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Tetrahedral M'" based binuclear double-stranded
helicates: single-ion-magnet  and fluorescent
behaviour

Amit Kumar Mondal,. Vijay Singh Parmar,¥ Soumava Biswas, Sanjit
Konar*

A rare class of dinuclear double-stranded helicates having tetrahedral metal centres with
formulae  of [Cox(L'),]'2 (CH;CN) (1), [Coy(L?),]'6 (CH;CN) (2), [Zny(L"),]-2
(CH3;CN)-(CH30H) (3) and [Zn2(L2)2]-4 (CH3;CN) (4) were synthesized and characterized.
Detailed dc and ac magnetic susceptibility measurements reveal the presence of field induced
slow magnetic relaxation behaviour in the high spin tetrahedral Co" centres with an easy-plane
magnetic anisotropy. Complexes 1 and 2 are the rare examples of transition metal based
helicates showing such behaviour. Furthermore, 3 and 4 exhibit fluorescence emission in

different solvent that are analyzed in terms of fluorescence quantum yields and lifetimes.

Introduction

Helices are the central structural motif in biological molecules
such as the a-helical protein (single helix), DNA (double helix),
and collagens (triple helix). A substantial effort has been made
in the design and synthesis of artificial helical molecules,
through metal coordination, hydrogen bonding, z-stacking, in
order to mimic these biomacromolecules both structurally and
functionally.! Over the past few decades, helicates have
attracted tremendous research interest not only because of their
aesthetically pleasing structural beauty'®" but also for their
potential applications in chiral catalysis, enantioselective
processes, supramolecular devices and magnetic materials.”
The chemical structures of helicates can be modulated by use of
a variety of ligands containing two or more metal chelating
sites that are connected to each other by a spacer.®® The
standard synthetic methods of helicates involve the use of
metal-ion induced self-assembly of ligands which contains the
repeating donor units of certain denticity, so that the binding
abilities of the ligands need to match the coordination
requirements of the metal ions. Most of the self-assembled
multistranded helicates are binuclear, with some examples of
trinuclear analogues,'® while those with more metal centers
remain very rare.'® Although a large number of double- and
triple-stranded helicates have been reported using ditopic or
tritopic  ligands,® designing molecular assemblies with
interesting diverse magnetic,’ as well as photophysical
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properties'' and the existence of both the properties in a single
system, is still a challenging task. Therefore, the choice of
suitable metal ions and ligand system is important to induce
different intriguing properties in a single molecular system.
From the magnetic point of view, when the distance between
the metal centres within a helical structure is small, they can
significantly interact with each other. If the metal centres are
well separated, it leads to quenching of magnetic interactions
between them, consequently each individual metal ion shows
slow relaxation of the magnetization; that is, single ions can
behave like magnets which are known as Single Ion Magnets
(SIMs).12 The most fascinating features of SIMs lie in the
possible prediction of their magnetic anisotropy based on the
basic principles of the ligand field theory. Most of the reported
transition metal based SIMs,'® one common feature is the low
coordination number of the metal centres, where the single ion
anisotropy is enriched due to the unrestricted orbital angular
momentum by limiting the coordination number of the metal
ion.'* The majority of helicates show SIM behaviour are mainly
based on lanthanide ions, whereas the transition metal based
SIMs Among 3d-SIMs, Co"" based
complexes are mostly interesting because of their non-integer

are relatively rare.

spin ground state,'” which declines the probability of quantum
tunnelling of magnetization (QTM).'® Recently a few
tetrahedral Co" complexes have been reported to show slow
magnetic relaxation behavior, as a consequence of either an
easy axis or an easy plane anisotropy.'” A rational approach to
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tune the magnetization relaxation behavior of tetrahedral Co"
centres within a helical structure is yet to be achieved. With this
in mind, herein we report two Co" based binuclear helicates
constructed using two different Schiff-base ligands H,L' and
H,L? In this paper, the dynamic magnetization study of tetra-
coordinate Co" based double-stranded helicates namely;
[Cox(L"),]-2 (CH3CN) (1) and [Coy(L?),]-6 (CH;CN) (2) has
been reported and variations in slow relaxation of the
magnetization behavior was explored. Furthermore, the
luminescence properties of the zinc derivatives [Zny(L'),]-2
(CH;CN)-(CH50H) (3) and [Zn,(L?),]-4 (CH;CN) (4) has been
investigated.

