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We report the synthesis and characterisation of a family of three CoII4, two CoII3 complexes from an symmetrical diazine
ligand, H2hyda = N,N−bis(3−methoxy salicylidene) hydrazine). The metallic skeletons of all complexes describe a nearly
linear arrangement of CoII centers. The present results highlight the profound influence of the anions on the structural
outcome of a complex. Furthermore, the distortion imposed by the twisted nature of the diazine based ligand depends on
the use of associated anions which results in triple helical CoII4 and double helical CoII3 entities. The CoII ions in complexes
1−3 are antiferromagnetically coupled leading to diamagnetic ground state. In contrast, complexes 4 and 5 exhibit a
magnetic ground state, but exhibit different behaviour at low temperatures due to differences in crystal packing and
hence
intermolecular
interactions.

Introduction
There is continued interest in understanding the rational
design of coordination compounds with desired, well defined
1
magnetic properties like single−molecule magnetism,
2
3
single−ion magnetism,
molecular cooling,
quantum
4
5
6
computing, magnetocaloric effect, spin crossover, etc. In
II
this context, Co coordination complexes continue to reveal
new possibilities because of the potential magnetic anisotropy
II
of Co ions and this anisotropy can be tuned by spin−orbit
7
coupling to contribute to the overall magnetic behavior.
II
Efforts have been focused on developing Co complexes with
specific arrangement of the anisotropy vectors that are
believed to play an important role in determining their
magnetic properties and in this regard, structurally simple
8
molecules are currently of interest. Literature reports of
II
coordination compounds of Co present a rich family to study
the influence of chemical modification on the magnetic
II
properties, which illustrates the potential of Co center(s).
II
Several examples featuring Co SMMs/SIMs demonstrated
II
large and tunable anisotropy of Co afforded by deliberate
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modification of coordination geometry, degree of structural
9
distortion and ligand field strength.
To obtain desired magnetic materials, many efforts have
been devoted to design appropriate bridging ligands that play
an essential role in dominating the exchange interactions. In
9w
10
11
this context, halides, nitrates and carboxylates are long
been appreciated for constructing polynuclear complexes that
hold inherent structural beauty and ideal model systems for
the studies of magnetism. With such considerations in mind, in
this work, we evaluated the scope of anion variation on the
structural features of three CoII4 and two CoII3 coordination
compounds. We have employed a diazine based ligand,
N,N−bis(3−methoxy salicylidene) hydrazine (H2hydva), that
could enforce helical structure12 and strategically chosen
anions, NO3−/Cl−/Br− and acetate/pivalate to assess the role of
anions.

Results and discussion
Ligand design aspects
Schiff base ligands incorporating the o−vanillin moiety has
enriched coordination chemistry by providing discrete
molecules to coordination polymers in both homo and
13
heteronuclear assemblies. Recently, we have explored the
use of o−vanillin with both aliphatic and aromatic alcohol
amines (2−amino ethanol, 3−amino propanol, 2−amino benzyl
14a
II
III
alcohol) to synthesise Cu6Dy3, Cu4Dy, Co4, Co7 and Co 2Ln
III
III
III
III
III
III 14b
complexes (Ln = Nd , Sm , Gd , Tb , Dy ). In light of these
results, we were prompted to undertake a new perspective to
investigate what happens when o−vanillin is dimerised by
means of hydrazine to form a diazine ligand.
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Scheme 1: Coordination pocket of ligand H2hydva used in this work.

A literature survey on similar diazine ligands based on
salicylaldehyde always produced dinuclear helicates.12 Our
goal in this paper was to explore the chemistry of
N,N−bis(3−methoxy salicylidene) hydrazine (H2hydva) towards
CoII in presence of two different sets of anions.
H2hydva contains six coordination sites, namely two Nimine,
two Ophenoxo and two Omethoxy to act as multipocket symmetrical
ligand system having two distinct coordination environments
(see Scheme 1). This makes it a ditopic ligand for binding to
hard Mn3+, Co3+ and lanthanides ions (see P−I/I’ in Scheme 1),
and soft +2 oxidation state 3d metal ions (see P−II/II’ in
Scheme 1). H2hydva primarily acts as a chelating ligand to bind
the metal centers in a helical manner by adopting a twisted
conformation when viewed along the N−N bond vector.
Several research groups have utilised this ligand to synthesise
both homometallic and heterometallic coordination complexes
15a
15b
which include Dy4, Dy10Co2, RE2M2 (RE = Gd, Tb, Dy, Y; M =
15c
15d
Co, Ni, Cu, Zn) and Cu3. (See Scheme S1 in the ESI) But as
II
far our knowledge goes, these complexes are the first Co only
structures derived from this ligand. Additionally, it should be
highlighted here that despite a good number of tetranuclear
II
Co 4 complexes offering open/closed cubane structures are
7e,9b,9s,9t,14b
II
reported in the literature,
open, linear type of Co 4
9w,15e
systems are scanty.
Here the twisted conformation of the
II
diazine ligand induced the Co centers to adopt linear
arrangement.
Synthetic aspects and characterisation
II

