to isotopic distribution) which corresponds
to [Cuzl2(dca)]”. In this mass spectrum (Figure 17), peak at m/z = 289.99 (along with peaks at 291.02,
292.01 and 293.01) corresponds to the presence of [CuL]® formed by the removal of bridging

dicyanamides.
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3.8 X-ray powder diffraction pattern

The experimental PXRD patterns of the bulk products are in good agreement with the
simulated XRD patterns from single-crystal X-ray diffraction, indicating consistency of the bulk
sample. The simulated patterns of the complexes are calculated from the single crystal structural
data (cifs) using the CCDC Mercury software. Figures 18-20 show the experimental and simulated

XRD patterns for complexes 1-3.

3.9 Hirshfeld surface analysis

The Hirshfeld surfaces of all three complexes, mapped over dorm (range of -0.1 to 1.5 A),
shape index and curvedness, are illustrated in Figure 21. The surfaces are shown as ftransparent to
allow visualization of the molecular moiety around which they are calculated. The dominant interaction
between O---H atoms can be seen in the Hirshfeld surfaces as red spots on the dn.rm surface in Figure
21. Other visible spots in the Hirshfeld surfaces correspond to H---H contacts. The small extent of
area and light colour on the surface indicates weaker and longer contact other than hydrogen bonds.
The intermolecular interactions appear as distinct spikes in the 2D fingerprint plot (Figure 22).
Complementary regions are visible in the fingerprint plots where one molecule acts as donor (d. > di)
and the other as an acceptor (de < di). The fingerprint plots can be decomposed to highlight particular
atoms pair close contacts [102]. This decomposition enables separation of contributions from
different interaction types, which overlap in the full fingerprint. The proportions of N--H/H-N
interactions comprise 17.4% of the total Hirshfeld surfaces for each molecule of 1. This N---H/H--N
interaction appears as two distinct spikes in the 2D fingerprint plots (Figure 22). The lower spike

corresponding to the acceptor spike represents the N--H interactions (d; = 1.3, d. = 0.9 &) and the
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upper spike being a donor spike represents the H--N interactions (de = 1.3, di = 0.9 &) in the fingerprint
plots. In case of 2 proportions of O-+H/H--O interactions comprise 19.9% of the total Hirshfeld
surfaces for each molecule. This O--H/H--O interaction also appears as two distinct spikes in the 2D
fingerprint plots (Figure 22). The lower spike corresponding to the acceptor spike represents the
O-H interactions (di = 1.25, d. = 0.95 &) and the upper spike being a donor spike represents the H--O
interactions (de = 1.25, di = 0.95 &) in the fingerprint plots. The proportions of N-+H/H-N interactions
comprise 18% of the total Hirshfeld surfaces for each molecule of 3. The lower spike corresponding
to the acceptor spike represents the N--H interactions (di = 1.5, d. = 1.15 &) and the upper spike being

a donor spike represents the H-N interactions (d. = 1.15, d; = 1.5 &) in the fingerprint plots.

4. Concluding Remarks

In this paper we report synthesis and characterization of two dinuclear [Cuz(L)2(u11-N3)2]-H20
(1) and [Cuz(L)2(11,1-NCO)2] (2) and one polynuclear [Cu(L)(p15-dca)ln (3) complexes of copper(IT) by
using a tridentate N2O donor Schiff base along with azide, cyanate or dicyanamide as co-ligands.
Single crystal X-ray diffraction analysis reveals that coordination geometry around copper(II)
centres in all complexes are elongated (4+1) square pyramidal. The structural change from dimer to
polymer has been facilitated by the replacing of azide/cyanate with dicyanamide. Variable
temperature magnetic susceptibility data over the range 2-300 K shows antiferromagnetic exchange
coupling between copper(II) centres in 1 and 3 whereas ferromagnetic exchange coupling in 2. The
relevant noncovalent interactions observed in the solid state have been rationalized using DFT
calculations, including MEP and AIM analyses and we have assigned discrete interaction energies to

them. The C-H-m and 1 interactions are crucial in the crystal packing of the complexes, even in

22



the presence of strong hydrogen bonding interactions. They are also responsible of the formation of

a supramolecular zipper in the solid state structure of 3.
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Table 1: Crystal data and refinement details of complexes 1-3.

