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A Crystallographic, EPR and DFT Investigations of a Novel
Magnetically Silent Mono-atom Acetate-Bridged Binuclear
Schiff Base-Copper(ll) Complex

Yeni Bir Manyetik Tek-atom Asetat Koprull Schiff Bazi -Bakir(ll)
Kompleksinin Kristallografik, EPR ve DFT ile incelenmesi
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ABSTRACT

recent example of one-atom acetate bridged symmetric dinuclear copper(ll) complexes, Di-u-acetato-bis{1-

((pyridin-2-yImethylimino)methyl)naphthoxo}copper(ll)  ([Cu,(NP),(Ac),]-2MetOH(1)) (HNP=1-((pyridin-2-
ylmethylimino)methyl)naphthol)) have been prepared and characterized by X-ray crystallography, Elemental
analyses, ESI-mass, UV-Vis and IR spectroscopic techniques. Magnetic properties of the complex have been
probed by EPR measurements and the presence of spin-only paramagnetism of the compound with none of
significant exchange coupling has been demonstrated unlike ferro or antiferromagnetism that was otherwise
observed in all other analogous structures previously reported. The existence of a trivial ferromagnetic
exchange which is quantitatively ignorable has been suggested by DFT-Broken Symmetry calculations
performed at crystallographically characterized experimental geometry.
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6z

ek-atom asetat koprili simetrik dintkleer-bakir(ll) komplekslerine yeni bir 6rnek olarak Di-u-asetato-bis{1-

((piridin-2-ilmetilimino)metil)naftokso}bakir(ll) ([Cu,(NP),(Ac),1-2MetOH(1)) (HNP=1-((piridin-2-ilmetilimino)
metil)naftol)) kompleksi sentezlendi ve X-isini kristallografisi, elementel analiz, ESI-kitle, UV-Vis ve IR
spektroskopik tekniklerle karakterize edildi. Kompleksin manyetik 6zellikleri EPR spektroskopisi teknigi ile
incelendi ve daha 6nce calisiimis diger tim benzer yapilarda gorilen ferro- ya da antiferromanyetizmden farkl
olarak sadece spine bagli paramanyetizmin varligi, 6nemli bir manyetik dedis-tokusun gozlenmemesine bagl
olarak belirlendi. Buyuklik olarak 6nemsenmeyecek derecede kiiglik olan ferromanyetik etkilesimin varhgi ise
kristal geometride gerceklestirilen DFT-kirilmis simetri hesaplamalari ile belirlendi.
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INTRODUCTION
Binuclear copper(ll) complexes, the simplest
examples of magnetically coupled systems
with one unpaired electron per one metal
centre, have been extensively studied for three
decades with attempts to probe structure-
magnetism relations taking into account broad
existence of binuclear copper(ll) centres in
biologically relevant environments [1-4]. Both
intra or intermolecular magnetic exchange
phenomena are of interest within the theory of
molecular magnetism, copper(ll)-carboxylates
as the foremost class of magnetically coupled
systems explored until now have extremely
allowed to generate great number of diverse
magnetostructural informations and correlations
[5-18]. As of copper(ll)-acetate hydrate which
is the first binuclear copper(ll) complex where
the intramolecular magnetic exchange coupling
was first recognized [18,19], almost countless
examples of bridged copper(ll)-carboxylates
displaying different types of magnetic exchanges
with various bridging modes of highly versatile
carboxylate linkers appeared since then in the
literature [6-8,10,13-16,20-22]. In these complexes,
the most common observed bridging modes
are syn-syn, anti-anti, syn-anti and monoatomic
bridges each demonstrating varying magnetic
superexchange pathways [8,23]. On the other
hand, the number of monoatomic acetate-bridged
symmetric binuclear copper(ll) complexes in the
presence of ancillary ligands are still relatively
limited and all of them studied so far were found
to display weak ferro or antiferromagnetic
coupling [24-291]. In case of the incorporation of
co-ligands in order for the preparation of one-
atom bridged binuclear complexes, the use of
appropriate ones serving as complementary
structural template is mandatory. Schiff bases
with N,O donor sites were demonstrated to be
the most sensible choice for this purpose based
on the related studies previously reported [27-31]
since multidentate Schiff base ligands form stable
complexes with almost all metals and readily
adopt the conformational variations taking place
depending on the bridging co-ligands. Symmetric
binuclear copper(ll) complexes are topologically
divided into two main categories namely, planar
a and, parallel-planar b as depicted in Scheme 1.
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Scheme 1