The reaction of H2hydva with different Co precursor salts in
alkaline methanol/dichloromethane medium at room
II
temperature yields tetra (1−3) and tri (4−5) nuclear Co
complexes as described by equations 1, 2, 3. Our approach was
−
−
−
to employ two different kinds of anions (NO3 /Cl /Br and
−
−
CH3COO /(CH3)3CCOO ) to investigate their roles in directing
the structure of the complex as well as in magnetic properties.
II
−
−
−
Interestingly, Co 4 species are generated from NO3 /Cl /Br (1,
2
and
3)
whereas
the
use
of
carboxylates
−
−
II
(CH3COO /(CH3)3CCOO ) leads to the formation of Co 3
complexes (4 and 5). Structural diversity is hence created
through substrate selection. Usually the pivalate ligands offer
structural rearrangement in polynuclear chemistry over its
16a
lighter analogues like acetates,
but this strategy does not
hold in case of 4 (acetate complex) and 5 (pivalate complex).

While optimizing the reaction conditions for the formation of
1−5, it was noticed that although the formation of the
complexes is independent of the metal (M) to ligand (L) ratio,
the ratio M : L : Et3N = 3 : 2 : 4 leads to maximum yield and
pure products. It is worth mentioning that the synthetic
method adopted for 1−3 also generated 4 and 5 but the single
crystals were too small to mount. However, the reverse
addition process yielded good quality crystals of 4 and 5. 1−5
are air stable and electrically non−conducting in solutions.
3H2hydva + 4CoX2 + 6Et3N + 2MeOH
+
−
= [Co4(hydva)3(X)2(MeOH)2] + 6[(Et3NH )(X )] ········· (1)
(X =NO3, Cl, Br)
2H2hydva + 3Co(AcO)2 + 4Et3N + 2MeOH
+
−
= [Co3(hydva)2(AcO)2(MeOH)2] + 4[(Et3NH )(AcO )] ·········(2)
4H2hydva + 3[Co2(H2O)(OOCCMe3)4(HOOCCMe3)4] + 20Et3N +
4MeOH + H2O = 2[Co3(hydva)2(OOCCMe3)2(MeOH)2] +
+
−
2H2O + 20[(Et3NH )(Me3CCO2 )]···(3)
To the best of our knowledge, 1−3 are first reported
coordination complexes of this new topology and highest
nuclearity reported for homometallic compounds of diazine
based ligands. (vide infra)
FTIR spectra of H2hydva and 1−5 are depicted in Figure S1,
in the ESI. The presence of metal bound methanol and lattice
−1
water molecule (for 5 only) in the 3420−3440 cm region for
complexes 1−5, is attributed to ν̅O−H stretching frequency (vide
−1
infra). The characteristic peak of H2hydva at 1623 cm
assignable to C=N stretching frequency gets decreased to
−1
lower wavenumber region of 1586−1610 cm in 1−5 signifying
metal coordination. Complexation through phenolic C−O was
supported by the red shift of the ligand peak centered at 1255
−1
−1
cm to 1247−1238 cm region in 1−5. 1 exhibits a peak at
−1
1384 cm attributable to metal bound covalent nitrate. The
symmetric ν̅s(COO) and asymmetric ν̅as(COO) stretching modes for
−1
1,3 acetate for 4 were detected at 1440 and 1575 cm
respectively while for the pivalate complex, they were found at
−1
1388 and 1544 cm respectively. The difference between
−1
smaller asymmetric and symmetric stretching of 135 cm and
−1
156 cm for 4 and 5 confirms the presence of μ1−3 bidentate
binding rather than monodentate mode which leads to a
−1
greater separation of 350 cm .16b
In order to verify the phase purity of the synthesised
complexes with the calculated single crystal data, powder XRD
were performed on powdered sample using Cu−Kα as source. It
was observed that, for all the complexes, the peak positions
match well with the calculated pattern from SC-XRD data but
the noise/scattering was high (Figure S2−S3 in the ESI).
Solid state structural descriptions
Crystallographic data for 1−5 are tabulated in Table S1 in the
ESI. It will be convenient to discuss the crystal structures of
1−3 and 4−5 in comparison to determine the structural change
in lieu of anion variation. We will elaborate the structures of 1
and 4 in detail while mentioning the notable differences within
1−3 and 4−5.

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

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

New Journal of Chemistry Accepted Manuscript

Published on 18 September 2018. Downloaded by University of Glasgow Library on 9/18/2018 4:05:53 PM.

ARTICLE

Page 3 of 11

Please
do not adjust
margins
New Journal
of Chemistry
View Article Online

DOI: 10.1039/C8NJ02955E

ARTICLE

Scheme 2: Binding mode of the deprotonated form of the ligand H2hydva encountered in this work (Type−I−II) and in the literature.