Results and Discussion

Four dinuclear double-stranded helicates were constructed
using two different Schiff-base ligands H,L' and H,L?.

Structural Description of 1 and 2

Single-crystal X-ray analysis of 1 and 2 revealed that
complexes 1 and 2 crystallize in the triclinic P-1 and
monoclinic P2,/n space groups respectively (Table S1). Both
the complexes consist of dinuclear distorted double-stranded
helicates, in which two ligands wrap around the two metal
centers (Fig. 1). In both the cases, ligand contains two identical
bidentate chelating units (NO) (homotopic = same denticity,
same connectivity, same donor atoms) dispersed along the
helical strand in a meridional manner to saturate the
stereochemical requirements around the Co'" centres. The main
difference between the structures of 1 and 2 comes from the
degree of distortion in the coordination polyhedron, from the
ideal tetrahedral geometry. In complex 1, the Co-O distances
are in the range of 1.895(1)-1.901(1) A, while the Co-N
distances are slightly longer than former (1.987(2)-1.995(2) A)
(Table S2). However in complex 2, the Co-O/Co-N distances
are found in the range of 1.901(1)-1.922(1) A/1.985(1)-
2.003(1) A, respectively. The N-Co-N/O-Co-O/N-Co-O bond
angles are are listed in Table S3 which falls in the range of
reported dinuclear Co'" helicates.'® In both the cases, the Co'"
centres adopt a distorted tetrahedral coordination geometry
where pairs of phenoxo oxygen and imino nitrogen atoms are
cis to each other. The distortion from the regular tetrahedral
geometry can be described by an angular index (z), defined by
Houser et al as follows: 7, = [360 — (a + b)]/141 (a and b are the
two largest angles around a four-coordinate metal center).'” In
complex 1, the calculated 7, = 0.97 and 1.0, whereas in 2 the 4
=1.05 and 0.99, therefore the coordination geometry around the
Co(1) and Co(2) centers in both complexes can be best
described as trigonal pyramidal (Fig. S1). The helical twists of
the ligands, as defined by the torsion angles Co(1)-N(1)-N(6)-
Co(2) and Co(1)-N(2)-N(5)-Co(2), are 144.2° and 148.1° for 1,
however for complex 2, the values are observed to be 141.2°
and 150.3°. In both the cases, helicand adopts “pseudo-C”
conformations and forms a double-stranded dinuclear
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Fig. 1 View of the molecular structures of complex 1 (left) and complex 2 (right)
illustrating double-stranded helicate formation. The two strands are differently
coloured and hydrogen atoms are omitted for clarity.

helicate structure with a small cage in between them but the
cage is empty because of the steric congestion. The
intramolecular Co---Co distances are 11.68 A and 11.67 A for 1
and 2, respectively (Fig. S2) and the C, axis passes through the
Co---Co vector (Fig. S3). The phenyl rings from the diphenyl
ether moieties of the two ligands are not parallel with each
other and the values of the dihedral angles between them are
14.97° and 13.11° in 1. Intramolecular z---7 interactions are
also noticed between the each pair phenyl rings with centroid to
centroid distances of 4.051 A and 4.125 A (Fig. S4). The
corresponding distances in 2 are longer (4.189 A and 4.197 A)
(Fig. S4), and the dihedral angles are 19.53° and 17.29°.
Furthermore, each of the independent [Co,(L'),] complexes are
inherently chiral and exhibits P for right-hand and M for left-
hand helicity. Both the complexes crystallized in achiral space
groups and the unit cell accommodates an equal amount of P
and M enantiomers of the [Co(L'),] complexes, and hence
resulting in a racemic solid containing equal amount of P and
M configurations (Fig. S5-S6).