In the most cases where tridentate N,O Schiff
base ligands are incorporated, square-pyramidal
one-atom bridged complexes of type b are
mainly obtained [24-30] and in this array, Schiff
base ligands resides in basal plane while one
bridging atom occupies the axial position of one
monomeric unit and the other locates in basal
plane of the same unit. This type of dimers display
weak exchange coupling, often antiferromagnetic,
as expected since only one atom participates
bridging mode. In case of our report here however,
we described synthesis of a new [Cu(Ac)(NP)I,
complex of type b using a flexible tridentate N,O
Schiff base HNP and characterized the complex
by x-ray crystallography, ESI-MS, and elemental
analyses. This is a rare example of magnetically
silent copper(ll) complex of type b to the best
of our knowledge. Exchange interaction of
the title complex was examined through EPR
measurements. The intramolecular exchange
coupling of the complex was also evaluated by
DFT-Broken Symmetry (BS) approximation [32,33]
and the experimental geometry was directly used
for the calculations because it is well known
that very small variations in the experimental
geometry such as a few degrees of change in
bond angle at bridging atom can change even
the type of magnetic exchange. The results of BS
calculations successfully supported the observed
exchange behaviour of the title complex.

EXPERIMENTAL

Materials and Measurements

All reagents were purchased from commercial
suppliers and used as received. Elemental
analyses were determined with LECO CHNS-
932 elemental analyser (USA). IR spectrum was
recorded on a Bruker Vertex-80V ATR-FT-IR



spectrophotometer (Germany) in 4000-400
cm? range. UV-Vis spectra were recorded on a
Unicam UV2 UV-Vis spectrometer (USA) within
200-800 nm range, in methanol medium. ESI-
MS spectrum were recorded in methanol on an
AB SCIEX QTRAP® 5500 LC/MS/MS System Mass
spectrometer (USA). The EPR powder spectrum
was recorded with JEOL X3 series X-band ESR
spectrometer (Japan), with 100 kHz magnetic
field modulation.

Synthesis of 1

2-hydroxynaphthaldehyde (0700 g, 4.07 mmol)
was dissolved in 25 ml absolute ethanol, and
to this stirring solution 2-picolylamine (0.432
g, 4.0 mmol) was dropwise added. The mixture
was stirred for 2 h at 50°C and cooled to room
temperature. The resulting bright yellow Schiff
base solution was gradually added to a 20 ml
ethanolic solution of copper(ll) acetate hydrate
(0 800 g, 4 mmol) and the color of the mixture
was turned into dark brown. After further stirring
the solution for 10 min, the colour turned into dark
green and remained firm despite further stirring
for several hours. This final solution was left in the
dark for recrystallization and dark green crystals
suitable for X-ray diffraction was formed after
several days. Yield: 55%. Anal. Calc. C, 58.20; N
6.96; H, 4.47%. Found: C, 55.41; N, 6.76; H, 4.87%.
IR (KBr, cm™): 3040 v, __(CH); 1619 v(C=0); 1588
v(C=N); 1538,  (CO0-); 1421 vsym(COO-). ESI-MS
(m/z, %): 772(1+4H) 35%; 585 ([Cu(napc),]+2H)
7%; 510 ([Cu,(AcO),(napo)l+3H) 15%; 324.2
([Cu(napc)*]) 100% (see S2 for mass spectra in
supporting information).

X-ray Crystallography

Intensity data for 1were collected using STOE IPDS-
Il area detector diffractometer (Mo Ka radiation,
A=0.71073) at 293 K. The structure was solved by
direct method and refined by a full matrix least-
squares method on F2 [34]. All non-hydrogen
atoms refined anisotropically and all hydrogen
atoms placed geometrically on their carrier atom
when possible and refined with a riding model.
The details of data collection, refinement and
crystallographic data are summarized in Table 1.
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Table 1. Crystal data and structure refinement parameters

for (1) and (2) complexes.