1 2 3
Formula C28H32Cu2N1003 C30H30Cu2N604 Ci6H15CuNs0O
Formula Weight 683.74 665.70 356.88
Temperature(K) 100 100 100
Crystal system Monoclinic Triclinic Monoclinic
Space group c2/c P-1 P2:i/n
a(A) 22.7268(19) 7.2270(3) 7.7783(5)
b(A) 9.5719(7) 8.7076(4) 12.6455(9)
c(A) 14.6305(11) 11.0944(6) 15.1497(9)
a(deg) (90) 84.120(4) (90)
p(deg) 112.744(9) 86.489(4) 98.037(4)
v(deg) (90) 89.237(4) (90)
z 4 1 4
dealc(g cm™3) 1.547 1.595 1.607
p(mmT) 1.498 1.583 1.492
F(000) 1408 342 732
Total Reflections 18115 10161 20106
Unique Reflections 2314 2617 2814
Observed data [I > 2 g (I)] 1696 1900 1643
No. of parameters 200 190 212
R(int) 0.096 0.052 0.080
R1, wR2(all data) 0.0735, 0.1525 0.0766, 0.1437 0.1284, 0.2487
R1, wR2 [T > 2 o (I)] 0.0526, 0.1345 0.0507, 0.1291 0.0764, 0.2133
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Table 2: Selected bond lengths (&) and bond angles (°) around copper(II) for complexes 1-3.

Complex 1 2 3

Bond lengths

Cu(1)-0(1) 1.908(4) 1.914(3) 1.913(5)
Cu(1)-N(1) 2.028(5) 2.036(4) 2.066(7)
Cu(1)-N(2) 1.936(4) 1922(3) 1.938(6)
Cu(1)-N@3) 1.979(5) 1.937(4) 1.998(6)
Cu(1)-N@3) 2.442(5) 2.692(4) -
Cu(1)-N(5)” - - 2.337(8)
Bond angles
O(1)-Cu(1)-N(1) 171.49(18) 171.32(16) 174.6(2)
O(1)-Cu(1)-N(2) 90.81(18) 92.28(14) 92.2(2)
O(1)-Cu(1)-N(3) 90.79(18) 91.85(15) 92.4(3)
O(1)-Cu(1)-N(3)" 94.42(17) 89.80(13) -
O(1)-Cu(1)-N(5)" - - 93.2(2)
N(1)-Cu(1)-N(2) 84.50(19) 84.60(14) 83.1(3)
N(1)-Cu(1)-N(3) 93.38(19) 92.38(15) 91.0(3)
N(1)-Cu(1)-N(3) 93.36(17) 82.50(15) -
N(2)-Cu(1)-N(3) 175.41(19) 171.23(17) 157.0(3)
N(2)-Cu(1)-N(3) 99.65(16) 96.13(14) -
N(3)-Cu(1)-N(3) 84.51(17) 91.62(16) -
N(1)-Cu(1)-N(5) - - 90.2(3)
N(2)-Cu(1)-N(5)" - - 98.7(3)
N(3)-Cu(1)-N(5) - - 103.5(3)

v= Symmetry transformation; ¥= %= -x,-y,1-zin 1,V = b= 1-x,2-y,2-zin2and V== -1+x,y,z in 3.
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Table 3: Hydrogen bonding details of complexes 1 and 2.

Complex D-H---A D-H(A) D---A(A) H---A(A) «D-H---A(°)
1 N(1)-H(1)~N(5)® 0.7600 3.096 2.3900 155.00
2 N(1)-H(1)--0(1)° 0.9100 3.148 2.2900 157.00

Symmetry transformations: 4= -x,-y,1-z; ® = 1-x,2-y,2-z. D = donor; H = hydrogen; A = acceptor.

Table 4: Magnetic and structural parameters of known dinuclear copper(II) complexes having half

salen type ligands and double end on azide/cyanate bridges.

Complex CU'Nazide (A) CU-quide (A) CU-N-CU (0) J- (Cm-l)

Reference
(CCDC code) (Short) (Long)
Double p1,1-N3 complexes
6OYPIV 2.009(2) 2.483(2) 88.68(6) -2.28 24
YADGUG 1.999(1) 2.443(9) 88.3(4) -2.63 25
IRIREG 1.998(3) 2.505(3) 89.2(1) -8.5(5) 26
DEFQAH 1.990(9) 2.569(9) 90.6(3) -4.2(2) 27
MUGFEA 2.012(4) 2.681(5) 99.4(2) -146(5) 28
NIKHUM 1.984(18) 2.489(19) 87.7(7) -10.16 29
NIKHOG 2.005(5) 2.500(5) 90.8(2) -4.18 29
NIKLAW 1.983(5) 2.551(6) 84.3(2) -143 29
JOPFIF 1.968(2) 2.404(2) 100.4(8) -11.4 30
Complex 1 1.979(5) 2.442(5) 95.5(2) -2.313 This Work
Double y1,1-NCO complexes
GOYPUH 1.951(2) 2.528(2) 88.60(8) -0.54 24
Complex 2 1.937(4) 2.692(4) 88.4(1) 0.513 This Work
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Table 5: Mulliken spin densities (e) computed for the high spin (HS) configuration of complexes 1

and 2 and the low spin (LS) configuration of complex 1.

Atom Label 1, High Spin 1, Low Spin 2, High Spin
Cul, Cul’ 0.57 0.58, -0.58 0.57
oi,or 0.10 0.10,-0.10 0.10
N1,N1’ 0.12 0.12,-0.12 0.12
N2,N2' 0.06 0.07,-0.07 0.06
N3,N3’ (pseudohalide) 0.08 0.08, -0.08 0.08
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Figure 1: Perspective view of complex 1 with selective atom numbering scheme. Methyl groups of

the amine nitrogen atoms have been omitted for clarity. Symmetry transformation: ¢ = -x,-y,1-z.