In both the complexes, there are significant z-interaction and
intermolecular hydrogen-bonding network between the
helicates and the interstitial solvent molecules, which supports
the formation of a supramolecular arrangement. In complex 1,
hydrogen atoms of phenyl rings are involved in intermolecular
hydrogen bonding (Table S4) with phenoxo oxygen atoms and
lattice acetonitrile molecules and resulted in the formation of a
supramolecular two dimensional arrangement (Fig. S7-S8). In
complex 2, lattice solvent molecules are involved in
intermolecular hydrogen bonding (Table S5) with the phenyl
rings and these interactions support the formation of a
supramolecular two dimensional arrangement (Fig. S9-S10). In
addition to the H-bonding interactions, strong CH--xw
interactions are also noticed with CH to centroid distances of
2.503 A and 3.053 A for 1 and 2, respectively.

This journal is © The Royal Society of Chemistry 2012
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Structural Description of 3 and 4

The molecular structures of Zn-complexes 3 and 4 are very
similar to that of the Co-complexes. Single-crystal X-ray
analysis of 3 and 4 showed that complexes 3 and 4 crystallize in
the triclinic P-1 and monoclinic C2/c space groups respectively
(Table S1). Structures of the complexes reveal a neutral
dinuclear helicate with a head-to-tail combination of the
asymmetric dianionic iminophenols of the ligands.
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simulated one based on the single crystal structure data (Fig.
S18-19). Magnetic susceptibility measurements were performed
under direct current (DC) and an applied field of 0.1 T. At room
temperature, the y,7 values (y),, = molar magnetic
susceptibility) of 2.21 and 2.3 cm® K mol ' were obtained for 1
and 2 respectively, which are larger than the spin-only value
(1.875 cm® mol 'K, S = 3/2, g = 2) for a high-spin Co" ion.

P

Fig. 2 Space-filling representations of the two independent [an(Ll)z] complexes
found in complex 3 with M- and P-helicity. The two strands are differently
coloured and hydrogen atoms are omitted for clarity.
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Fig. 3 ymT'vs. T plot measured at 0.1 T for complex 2 and 1/xy vs. T plot shown in
the inset. The red lines are the best fit.

Intramolecular z---7 interactions are also noticed between the
each pair phenyl rings with centroid-to-centroid distances of
4.059 and 4.118 A, with the dihedral angles of 14.81° and
21.95° for 3 (Fig. S11). The corresponding distances in 4 are
slightly longer (4.127 A), and the dihedral angles are 19.63°
and 19.63° (Fig. S11). The intramolecular Zn---Zn distances are
found to be 11.57 A and 11.49 A for 3 and 4, respectively (Fig.
S12). Both the complexes formed a racemic solid containing
equal amount of P and M configurations (Fig. 2 and S13). Both
the complexes are involved in intermolecular hydrogen bonding
(Table S6-S7) with the lattice solvent molecules and these
interactions support the formation of supramolecular two
dimensional arrangement (Fig. S14-S17).

Magnetic Property Studies

Recently, it has been reported that the slow relaxation of the
magnetization can be possible for mononuclear Co" complexes,
but the number of such systems is still limited in the
literature.'7?° To investigate the single-ion-magnetic behaviour
of tetrahedral Co centers in 1 and 2, detailed dc and ac
susceptibility measurements has been performed. The purity of
the as-synthesized products was shown by the good agreements
of the bulk phase powder X-ray diffraction patterns with the

This journal is © The Royal Society of Chemistry 2012

These values fall well in the range of 2.1-3.4 ¢cm® mol ' K for
the highly anisotropic Co" ions with a significant orbital
contribution.?! Upon cooling from 300 K, the y,,T values of 1
and 2 remains constant down to 75 K, below which it collapses,
reaching a value of 1.42 and 1.5 cm® mol™ K respectively at 2
K (Fig. 3 and S20). The decrease of the y,T curves at low
temperature is may be due to the intrinsic magnetic anisotropy
of the Co" ions. Reduced magnetization data (M/Nug vs. H)
were collected and it reached the highest values of 2.12 and 2.3
Nug for 1 and 2 respectively at 2 K and 7 T (Fig. 4). These
values are well below the theoretical saturation for an S = 3/2
system (M, = 3.3 for g = 2.2). The magnetization values do
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Fig. 4 M/Nug vs. H plots for complexes 1 (a) and 2 (b) at the indicated
temperatures; Plots of M/Nug vs. H/T for complexes 1 (c) and 2 (d) at the
indicated temperatures. The red lines are the best fit.
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Fig. 5 (a) In-phase (xu) and (b) Out-of-phase (xp”) AC magnetic susceptibility
susceptibility plots for complex 2 at 1000 Oe.
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not saturate even at the highest available fields and the M/Nug
vs. H/T plots show that all isotherm magnetization plots do not
collapse on the same master curve indicating the highly
magnetic anisotropic systems (Fig. 4). A spin Hamiltonian of
eqn (1) is used to define the magnetic anisotropy qualitatively