The solid state molecular structure of 1 reveals an open,
II
linear type, tetranuclear Co 4 motif encapsulated by three
2−
hydva ligands (see Figure 1, Table S12 and S13 in the ESI).
2−
Here, hydva ligands utilise two different coordination modes,
1
1
1
2
1
2
1
1
2
1
μ3−η : η : η : η (Type−I) and μ4−η : η : η : η : η : η (Type−II),
II
to bind four Co centers (see Scheme 2). As depicted in
2−
II
Scheme 2, one hydva spans the entire Co 4 whereas the
remaining two ligands partially support the core. The
II
coordination environment of the four Co ions can be classified
II
as: (a) the terminal Co centers (Co1 and Co4) are surrounded
by Ophenoxo (O6/O11), Nimine (N3/N6) of one ligand, μ−Ophenoxo
(O2/O3) and Omethoxy (O1/O4) of other ligand along with an
asymmetrically capped nitrate ion (Co1−O15 2.230(3) Å,
Co1−O16 2.284(4) Å, Co4−O18 2.138(9) Å, Co4−O19 2.351(7)
17
Å) (see Table S2 in the ESI). Continuous Shape Measurements
(CShMs) were performed to predict the geometry around the
II
Co centres (see Table S7 in the ESI) which indicated distorted
trigonal prismatic geometry (D3h) around the hexacoordinated
Co1 and Co4. The basal square plane is constituted by
O6O1O2N3 for Co1 and O3O4O11N6 for Co4 and they are
lifted from their least square planes by 0.5228(4) Å and
0.5526(5) Å resp e ctively. (b) The closest geometry of the
inner cobalt centers (Co2/Co3) could be assigned as distorted
octahedron coordinated by Ophenoxo (O2,O7/O3,O10) and Nimine

(N4,N1/N5,N2) of two ligands, Ophenoxo (O10/O7) of another
ligand and a coordinated methanol (O13/O14) molecule, as
dictated by the smallest CShMs value of 0.981/0.913 (see
Table S7 in the ESI). The Co‒O/N bond distances are typical for
II
Co centers and compare favourably with the bond parameters
II
11
found in other Co coordination complexes while Co···Co
bond distances ranging from 2.996−3.398 Å.
2−
The hydva ligands adopt a twisted conformation when
viewed along the N−N bond vector and the extent of the
helical twist of the three ligands chelating four cobalt centers
is different. The torsional angles of the diazine moieties in the
terminal ligand have the values of 58.4(3)° (chelating Co1 and
Co2) and 58.6(3)° (Co3 and Co4). However, the ligand chelating
inner Co2 and Co3, has a dihedral angle of 55.3(3)° around the
N‒N bond. This difference in the dihedral angles, restricts the
12a
D3 symmetry expected for a perfect triple helicate
(see
II
Figure 1). Thus, the formation of the Co 4 complex can be
II
described as the dimerisation of two puckered Co 2 units
through double phenoxo and diazine bridges. Two puckered
II
pentagonal Co 2 units are connected by a μ−phenoxo bridge
with a dihedral angle of 45.99° and further chelated by a
2−
hydva ligand to form a Co2N2O2 core. The dihedral angle
between the two terminal planes passing through the dimeric
unit is 13.60(8)°.
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Figure 1: (a) Molecular structure of complex 1 in ball and stick model. Hydrogen atoms associated with carbon atoms have been removed for the clarity. (b) Complex 1 in a
space fill model, where each of the ligands are shown in different colours to emphasize the triple helicate coordination structures, methanol and nitrate ligands are not
shown for the sake of clarity.

In 2/3, Cl−/Br− ligands are present in place of NO3−. While
the basic metallic skeletons are similar, there is nonetheless a
distinct difference between 1 and 2/3. Here, the outer CoII
centers (Co1 and Co4) bears five coordinated environment
composed of two Ophenoxo (one μ−bridged and another singly
μ1), one Nimine and Omethoxy group of diazine ligand and halide
ion (Cl− for 2, Br− for 3) (see Figure S4 and S5 in the ESI). From
the CShMs analysis, Co1 and Co4 correspond best to square
pyramidal (C4v) geometry (see Table S8−S8 in the ESI).
The crystal structure of 4 was determined in the
centrosymmetric triclinic P−1 space group with two
crystallographically independent CoII centers (Co1 and Co2) in
the lattice while 5 crystallises in the orthorhombic Pca21 space
group where each of the cobalt centers (Co1, Co2 and Co3) is
crystallographically independent (see Figure 2 and Figure S6 in
the ESI). In 4, the doubly deprotonated ligand utilises only the
type–I bridging mode to form the trinuclear array. The
asymmetric unit of 4 consists of one doubly deprotonated
ligand hydva2−, one μ2−bridging acetate, one coordinated
methanol, one occupied Co1 and one Co2 with half occupancy.
The peripheral cobalt centers (Co1 and Co1#) adopt a highly
distorted octahedral geometry with an NO5 coordination set
provided by μ−Ophenoxo and Nimine of one ligand, μ−Ophenoxo and
Omethoxy of the other ligand, while the fifth and sixth
coordination sites are supported by one methanol and
bridging acetate respectively. The central Co2 resides in
compressed octahedral environment with three trans angles of
180° while the cis angles vary from 87.22(13)° to 92.78(13)°.
The octahedral geometry is constituted by two Nimine
atoms, two μ−Ophenoxo of two hydva2− ligands and two bridging
acetates. The bridging acetate caps the inner and outer cobalt
1 1
atoms in μ2−syn−syn–η :η fashion with bond distances
2.119(3) and 2.073(3) Å respectively.
CShMs calculations were employed to infer the
coordination geometry around the metal centers. The central