36



Figure 2: Perspective view of complex 2 highlighting the intra dimer hydrogen bonding interactions
with selective atom numbering scheme. Methyl groups of the amine nitrogen atoms have been

omitted for clarity. Symmetry transformation: ° = 1-x,2-y,2-z.
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Figure 3: Hydrogen bonded chain of complex 1 showing only relevant atoms. Symmetry

transformation: 9= -x,-y,1-z.

N4
C15
N3 C16°
c
Cul N5
01
N1
N2
V c3 b4
¢ " - .
¢ ¢ »
-

« -
Figure 4: Perspective view of polymeric chain of complex 3 with selective atom numbering scheme.
Methyl groups of the amine nitrogen atoms have been omitted for clarity. Symmetry

transformation: © = -1+x.y,z.
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Figure 5: MEP surfaces of complexes 1 and 2. MEP values in kcal/mol are given in selected points of

the surface.

Figure 6: (A and B) Assemblies found in the solid state of 1. (C) Theoretical model of the C-H-mw
complex without Cu. (D) AIM analysis of latter model. Bond and ring critical points are represented
by red and yellow spheres, respectively. The bond paths connecting bond critical points are also

represented by dashed lines. Distances in A.
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Figure 7: (A) X-ray fragment of complex 2. (B-E) theoretical models used to evaluate the

noncovalent interactions. Distances are in A.
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AEg = =32.7 kcal/mol AEg = —15.6 kcal/mol

Figure 8: (A) Supramolecular zipper found in the solid state of 3. (B and C) theoretical models of the
()1 complex with and without Cu, respectively. (D) AIM analysis of model B. Bond, ring and cage
critical points are represented by red, yellow and green spheres, respectively. The bond paths

connecting bond critical points are also represented by dashed lines. Distances in A.
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Figure 9: Plot of xmT vs T for a powder sample of complex 1 ina 1 T external magnetic field.
Experimental data are shown as blue squares and the best fit is represented by the red line. Inset
shows plot of xm vs T where the experimental data are shown as pink circles and the best fit is

represented by the black line.
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Figure 10: Plot of xmuT vs T for a powder sample of complex 2 ina 1 T external magnetic field.
Experimental data are shown as blue squares and the best fit is represented by the red line. Inset
shows plot of xm vs T where the experimental data are shown as pink circles and the best fit is

represented by the black line.
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Figure 11: Plot of xuT vs T for a powder sample of complex 3 ina 1 T external magnetic field.
Experimental data are shown as blue squares and the best fit is represented by the red line. Inset
shows plot of xm vs T where the experimental data are shown as pink circles and the best fit is

represented by the black line.
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Figure 12: X-band EPR spectrum of complex 1 recorded in MeCN solution at 293 K (experimental
conditions: frequency, 9.7976 GHz; power, 6.3 mW; modulation, 0.07 mT). Experimental data are

represented by the black line; simulation is depicted by the red trace.
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Figure 13: X-band EPR spectrum of complex 2 recorded in MeCN solution at 293 K (experimental
conditions: frequency, 9.7826 GHz; power, 6.3 mW; modulation, 0.2 mT). Experimental data are

represented by the black line; simulation is depicted by the red frace.
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Figure 14: X-band EPR spectrum of complex 3 recorded in MeCN solution at 293 K (experimental
conditions: frequency, 9.7786 GHz; power, 6.3 mW; modulation, 0.2 mT). Experimental data are

represented by the black line; simulation is depicted by the red trace.
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Figure 15: SOMOs of complexes 1 and 2 and their spin density plots (iso value = 0.004 e A3).
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Figure 16: Part of the ESI-MS (positive) spectrum of complex 1 in acetonitrile showing the

presence of [{Cuz(L)2(u1,1-N3)2}H]" (m/z = 665.12) along with simulated isotopic distribution patterns.
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Figure 17: ESI-MS (positive) spectrum of complex 3 in acetonitrile showing the presence of the

cation [Cuzlz(dca)] (m/z = 645.96).
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Figure 18: Experimental and simulated PXRD patterns of complex 1 confirming purity of the bulk

material.
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Figure 19: Experimental and simulated PXRD patterns of complex 2 confirming purity of the bulk

material.
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Figure 20: Experimental and simulated PXRD patterns of complex 3 confirming purity of the bulk

material.
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Complex 1 Complex 2 Complex 3

Figure 21: Hirshfeld surfaces mapped with dnorm (top), shape index (middle) and curvedness

(bottom) for complexes 1-3.
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Figure 22: Fingerprint plot: Full (top). resolved into N---H/H--:N (middle) and O---H/H:--O (bottom)
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contacts contributed to the total Hirshfeld Surface area of complexes 1-3.
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