H = gugS x B+ D[S,> = S(S+ 1)/3] + E(S,” — 5,%) (1)
where up, S and B represent the Bohr magneton, spin (S = 3/2
for 1 and 2), and magnetic field vectors, respectively; D and E
terms represent the single-ion axial and rhombic ZFS
parameters. The PHI code® was employed to quantify the
anisotropy parameters of the Co" centres by simultaneous
fitting of the y,7 vs. T and M/Nug vs. H plots and during the
fitting procedure the g tensor was assumed to be isotropic. The
best fits of the reduced magnetization data gave D = 19.5 cm ',
E=0,and g=2.31for1; D=16.2 em L E=19%x107 cm™!,
and g = 2.22 for 2. The results obtained for g and positive D
values are consistent with those reported for other tetrahedral
Co" complexes.” The positive sign of the ZFS parameter stems
from the interaction between the ground and excited electronic
states coupled through spin-orbit coupling.

To probe the magnetic relaxation dynamics of both the
complexes, AC magnetic susceptibility measurements were
performed in the temperature range of 1.8-10 K at a 3.5 Oe ac

field. No out-of-phase ac susceptibility (y;,”) signal was
observed for them under a zero dc field (Fig. S21-22).
Nevertheless, upon application of a 1000 Oe dc field, all
complexes show temperature- and frequency-dependent ac
signals typically observed for field-induced 3d-SIM species
(Fig. 5 and S23). Furthermore, the Cole-Cole plots (Fig. S24)
were generated from the frequency-dependent ac susceptibility
data. The fit of the y,,” vs ), data at each temperature using the
generalized Debye model®**® yielded the values of a (this
parameter determines the width of the distribution of relaxation
times, so that ¢ = 1 corresponds to an infinitely wide
distribution of relaxation times, whereas o = 0 represents a
relaxation with a single time constant) within the ranges 0.02-
0.21 and 0.07-0.28 for 1 and 2, respectively, suggesting the
narrow distribution of the relaxation time. The effective energy
barrier (U,;) and relaxation times (7;) were determined using
the Arrhenius eqn (2):2*
In(1/7) = In(1/ %) - Uy/kT 2)

where k is the Boltzmann constant and 1/7 is the pre-
exponential factor. A linear fit to the high temperature data
according to Arrhenius law afforded U,;= 20.5 K and 75 = 1.2
x 107 s for 1; Uy=11.2 K and 7= 1.7 x 10~ s for 2 (Fig. 6).
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Fig. 6 In (1/7) vs. 1/T plots for complex 1 (a) and 2 (b). The red lines are the best fit of the Arrhenius relationship; Power law for complex 1 (c) and 2 (d) in the form

In(7) vs. In T.
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Fig. 7 Absorption spectra of the ligands H4L1(a) and H,L? (d); Absorption spectra of the zinc helicates 3 (b) and 4 (e) in different solvents; Fluorescence spectra of the

zinc helicates 3 (c) and 4 (f).