Co2 has the smallest CShMs value of 0.249 suggesting a
distorted octahedron (Oh). The coordination polyhedron
around the terminal Co1/Co1# centers is close to an distorted
octahedron (Oh) (CShMs value 4.177/4.176). The presence of
one significantly longer Co–Omethoxy bond distance of Co1−O4
2.415(4) Å prompted us to search in the CSD for Co−O
distances in complexes displaying hexacoordinate Co(II)
centres with phenoxo/vanillin ligands. The CSD results display
that one of the most common Co–OMe distance is around 2.41
Å, reaffirming our distorted octahedral assignment (see Table
S10 in the ESI).
Here also the ligand hydva2− adopts a twisted conformation
to bind the central and peripheral cobalt centers where the
torsion angle is 50.4(6)°. This twisting reinforces the
displacement of outer cobalt atom (Co1) by 0.7794(6) Å from
the least square plane of Co2 constituted by N2O3N2#O3#Co2.
The metallic core reveals the presence of two puckered
pentagonal Co2N2Ophenoxo units of dihedral angle of 35.31(9)°
(angle between mean Co1O3Co2 and Co1N1N2Co2). These
units dimerise via the central CoII, bearing C2–axis in a twisted
manner resulting in a perfectly linear CoII−CoII−CoII
arrangement (180°) with Co···Co distance of 3.345 Å that
finally gives rise to double helical structure (see Figure 2).
Complex 5 features pivalate instead of acetate (see Figure
S6 in the ESI). As described in 4, all the CoII ions are in a
hexacoordinated environment. Note that, although the Co–
OMe distances in 5 (Co1−O8 2.489(5) Å, Co3−O4 2.480(5) Å)
are slightly longer than those observed in 4, the
pentacoordinated geometry around the outer Co1, Co3 ions is
discarded since the difference is not significant (~0.06 Å). Also,
the Co–OMe distances in 5 are still reasonable considering
similar reported structures. Therefore, as per CShM analysis,
II
all the Co ions display an octahedral arrangement of ligands
(seeTable S11 in the ESI).
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Figure. 2: (a) Molecular structure of complex 4 in a ball and stick model. Hydrogen atoms associated with carbon atomshave been removed for the clarity. (b) Complex 4 in
a space fill model, where each of the ligands are shown in different colours to emphasize the double helicate coordination structures, coordinated methanol and acetate
molecule is not shown for the sake of clarity. Symmetry operator for equivalent position, #: (1−x, 1−y, 1−z).

Supramolecular Description
The crystal packing of 1, 2 and 3 was further stabilised by
strong inter−molecular C−H···π interactions between the –CH3
of –OMe group and the adjacent phenyl ring. This gives rise to
1−D supramolecular chains in a zig−zag fashion along
crystallographic axis a and they are involved in inter chain
interactions through aromatic C−H····π to form a corrugated
sheet like structure (see Figure S7, Figure S8, Figure S9 in the
ESI). In 4 the adjacent molecules form 1−D supramolecular
chains through hydrogen bonding between the oxygen atom
of acetate and the hydrogen atom of coordinated methanol
molecule and these 1−D chains undergo C−H···O interac]on
along b axis to form 2−D sheet over bc plane (see Figure 3).
The crystal lattice of 5 is stabilised by the strong hydrogen
bonding between the lattice water (both donor and acceptor)
and acetate (acceptor)/methanol (donor) of the molecule to
form a zigzag chain along c axis. C−H···O interac]on between
the 1−D chains gives rise to 2−D sheet along ac plane (see
Figure S10 in the ESI).
Mass−spectrometric analysis
Mass spectrometry studies were performed to determine the
principal species present in solution and investigate the
fragments which combined during the synthesis and
crystallisation process. Mass spectra for 1−5 are recorded in
methanol (see Figure S11−S15 in the ESI). Complexes 1−3
offered identical peaks at 1072.13 amu (calcd. 1072.09) and
1094.11 amu (calcd. 1094.08) which can be identified as
[Co3(hydva)2(Hhydva)]+ and [Co3(hydva)3+Na]+ respectively.
The [Co3(hydva)2(Hhydva)]+ species appears as base peak in 1
while for 2 and 3 its relative intensities are 50% and 40%
2+/1+
respectively. The [Co4(hydva)3]
fragment is not detected in
the ESI−MS spectrum probably due to the instability of the
gaseous ion on the ESI−MS timescale. The base peak for 4
appeared at 818.02 amu (calcd. 817.99) assignable to
+
[Co3(hydva)2(OAc)−Me] where an –OMe group of one
o−vanillin moiety gets hydrolysed. Similarly two –OMe

hydrolysed fragmented peaks also appeared at 804.03 amu
and identified as [Co3(hydva)2(OAc)−2Me] fragment. We are
unable to detect the molecular ion peak of 4. For 5, the peak at
998.17 amu (calcd. 998.07) is attributed to the species
[Co3(hydva)2(Piv)2+Na]+ which appears as molecular ion peak
while the base peak appears at 874.13 amu (calcd. 874.05),
which is assigned to [Co3(hydva)2(OOCCMe3)]+. In both 4 and 5,
a dipositive peak of [Co3(hydva)2]2+ in small intensity appeared
at 386.49 amu (calcd. 386.49). In all the species mentioned
above, the expected isotopic pattern matches excellently with