Complex (1)
Formula C,gH,N,0.Cu,
Molecular weight (g/mol) 767.76
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space Group P21/c

a=13.0179(6) A

b=8.6785(3) A

Dimensions
c=18.5488(10) A

B=116.370(4)
Volume (A% 1877.50(15)
z 2
Dcalc. (mg/mm?3) 1.468
p(mm™) 1.191
F(000) 856
range for data 2.29 - 26.50
collection(®)
Reflections collected 3897
Independent reflections 2789
Absorption correction integration
Goodness-of-fit on F? 1.020

Final R indices [I>26(1)]

R1=0.0459 wR2=
ORIPA

R indices (all data)

R1=0.0742 wR2 =
0.1242

Computational Protocol

All calculations were performed using Gaussian 09
suit of programs running under Linux or Windows
[35,36]. Single point energy(SPE) calculations for
the unrestricted triplet and BS singlet states of
1 at the experimental geometry were performed
with B3LYP hybrid functional applying flexible
triple-zeta 6-311G(2d,p) basis set. The magnetic
exchange interaction between two magnetic sites
1and 2 is given by Heisenberg spin Hamiltonian
Equation 1.
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Figure 1. Symmetric Unit of 1.

H=-8xS, )

Where S, and S, are respective spin angular
momentum operators. A positive values of
coupling constant J denotes to a triplet ground
state which leads to ferromagnetic interaction
while for negative values of J, the singlet state
is lower in energy and leads to antiferromagnetic
interaction. However correlation of such
description with ab initio electronic structure
calculations requires multi-determinantal
methods and thus is computationally high

demanding and not tolerable for large systems.

Therefore the use of BS solution as an alternative
approach with much less computational effort is
mandatory in order to gain lowest energy singlet
state. Using this methodology, the coupling
constant is written as

J= Z(EBS 72ETI)
1+S;,

(2

Where EBS is the electronic energy of BS singlet
state and ET' is that of triplet state within
unrestricted formalism using unperturbed BS
orbitals. ET' can be approximated, in a single
determinant approach, by the energy of actual

triplet state owing to very less spin contamination.

Based on the literature that once the magnetic
orbitals are strongly delocalized where S_ —1, the
BS state becomes degenerate with pure singlet
state [11] and Equation (2) is written as

J= EBS _ET 3

Consequently, we tentatively and preferably used
Equation (3) in combination with B3LYP for the
calculation of exchange coupling constant in 1
relying upon the successful quantitative results
of related literature [37,38].

RESULTS and DISCCUSSION

Crystal Structure Description

Molecular structure of 1 with the atom numbering
scheme is given in Figure 1 (solvent methanol
coexisting with symmetric unit within unit cell is
omitted) and important bond lengths and angles
are given in Table 2. The geometry around each
copper(ll) center is best described as square-
pyramidal (the structural index parameter,
1=0.038 and is reasonably close to idealised
square-pyramidal extreme [38]) constructed with
the apical position occupied by 02 atom from one
acetate and, with the basal plane which consists of
N1, N2, O1 atoms of tridentate NP and symmetry-
related O2' atom from the other acetate. Bridging
02 and 02' atoms simultaneously occupy both in-
plane and apical coordination sites of copper(ll)
nuclei within dimeric unit. The apical bond of
bridging atom is as expected 0.49 A longer (Cul-
O2i bond is 2.447 A and Cul-02 bond is 1.960
A) than the basal plane distance and is shorter
than these in formerly studied five analogous
structures [24,25-28]. The other in-plane bond
distances are quantitatively comparable with
corresponding values. The copper atom raised
out of the plane by 0.062 A towards apical oxygen.



Table 2. Important geometric parameters of 1.
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Bonds (A) Angles (°)

Cu1-01 1.906(3) 01-Cul-02 90.70(17)
Cul-02 1.960(4) 0O1-Cul-N2 172.57(17)
Cul-N1 1.931(5) 02-Cul-N1 174.83(19)
Cul-N2 1.998(5) 03-Cul-N1 126.66(18)
Cutl-02(a) 2.447(4) N1-Cul-N2 82.45(2)
01-Cu1-03 83.45(19)
01-Cul1-02(a) 92.87(15)
02-Cul-N2 94.85(18)
03-Cul-N2 96.41(19)
N1-Cul-02(a) 108.62(18)

01-Cul-N1 91.8(2)

02-Cu1-03 49.19(14)

02-Cul-02(a) 15.67(15)
03-Cul-02(a) 124.54(13)

a: apical position

Figure 2. Least squares planes of 1in symmetric unit (red: basal plane, purple: ligand plane).