The 7, values obtained for 1 and 2 are at the higher end of the
experimental range found for SMMs®® and are similar to those
found for other Co" SIMs."* Recently, there have been two
types of mechanisms responsible for the slow magnetic
relaxation from a 3d metal system with a positive D value. The
first one was suggested by Pardo ef al.'* They proposed that
this type of slow relaxation arises from a transverse anisotropy
barrier located in the easy (xy) plane, and the energy barrier is
governed by a considerable E value. For our complexes, this
mechanism does not applicable as the E wvalues obtained
experimentally are very close to zero. The other mechanism
was based on a field-induced phonon bottleneck effect of the
direct relaxation of the ground Mg = + 1/2 levels proposed by
Luis et al®® As a matter of fact, the direct phonon-induced
processes are strongly suppressed in a Kramers system with a
significant anisotropy irrespective of the sign of D. Thus,
magnetic relaxation has to occur either by the Orbach
relaxation pathway through the excited Mg = + 3/2 levels" or
by the optical or acoustic Raman process involving a virtual
state.*®

For both the complexes, as the obtained energy barriers are
much lower than the energy gap between the Mg =+ 1/2 and My
= =+ 3/2 doublets, the Orbach pathway is not very likely. This
fact is most likely due to the presence of a significant quantum
pathway of relaxation at very low temperature which is not
fully suppressed by the effects of the applied dc field.
Additionally, the spin-lattice relaxation time can be expressed
as: %7

7' =AT + BT" + Cexp(-A/kgT) (3)

This journal is © The Royal Society of Chemistry 2012

The three terms respectively correspond to the direct, the
Raman, and the Orbach process. In general, for Kramers ions n
= 9, but when optical and acoustic phonons are considered, n =
1-6 is reasonable.”® The relaxation times can be fitted to T ™
(Fig. 6), giving n = 3.6 and 2.2 for 1 and 2 respectively, which
are close to the value reported for the Co-Y SIM by Colacio et
al.* Tt suggests that the optical or acoustic Raman process have
considerable contribution to the spin relaxation behaviour.

In order to investigate the effect of inter- and intramolecular
exchange on the magnetic behavior, we have measured the
effect of magnetic dilution on relaxation of the magnetization.
To gain further insight into the relaxation process we prepared
the diluted sample by using a mixture of Zn(ClO,), 6H,O and
Co(Cl0O,),-6H,0 in a 95:5 percentage ratio. The resulting
complex contains three possible products namely, the Zn,,
ZnCo and Co, species. The probabilities of observing the
different dinuclear species at the 5% cobalt dilution level are
Zn,: 90.25%, ZnCo: 9.5% and Co,: 0.25%; therefore, the major
paramagnetic product will be the single ion ZnCo species. For
further characterization of diluted sample, energy dispersive X-
ray spectroscopy (EDS) has been performed. EDS
characterization of the diluted sample indicated the presence of
Zn, Co, O and N elements in the sample (Fig. S25). AC
susceptibility measurements were then carried out on a
polycrystalline sample of the diluted complex. No significant
difference was observed between the energy barrier of
relaxation of the magnetization of the diluted sample compared
to the undiluted one (Fig. S26). So, we may conclude that
intermolecular forces and dipolar interactions are negligible;
hence, the relaxations in the case of 1 and 2 are of single ion
origin.

J. Name., 2012, 00, 1-3 | 5
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On comparative point of view, both the complexes (1 and 2)
contain similar CoN,O, cores; however their relaxation
dynamic behaviors are slightly different. It is well-known that
small structural changes around the metal centres played an
important role in the difference in relaxation dynamics of the
complexes.’® The main difference between the structures of 1
and 2 comes from the degree of distortion in the coordination
polyhedron, from the ideal tetrahedral geometry. Systematic
analysis of the coordination geometries around the Co" centres
using SHAPE 2.1°! reveals that the distortion from ideal
geometry being greater in Co" centres of complex 2 (minimum

(a) (b)
—0— Prompt
10000 4 O CHCl3
O DMF
CH30H
O CHzCN

1000

Counts

1004

Time (ns)

Table 1. Photophysical Parameters of the Zinc Helicates 3 and 4.