Figure. 3: (a) 2-D supramolecular architecture formed by complex 4 in the ac plane.
(b) The zig-zag nature of the 1-D chain propagated along crystallographic axis a
connected through C-H-π interactions. (c) The zoom view of each of the 1-D chain
stabilized by inter molecular C−H···π interaction between the –CH3 of –OMe group
and the adjacent phenyl ring along the crystallographic axis c.
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Table 1: Some comparable parameters of complex 1−5

Atom−Atom

Twist angle of
liganda
(º)

Bond distance
( Å)

∠    
(º)

Co1−Co2
Co2−Co3

58.4(3)
55.3(3)

3.398
2.996

Co3−Co4

58.57(6)

3.366

113.50(8)
92.46(7)
91.43(7)
112.69(9)

Complex 2
Co1−Co2
Co2−Co3

58.4(4)
56.2(4)

Co3−Co4

58.3(4)

3.336
2.984
3.358

111.7(1)
91.56(8)
92.77(8)
112.13(9)

Complex 3
Co1−Co2
Co2−Co3

58.8(6)
56.6(5)

Co3−Co4

59.3(5)

3.320
2.969
3.351

111.8(2)
91.5(1)
92.7(1)
112.4(1)

3.345
3.345

111.60(15)
111.60(15)

3.297
3.308

110.3(2)
110.8(2)

Complex4
Co1−Co2
Co2−Co1#

50.4(6)
50.4(6)

Complex 5
Co1−Co2
Co2−Co3
a

Scheme 3: Possible mechanism for the formation of the tetranuclear complex from an
intermediate trinuclear entity as detected in ESI-MS.

the experimental one indicating the correct assignment of the
species.
Anion influence in complex formation and their structural
correlation
Finally, we tried to evaluate the structural differences
generated on changing the anion from NO3−/Cl−/Br− to
CH3COO−/(CH3)3CCOO− (see Table 1). As discussed in the
previous section we were able to detect the trinuclear species
[Co3(hydva)2(Hhydva)]+ or [Co3(hydva)3+Na]+ in the mass
spectrum. This species plays a key role in the formation of the
complexes. When carboxylate (CH3COO−/(CH3)3CCOO−)
combines with this trinuclear species through a 1,3 bridging
mode (via 6- member ring formation), both the charge and
coordination around the metal centre is satisfied. Bridging by
means of NO3−/Cl−/Br− set is characterized by three membered
ring formation as well as small bite angle for NO3 . Thus, if we
−
−
−
compare the bridging abilities between (NO3 /Cl /Br ) and
−
−
CH3COO /(CH3)3CCOO sets, it would be justified to presume
−
−
that the CH3COO /(CH3)3CCOO set scores better as bridging
−
−
−
entities. Therefore, in case of NO3 /Cl /Br analogues, one
2−
II
more hydva and Co centre combine with the trinuclear
fragment to satisfy the coordination and halide or nitrate acts
as termination group. This proposal of formation of
tetranuclear and trinuclear structures is depicted in Scheme 3.

51.0(8)
52.6(8)

ligand chelating the former atom entry, # (1−x, 1−y, 1−z)

As can be seen with increase of twist angle of the ligand, the
chelated Co···Co distance and consequently Co−O−Co angle
increases for all the five complexes (see previous section). For
complexes 4 and 5 syn−syn μ2−1,3−carboxylate bridge and a
single phenoxide bridge constitutes the linear arrangement of
II
Co 3 compounds. The change in carboxylate moiety induces
the non planarity in the Co2O1N2 core and deviation of the
terminal metal ion from the basal plane of the central metal
18
ion. Thus the terminal Co is 0.7789(6) Å deviated in complex
4 while in complex 5 Co1 and Co3 is deviated 0.8842(6) and
0.8182(6) Å from the least square plane of the central atom
respectively. Carboxylate variation has very little impact on
change in Co−O−Co angle (for 4, angle Co−O−Co 111.60(5)°; for
5, angle Co−O−Co 110.4(2)° and 110.8(2)°). In this context, the
presence of a single phenoxo− and acetato−bridged trinuclear
II
Co 3 arrangement is scarce in the literature. Si et al. reported a
II
couple of Co 3 coordination polymers where the Co−O−Co
angle is 117.82(8)° and the adjacent Co···Co distances are
17
3.853 Å.
II