For the sake of a plain comparison of 1 with
analogous structures previously reported, the
pivotal geometric parameters relating to basal
plane from references 24-30 together with that
of 1 were collected in Tables 3-4. Intermetallic
separation in 1 is considerably greater than the
former six structures and is slightly smaller than
one in [Cu,(5-Br-L),(Ac),] as inferred from Tables
3-4. 1t is also noteworthy in Tables 3-4 that the
deviations of in-plane atoms from the basal
plane in 1 are less than the corresponding values
in all other structures. The smallest basal plane
deviations of in-plane atoms of 1 as compared

to these of other structures in references 24-
30 most probably relate to rigid planar array of
NP ligand maintained by flat naphthalene ring
since the base and the plane in which NP lies
are almost coplanar solely with a deviation of
2.13° as indicated in Figure 2. None of intra or
intermolecular classical hydrogen bonds were
encountered within crystal network. However,
intermolecular CH..m and non-conventional
hydrogen bonds pile up molecular units into 3D
network. Piling of symmetric units through a-b
plane is shown in Figure 3.
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Table 3. Deviations of metal atoms from basal plane.

Complex aBr::;:gI?g Deviation (A) CueeeCu Coup. Ref
[Cu(AE)(AQ), 95.34(5) 0.0306(2) 3.305(4) Antiferro. 24
[Cu,(L)2(Ac),] 94.40 -0.033 3.262 No data 25
[Cu,(L)(Ac)2]-2MetOH 98.3(5) 0.015 3.383(2) Antiferro. 26
[Cu,(5-NO,-L),(Ac),] 96.1(1) -0.0154 3.409(1) Antiferro. 27
[Cu,(5-Br-L),(Ac),] 96.3(2) 0.0296 3.506(1) Antiferro.
[Cu,(5-CH,0-L)(A0),1-2H,0 98.1(3) 0.004 3.384(3) Antiferro. 28
[Cu,(L),(Ac),]'H,0-C,H OH* 95.7(1) 3.445(1) Ferro. 29

102.6(1) -
(§)] 104.17(18) 0.062(4) 3.490(2) No exc.

AE: 7-amino-4-methyl-5-aza-3-hepten-2-onate, L(ref. 25): 2-((E)-(2((dimethylamino)ethylimino)methyl)-phenolate L(ref.
26): 2-[(2-aminoethyl)iminomethyllphenolate, L(ref. 27): Dianion of N,N"-bis(Z-((ochydroxybenzhydrylidene)amino)ethyl)-
1,2-ethanediamine, 5-NO2-L: anion of N-methyl-N'-( 5-nitrosalicylidene)-1,3-propanediamine 5-Br-L: anion of N-me-
thyl-N-(5-bromosalicylidene)-1,3-propanediamine, 5-CH30-L: anion of N-(1,1-dimethyl-2-hydroxyethyl)salicylaldimine,
L(ref.30): Dianion of N-(1,1-dimethyl-2-hydroxyethyl)salicylaldimine.

*: Nonsymmetric complex with diffirent biridging angles and distances of two symmetrically different acetate bridges
contrary to other analogous symmetric structures that are with symmetrically equivalent two acetate bridges.

Table 4. Deviations of coordinated atoms from basal plane.

Deviation (A)

Complex Ref.
N1 N2 o1 02
[Cu(AE)(AQ), -0.125(2) 0.157(2) 0.101(1) -0.100(1) 24
[Cu,(L),(Ac),] 0.144 -0.124 -0.123 0.136 25
[Cu,(L)(Ac),]-2MetOH 0.058 -0.065 -0.066 0.058 26
[Cu,(5-NO,-L),(Ac),] -0.2239 0.2322 0.2472 0.2401
[Cu,(5-Br-L),(Ac),] -0.1291 0.1455 0.1695 -0.1563 °!
[Cu,(5-CH,0-L)(Ac),]-2H,0 0.143 0.150 0.156 0.160 28
(1) -0.0116 -0.0180 -0.0194 -0.0133