Counts

CShM values of ~3.34 compared to ~2.15 for 1, Table S8).
Additionally, the Co-O and Co-N bond distances in 1 are
shorter than those in complex 2 (Table S2) leads to stronger
bonds in the former which resulted in a larger energy difference
between the ground state and first excited state.’?® Since it is
difficult to describe the crystal field of Co", it can be only
commented that the slightly different slow magnetization
relaxation behaviors observed in 1 and 2 are possibly the result
of small structural changes which are likely to affect the nature
or directions of the easy axes.*?>¢

10000 4

Time (ns)
Fig. 8 Typical luminescence decay profiles observed for 3 (a) and 4 (b) and the red lines are the corresponding bi-exponential fits of 3 and 4, respectively.
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Complex Solvent [) 7 Ay 5 A Tav 7
CHCI; 0.097 0.824 2.68 3318 97.32 3.25 1.09

3 DMF 0.041 0.672 92.57 2.751 7.43 0.82 1.12
MeOH 0.019 0415 87.52 2.210 12.48 0.63 1.26

MeCN 0.008 0.398 95.68 1.843 4.32 0.46 1.25

CHCI; 0.113 1.242 5.50 3.980 94.50 3.82 1.01

4 DMF 0.071 0.936 90.76 3.447 9.24 1.16 1.19
MeOH 0.027 0.520 90.53 2.510 9.47 0.70 1.15

MeCN 0.011 0.408 85.46 2.013 14.54 0.64 1.26

Photophysical Properties

The absorption band of the ligand H4L! is located at 316 nm,
due to the m-m* transition from the iminophenol backbone,*?
and that is shifted to 330 nm for H,L? ligand (Fig. 7). The
solvent effect on the absorption spectra is negligible and both
the ligands show no emission spectra upon excitation in the
range of 315-330 nm. The absorption bands of complex 3 and 4
exhibits an additional band at around 400 and 430 nm
respectively (Fig. 7), which can be attributed to the

coordination with Zn'.??

The excitation spectra matches
similarly with the absorption spectra for both the complexes
and that confirms no geometry change occurs upon excitation.**
On excitation at the wavelength of absorption maxima, the
emission spectra of complex 3 and 4 consists of fluorescence
band centered around 490 and 543 nm respectively (Fig. 7),
which can be attributed to the z-z* transitions of the metal
perturbed ligand.>> The presence of high intensity fluorescence

spectra upon metal complexation can be described by the

6 | J. Name., 2012, 00, 1-3

increased conformational rigidity of the ligand within the
complex, and that causes to a smaller degree of nonradiative
deactivation.’® Furthermore, the emission spectra of both the
complexes strongly depend on the nature of the solvent, which
indicates specific solvation of the complex in the excited state.
To know about this dependence quantitatively, the solution-
state quantum yields were determined using the following
equation (4) *’

(I)x = (Ix/lst)(A st/Ax)(nxz/nstz)q)st (4)

where, @y is the quantum yield of the reference; I, and I are
the integrated areas under the emission spectra of the complex
and the reference. A and Ay, are the absorption coefficients of
the complex and the reference (Quinine sulfate).*® 1, and n are
the refractive index of the solvent of the complex and reference,
respectively. The obtained fluorescence quantum yields in
chloroform (determined relative to that of Quinine sulfate) are
0.097 and 0.113 for complexes 3 and 4 respectively (Table 1).

This journal is © The Royal Society of Chemistry 2012



Page 7 of 11

The corresponding @ values in other solvents (CH;OH, CH;CN
and DMF) are being listed in Table 1.

The luminescence lifetime, 7, of two complexes in different
solvents were calculated at room temperature using an
excitation wavelength of 340 nm. The fluorescence decay
curves of 3 and 4 (Fig. 8) can be well-fitted into a bi-
exponential function such as ¥’
1(t) = Aexp(-t/ 7)) +A,exp(-t/ 1) %)
where, /(7) is the luminescence intensity at time ¢, 4, and 4, are
the intensities at time #; and #,, respectively, and 7; and 7, are
the decay times for the exponential components, respectively.
The decays are characterized by two lifetimes: a long
component which is predominant in chloroform and is
responsible for the stronger emission in this solvent, and a
shorter component which is predominant in the other solvents.
The average lifetime (z,) can be calculated by using the
following equation,

Tay = (A1 71+ A2 1) /(A 1+A42) (6)
The average lifetime (z,,) obtained in chloroform are 3.25 and
3.82 ns for complexes 3 and 4, respectively. The corresponding
7 and 7, values in other solvents (CH;OH, CH;CN and DMF)

are being listed in Table 1.