Comparison with other diazine based Co complexes in literature
Complexes 1−5 join a small family of compounds containing a
diazine based ligand system. Literature reports of diazine based
ligands derived from salicyaldehyde show dinuclear coordination
III
III
III
complexes of Fe 2, Mn 2, Co 2 etc. Utilizing symmetrically two Nimine
III
and Ophen sites Lin et al. reported a Dy 4 defect dicubane where the
III
central Dy 4 core is sandwiched symmetrically by two diazine
ligands and Omethoxy remains uncoordinated. Comparing this with
III
the above mentioned examples, it can be viewed as two Dy 2 units
15a
III
II
connected by other auxiliary ligands. A Dy 10Co 2 complex was
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Magnetic Study
The variable−temperature magne]c proper]es of 1−5 were

investigated in the range of 290−2 K in an applied ﬁeld of 1000
Oe (see, plots Figure 4). The experimental values of   at
room temperature are significantly higher than the calculated
spin−only value for four isolated Co II ions (S = 3/2, g = 2;
7.50 cm3·mol−1·K) in case of the tetranuclear complexes 1−3,
and three non−interacting CoII ions for the trinuclear
compounds 4 and 5 (5.63 cm3·mol−1·K), suggesting the
presence of magnetic anisotropy. The magnetic anisotropy is
confirmed by variable−ﬁeld measurements (at 2, 4, 6 K in the
field range of 0–5 T), since none of the samples reach the
saturation magnetisation (see Figure S18 in the ESI). As
previously mentioned, the symmetry analyses19−21 on the
cobalt centers for 1−5 propose different geometries
considering the coordination environment around the CoII ions
(see CShMs values in Tables S7−S11 in the ESI). For 1 the two
outer hexacoordinate−CoII ions are described as distorted
trigonal prism (D3h), and the inner ones as octahedral (Oh). On
the other hand, two coordination environments can be
observed in 2 and 3: the outer CoII ions (Co1, Co4) are
pentacoordinate in a square pyramidal (C4v) environment,
whereas the inner ones (Co2, Co3) are hexacoordinate in an
octahedral geometry. Regarding the {CoII3} complexes 4 and 5,
all the three Co(II) centers can be described as distorted Oh.
Taking into account the different proposed symmetries, and
the corresponding d−orbital splitting, the magnetic anisotropy
may arise from 1st order spin−orbit coupling (SOC) effects
related to those atoms displaying ~Oh symmetry, and from
zero−ﬁeld splidng (ZFS) eﬀects from those ions displaying D3h
or C4v geometries. As the temperature is lowered, the
  products for 1−3 decrease gradually with temperature
3
−1
3
−1
reaching minima of 0.41 cm ·mol ·K (1), 0.77 cm ·mol ·K (2)
3
−1
and 0.73 cm ·mol ·K (3) at 2 K (see Figure 4). This decrease is
likely due to a combination of SOC and ZFS effects (see above)
as well as antiferromagnetic intramolecular interactions, and is

Figure 4. Temperature dependence of   for 1−5 in an applied field of 1000 Oe.

consistent with a diamagnetic ground state. The experimental
  values for complex 4 steadily decrease with temperature,
before reaching a plateau at ~10 K and a minimum of 4.54
cm3·mol−1·K at 2 K. The tendency observed above 10 K is
dominated by SOC effects, whereas antiferromagnetic
interactions are likely to be responsible for the decrease of the
susceptibility values below 10 K. In the case of 5, a decrease of
the   values until 13 K is observed (5.65 cm3·mol−1·K),
followed by an increase to reach a maximum of 6.97
cm3·mol−1·K at 2 K, consistent with the presence of weak
ferromagnetic interactions. Clearly, the {CoII3} complexes (4
and 5) exhibit different behaviour at low temperatures. This
could arise from differences in the intermolecular interactions
due to the different crystal packing displayed by the two
complexes. As previously discussed, 4 displays H−bonds
between MeOH and AcO− groups of different molecules, with a
Co···Co distance of 5.2261(7) Å. On the other hand, the
interaction displaying the shortest Co···Co distance in 5
(6.897(1) Å) is via phenoxide and MeOH groups and a water
molecule of crystallisation. That leads to an increase of the
Co···Co distances, and could lead to different intermolecular
interactions.
Considering the non−zero ground state inferred from the
  values shown by 4 and 5 at low temperatures, the
dynamic magnetic properties of both complexes were
investigated by ac susceptibility measurements as a function of
the temperature (T = 2–10 K) in the absence and presence of
an external field (Hdc= 2000 Oe) (see Figure S19 and S21 in the
ESI). No signal was observed in the out−of−phase suscep]bility
( ”) for 5 in zero applied dc field (see Figure S21, left in the
ESI) or under the influence of an applied field (Figure S21, right
in the ESI). In contrast, the application of a field leads to the
enhancement of the dynamic properties in 4, resulting in the
appearance of the tail of a frequency−dependent
out−of−phase signal (see Figure S19, right in the ESI). Thus,
isothermal field sweep ac susceptibility experiments as a
function of frequency were performed (see Figure S20 in the
ESI) towards the suppression of the quantum tunnelling of the
magnetisation within the molecule, which may be responsible
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III