EPR Spectral Study

Figure 4 shows the EPR spectrum of 1 as
expected for a powder sample. It displays usual
anisotropic pattern belonging to Cu?* ion (S =1/2,
| = 3/2), with g, and g peaks. The parallel peak is
due to the fact that the external dc field is parallel
to the symmetry axis of crystal field around the
paramagnetic center. The perpendicular peak
with high intensity also represents the fact
that the external dc field is perpendicular to
the symmetry axis of crystal field around the
paramagnetic center. Hyperfine splitting could
not be resolved due to line broadening caused
by spin-orbital and spin-exchange interactions,
because of the excessive spin concentration. The

values of g, and g extracted from the powder
spectrum are g, = 2.217, g = 2.053, respectively,
which are typical for square-pyramidal geometry
of copper(ll) ions. These g values suggest that
the environment of Cu(ll) ion has an elongated
tetragonal axial symmetry with a (2B1g) ground
state [39-42]. The deviation of the g value from
the free electron (2.0023) depends on the
combined effects of ligand field and the spin-
orbit coupling [43]. Therefore, it can give us
gualitative information about covalent nature of
metal-ligand bonding. When the deviation gets
smaller, covalent bonding becomes larger, or vice
versa. This comparison is also being performed
according to value of g, = 2.3. Since the observed
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Figure 4. EPR spectrum for dried sample of 1.

value of g, is less than 2.3, it shows covalent
character of metal-ligand bonding in this complex
[44]. Axial symmetry parameter G calculated as
is an indication of exchange interaction between
two copper centers in solid complexes. If G > 4,
the exchange interaction is negligible, whereas
when G < 4, it indicates an appreciably interaction
between copper centers [45-47]. The calculated G
value for this complex is greater than four for this
complex suggesting that there is no interaction
between metal ions in polycrystalline complex.

Electronic Spectrum
Electronic absorption spectrum of 1 (see SI3 in
supporting information) displays a broad weak

intensity maximum at around 618 nm and is
characteristic of square pyramidal copper(ll)
environments [48-50]. Other strong 420 nm and
362 nm maxima are assigned as high intensity
ligand to metal charge transfer transitions.

DFT-BS Calculations
Single point energy calculations were carried
out at the experimental geometry for BS singlet

and triplet states of 1 and, a small BS-singlet-

triplet energy gap of 3.51 cm™was found in favour
of triplet state. Therefore, a weak negligible
ferromagnetic exchange coupling was suggested
by DFT-BS calculations in reasonably accordance
with the experimental data. The predominance of

7
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Figure 5. Magnetic spin orbitals of 1 for triplet state.

triplet spin state is also seen from the population
of magnetic spin orbital relating to triplet state as
depicted in Figure 5. Once Figure 5 is examined,
spin orbital resides in planar array in basal
planes and is strongly localized at paramagnetic
copper(ll) centersand hence, favours the expected
inappreciable ferromagnetic exchange. Besides,
very low spin densities at bridging atoms towards
apical center atoms (0.0012 for out of plane
copper(ll), -0.017 for in-plane copper(ll)) verify the
proposed negligible exchange interaction. Two
main geometric parameters namely intermetallic
distance, and bridging angles that directly
influence the type and magnitude of the exchange
coupling are gathered together from references
24-30 in Tables 3-4. As seen in Table 3 all the
complexes magnetically studied previously were
shown to be weakly ferro and antiferromagnetic
while 1 displays none of permanent exchange
coupling. Actually within tolerable computational
expense, magnetostructural studies were
conducted dependently on these two parameters
solely within 3.31-3.73 A and 101-108° ranges
respectively for 1 and the exchange interactions
in the whole range were remained unchanged.

CONCLUSION

A single and new member of mono-atom acetate-
bridged dinuclear symmetric Schiff base complex
of copper(ll) has been prepared successfully
and fully characterized by X-ray crystallography
and Elemental analyses, IR, UV-Vis, LC-MS/MS
techniques.Magneticbehaviour ofthecomplex has

been examined experimentally through EPR and
an insignificant ferromagnetic exchange coupling
was exhibited. Whereas, it has been mentioned
before that all analogous structures previously
reported have shown magnetic exchange. Apart
from its former counterparts, we have attributed
this uncommon behaviour of title complex to rigid
planar structure of Schiff base ligand compelling
the coplanarity of ligand and basal plane. Since
strong spin localization take places in the base
CuN,0, core rather than bridging Cu,0, core
which often induces antiferromagnetic exchange
pathway in these type b dimers. The proposed
magnetic behaviour of the complex was also
supported successfully by DFT-BS calculations. On
the other hand, magnetism-structure relationship
has been also investigated for the complex within
given range of intermetallic distance and bridging
angle and none of noteworthy exchange has been
encountered in calculated data. Consequently
and as far as we know, a single paramagnetic
symmetric Schiff base-copper(ll) complex with
mono-atom acetate-bridged has been synthesized
among its counterparts and fully characterized in
the study reported herein.
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