Conclusions

Our results demonstrate that slow magnetic relaxation can be
achieved under an applied dc field in the high spin tetrahedral
Co" centres with an easy-plane magnetic anisotropy. To the
best of our knowledge, this is the first example of a helicate
based on transition metal ions showing such behaviour. The
results also prove that the dynamic magnetic properties of
transition metal based helicates can be tuned by structural
modifications. Furthermore, the study of the Zn analogues
reveal that they behave as potential candidates for photo-
luminescent materials.

Experimental Section

X-ray Crystallography

Intensity data were collected on a Briikker APEX-II CCD
diffractometer using a graphite monochromated Mo-Ka
radiation (o = 0.71073 A) at 296 K. Data collections were
performed using ¢ and ® scan. The structures were solved
using direct methods followed by full matrix least square
refinements against F> (all data HKLF 4 format) using
SHELXTL.* A multi-scan absorption correction, based on
equivalent reflections was applied to the data. Anisotropic
refinement was used for all non-hydrogen atoms. Hydrogen
atoms were placed in appropriate calculated positions. In
complexes 2 and 4, during the final stages of refinement, some
Q peaks having high electron densities were found, which
corresponding to disordered solvent molecules and hence are

This journal is © The Royal Society of Chemistry 2012
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squeezed out using the SQUEEZ program in PLATON. From
the TG analysis (Fig. S27), we have calculated that in complex
2, six CH3;CN molecules are present (calc. 18.1%; found
17.6%), whereas in 4 two CH3CN molecules are present (calc.
6.8%; found 6.6%), and hence these are included in the
molecular formula and accordingly the molecular weights have
been corrected and mentioned in the crystallographic table
(Table S1). Crystallographic data for complexes 1-4 were
summarized in Table S1.

Materials and Methods

All chemicals were of reagent grade and used without further
purification. The elemental analyses were carried out on
Elementar Microvario Cube Elemental Analyzer. FT-IR spectra
(4000—400 cm™ ") were recorded on KBr pellets with a Perkin-
Elmer Spectrum BX spectrometer. Powder X-ray diffraction
(PXRD) data were collected on a PANalytical EMPYREAN
instrument using Cu-Ko radiation. Magnetic measurements
were performed using a SQUID VSM magnetometer (Quantum
Design).
experimentally measured contribution of the sample holder,

The measured values were corrected for the
while the derived susceptibilities were corrected for the
diamagnetism of the samples, estimated from Pascal’s tables.*’
The photoluminescence spectral measurements were recorded
on a HORIBA JOBIN YVON FLUOROMAX-4
spectrofluorometer. The fluorescence lifetime measurements
were performed using a Hamamatsu MCP photomultiplier. The
time-correlated single photon counting (TCSPC) setup consists
of an Ortec 9327 pico-timing amplifier and using pulse Diode
laser (NanoLED, N-340) for excitation (4., = 340 nm) with a
setup target 10,000 count. The instrument response function
(IRF) was measured before and after fluorescence lifetime
measurement using a dilute suspension of Ludox (purchased
from Sigma) colloidal silica. The emission polarizer was
positioned at magic angle (54.7°) polarization with respect to
excitation polarizer. Single and multi-exponential fitting
functions were employed by iterative deconvolution method
using supplied DAS software. The diluted sample was directly
sprinkled on conductive carbon tape and coated with gold by
sputter coating for 2 min. They were visualized under a
scanning electron microscope (SEM) at a working voltage of 20
kV. The EDS was performed at a working voltage of 20 kV and
was standardized with the Co element.

Synthesis

Synthesis of ligand
Ligand H,L' and H,L? were synthesized following the
previously reported procedures.*!