reported by Zou et al. where all six sites bind Dy /Co in almost
linear arrays which are connected by acetates to generate a wheel
15b
like motif. In 2015, a series of linear [RE2M2] (RE = Gd, Tb, Dy, Y;
M = Co, Ni, Cu, Zn) complexes supported by two symmetrical
2−
15c
hydva ligands were reported. The same ligand was utilised by
II
Wei et al. to produce a linear Cu 3 complex surrounded by two
ligands where one Omethoxy from each ligand remained
15d
uncoordinated. But homometallic, tri/tetra nuclear complexes of
this ligand with systematic variation of auxiliary ligands are absent
2−
from the literature. In this paper, we have reported hydva
II
II
supported Co 4 and Co 3 structures utilising two sets of anions,
−
−
−
−
−
NO3 /Cl /Br and CH3COO /(CH3)3CCOO respectively to assess the
contribution of the anions to the structural outcome. For
NO3−/Cl−/Br− series, one hydva2− spans the entire skeleton utilizing
μ4−η1: η2: η1: η1: η2: η1 mode whereas, the other two ligands
partially encompasses the CoII centers via μ3−η1: η1: η1: η2 mode
(See Figure S16 in the ESI). The outcome of CH3COO−/(CH3)3CCOO−
series (See Figure S17 in the ESI) resembles the above mentioned
CuII3 example.
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for the null signal in zero applied dc field. Unfortunately, no
maximum of the ” signal was observed despite the
application of moderately large field (i.e. 5000 Oe) and
consequently no further ac studies were performed on 4.
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Conclusions
II

In this report, we undertook a systematic study of five Co
complexes equipped with a diazine based ligand,
N,N−bis(3−methoxy salicylidene) hydrazine (H2hydva), that has
been used to construct helical structures. Reacting H2hydva
II
–
–
II
–
with Co salts of NO3 /Cl /Br gave rise to tetranuclear Co 4
complexes
1/2/3.
When
we
switched
to
−
−
II
CH3COO /(CH3)3CCOO , we were able to isolate trinuclear Co 3
compounds. These outcomes underscore the point that the
–
–
–
−
−
sets of anions NO3 /Cl /Br and CH3COO /(CH3)3CCOO play
distinct structure directing roles in the complexes 1−5. The
presence of a twisted diazine type of ligand is the key feature
in generating triple helicates in 1/2/3 and a double helicate
structure for 4/5. We have also ventured to analyze the
structural differences among 1/2/3 and 4/5 through detailed
mass spectrometric studies and justified the structural
II
outcome. Eventually, these are the first Co based complexes
derived from this diazine ligand. The observed structural
differences in 1−5 lead to different final magnetic properties.
The magnetic studies show that the Co(II) ions tends to be
antiferromagnetically coupled within the tetranuclear {Co4}
family (1−3), considering the S ~ 0 ground state at 2 K.
Complexes 4 and 5 exhibit a different behaviour at low
II
temperatures despite their similar {Co 3} arrangement:
intermolecular antiferromagnetic Co···Co interactions seem to
be favoured in 4, whereas weak intermolecular ferromagnetic
interactions are in 5. The different intermolecular interactions
at low temperature may be a consequence of the changes in
the H−bonds arising from the different crystal packing.
We believe that the outcome of the present work would
provide important insight to the synthetic chemists for
optimizing the synthetic route. Future work involving related
ligands will be focussed on varying other synthetic parameters
for a comprehensive understanding of the systems.

Experimental Section
Chemicals and general instrumentation
All starting materials were obtained from commercial sources
and were of synthesis grade and used as received without
further purification. Solvents were dried following standard
procedures. All manipulation was performed under aerobic
condition. [Co2(H2O)(OOCCMe3)4(HOOCCMe3)4] was prepared
22
as previously described. The hexadentate ligand (H2hydva =
N,N−bis(3−methoxy salicylidene) hydrazine) was synthesised
15c
according as previously described.
The ligand was further
purified by recrystallisation from hot chloroform to give
needle−like yellow crystals. Elemental analysis for carbon,
hydrogen and nitrogen was carried out on a Perkin−Elmer
2400 II analyzer. FT−IR spectra were recorded on Perkin Elmer