[Cox(L"),]-2 (CH;CN) (1)

41 mg (0.1 mmol) of ligand H4L' and 37 mg (0.1 mmol) of
Co(ClOy),-6H,0 were taken acetonitrile/methanol mixture (2:1,
10 mL) and the reaction mixture was stirred for 30 mins. Then
triethylamine (0.2 mmol, 20 mg) was added this reaction
mixture which was rapidly stirred for 3 hrs. Red coloured single
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crystals of 1 were obtained in 65% yield by slow evaporation of
the reaction mixture over 3 days at room temperature in air.
Elemental analysis: calcd. (%) for CssHy4,C0,N¢Og: C 66.41, N
8.30, H 4.18; found C 66.56, N 8.21, H 4.25. Selected IR data
(KBr pellet; cm™): 1665(m), 1601(m), 1537(w), 1489(s),
1431(m), 1382(w), 1235(s), 1186(s), 857(w).

[Cox(L%),]-6 (CH;CN) (2)

50 mg (0.1 mmol) of ligand H,L* and 37 mg (0.1 mmol) of
Co(ClOy),-6H,0 were taken acetonitrile/methanol mixture (2:1,
10 mL) and the reaction mixture was stirred for 30 mins. Then
triethylamine (0.2 mmol, 20 mg) was added this reaction
mixture which was rapidly stirred for 4 hrs. Red coloured single
crystals of 2 were obtained in 53% yield by slow evaporation of
the reaction mixture over 2 days at room temperature in air.
Elemental analysis: calcd. (%) for C;,H70C0,N;¢O1o: C 63.91,
N 10.35, H 5.21; found C 64.02, N 10.41, H 5.30. Selected IR
data (KBr pellet; cm™): 1662(m), 1608(m), 1542(w), 1495(m),
1461(m), 1435(m), 1385(w), 1237(s), 1182(s), 855(w).

[Zny(L"),]-2 (CH;CN)(CH;0H) (3)

41 mg (0.1 mmol) of ligand H,L' and 38 mg (0.1 mmol) of
Zn(Cl0Oy), 6H,0 were taken acetonitrile/methanol mixture (2:1,
10 mL) and the reaction mixture was stirred for 30 mins. Then
triethylamine (0.2 mmol, 20 mg) was added this reaction
mixture which was rapidly stirred for 3 hrs. Yellow coloured
single crystals of 3 were obtained in 71% yield by slow
evaporation of the reaction mixture over one week at room
temperature in air. Elemental analysis: caled. (%) for
Cs7Hy46Zn,NgO7: C 64.72, N 7.94, H 4.38; found C 64.83, N
8.01, H 4.26. Selected IR data (KBr pellet; cm™): 1660(m),
1605(m), 1539(w), 1485(s), 1437(m), 1380(w), 1233(s),
1185(s), 851(w).

[Zny(L%),]-4 (CH;CN) (4)

50 mg (0.1 mmol) of ligand H,L* and 38 mg (0.1 mmol) of
Zn(Cl0Oy), 6H,0 were taken acetonitrile/methanol mixture (2:1,
10 mL) and the reaction mixture was stirred for 30 mins. Then
triethylamine (0.2 mmol, 20 mg) was added this reaction
mixture which was rapidly stirred for 4 hrs. Yellow coloured
single crystals of 4 were obtained in 61% yield by slow
evaporation of the reaction mixture over one week at room
temperature in air. Elemental analysis: caled. (%) for
CesHgaZn,NgO,o: C 63.61, N 8.72, H 5.02; found C 63.75, N
8.81, H 5.12. Selected IR data (KBr pellet; cm™): 1663(m),
1602(m), 1541(w), 1492(m), 1458(m), 1434(m), 1381(w),
1235(s), 1179(s), 857(w).

Preparation of Diluted Sample:

The diluted sample was prepared by a similar procedure to that
for complex 1, but using a mixture of Zn(ClO,), 6H,O and
Co(ClOy),-6H,0 in a 95:5 percentage ratio. The obtained doped
level in the final product was tested by energy dispersive X-ray
spectroscopy (EDS). EDS characterization of the diluted
sample indicated the presence of Zn, Co, O and N elements in
the sample (Fig. S25).
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It has been demonstrated that the slow relaxation of
magnetization can be achieved in the high spin tetrahedral Co"
centres with an easy-plane magnetic anisotropy within the
double-stranded helicates. The photoluminescent properties of
the Zn analogues were studied in different solvents.
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