Spectrum 100 spectrophotometer on KBr disk. Powder X−ray
diffraction (PXRD) patterns were acquired using a PANalytical,
X’PERT diffractometer (Netherlands) operated at 40 kV, 30 mA,
of
with
graphite−monochromatised
Cu−Kα radiation
wavelength = 1.5418 Å and a nickel filter. ESI−MS was
performed on a Waters Xevo G2−S QTOF instrument in LC−MS
grade solvent.
Synthesis of complexes
[Co4(hydva)3(NO3)2(MeOH)2] (1)
H2hydva (0.15 mmol, 0.049 g) was dissolved in 10 mL
dichloromethane. To this yellow solution Co(NO3)2·6H2O (0.225
mmol, 0.065 g) in 5 mL of methanol was added and the
solution became reddish. Then 0.3 mmol (42µL) of Et3N was
added to it and vigorously stirred for 3 hrs. The volume was
o
reduced on a rotary evaporator at a temperature below 35 C
and layered with diethyl ether. Reddish−brown block crystals
suitable for single crystal XRD study were obtained after 4
days. Crystals were separated by filtration and quickly washed
with copious amount of ice cold methanol and dried in a
calcium chloride desiccator. Yield: 53 mg (71% based on Co).
M.W.−1318.71 g/mol. Elemental (CHN) (%) analysis for
C50H50Co4N8O20: Calcd: C, 45.54; H, 3.82; N, 8.50; found: C,
−1
45.03; H, 4.07; N, 8.75. FTIR (cm ): 3401, 2930, 1603, 1436,
1245, 1211, 1082.
[Co4(hydva)3(Cl)2(MeOH)2] (2) and [Co4(hydva)3(Br)2(MeOH)2]
(3) were prepared according to the procedure described for
complex 1 using CoCl2·6H2O and CoBr2·6H2O respectively
instead of Co(NO3)2·6H2O. The analytical data of the complexes
are given below:
[Co4(hydva)3(Cl)2(MeOH)2] (2)
Yield: 47 mg (65% based on Co). M.W.−1265.6 g/mol.
Elemental (CHN) (%) analysis for C50H50Cl2Co4N6O14: Calcd: C,
47.45; H, 3.98; N, 6.64; found: C, 47.93; H, 3.65; N, 6.98. FTIR
−1
(cm ): 3324, 2927, 1600, 1457, 1437, 1288, 1211, 1082, 739.
[Co4(hydva)3(Br)2(MeOH)2] (3)
Yield: 43 mg (56% based on Co). M.W.−1354.5 g/mol.
Elemental (CHN) (%) analysis for C50H50Br2Co4N6O14.Calcd: C,
44.34; H, 3.72; N, 6.20; found: C, 44.07; H, 3.72; N, 6.20. FTIR
(cm−1): 3350, 2927, 1603, 1456, 1432, 1243, 1209, 1081, 738.
Complexes 4 and 5 were synthesised with small alterations to
the procedure described above.
[Co3(hydva)2(OAc)2(MeOH)2] (4)
H2hydva (0.15 mmol, 0.049 g) was dissolved in 3 mL of
dichloromethane and it was added to a previously prepared 5
mL methanolic solution of Co(OAc)2·4H2O (56 mg, 0.225
mmol). The colour turns deep red on addition of Et3N (42µL,
0.3 mmol) and stirring was continued for 3 hrs followed by
filtration to remove any insoluble residue. The solution was
layered with diethyl ether. After 5 days, X−ray quality deep red
crystals were obtained and washed with copious amount of
cold methanol and dried under vaccum. Yield: 65 mg (78%
based on Co). M.W.−955.55 g/mol. Elemental (CHN) (%)
analysis for C38H42Co3N4O14: Calcd: C, 47.76; H, 4.43; N, 5.86;
found: C, 48.23; H, 4.88; N, 5.32. FTIR (cm−1): 3387, 2932, 1578,
1439, 1242, 1208, 1080, 735.
[Co3(hydva)2(OOCCMe3)2(MeOH)2]∙2H2O (5)
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Same procedure as described for 4 was followed using
[Co2(H2O)(OOCCMe3)4(HOOCCMe3)4] (107.2 mg, 0.113 mmol)
instead of Co(OAc)2. Yield: 50 mg (61% based on Co).
M.W.−1075.73 g/mol. Elemental (CHN) (%) analysis for
C44H58Co3N4O16: Calcd: C, 49.13; H, 5.43;N, 5.21; found: C,
−1
48.74; H, 5.01; N, 4.96. FTIR (cm ): 3418, 2960, 1609, 1542,
1459, 143, 1212, 1109, 736.
Magnetic Measurements
Magnetic measurements for all the complexes (1–5) were
performed on polycrystalline samples constrained in eicosane,
using a Quantum Design SQUID magnetometer equipped with
a 5 T magnet. The direct current (dc) measurements were
performed in the temperature range 290–2 K under an applied
field of
1000 Oe. Field−dependent magnetisation
measurements were performed at 2, 4 and 6 K, over the range
0–5 T. Dynamic susceptibility measurements were performed
over the temperature range of 2–10 K, with a drive field of 3
Oe and a frequency range from 1 to 1488 Hz. Data were
corrected for the diamagnetic contribution of the sample
holder and eicosane by measurements and for the
diamagnetism of the compounds.
Single Crystal X−ray Structural study
Single crystals of 1, 2, 4 and 5 were picked up with nylon loops
and were mounted on a Bruker AXS D8 QUEST ECO
diffractometer (at 296 K) equipped with a Mo−target
rotating−anode X−ray source and a graphite monochromator
(Mo−Kα, λ = 0.710 73 Å) while that of 3 was collected from a
Bruker Nonius Apex II CCD diffractometer (at 296 K) with
graphite monochromator and Mo‒Kα radiation (λ = 0.71073 Å).
Crystal structures were determined by direct methods and
subsequent Fourier and difference Fourier syntheses, followed
2
by full−matrix least squares refinements on F using SHELXL
23a
−2017/1 software package.
Crystal structure of 1 was
refined with SHELXL −2017 within the Olex2−1.2 sojware
package where one of the coordinated nitrate ion was
23b
modelled with PART instruction. The unit cell of 4 includes
disordered solvent molecules which could not be modelled as
discrete atomic sites therefore ‘solvent mask’ feature of Olex
2-1.2 was employed. PLATON/SQUEEZE was employed to
calculate the diffraction contribution of solvent molecules
which accounts possibly for the one water molecule per unit
cell in non‒stoichiometric occupancy (see ESI). Scaling and
multiscan absorption corrections were employed using
23c
SADABS. Hydrogen atoms were located at their calculated
position and refined isotropically, while the non hydrogen
atoms were refined anisotropically. The hydrogen atom
attached to oxygen was located in the difference Fourier map
and refined isotropically. The crystallographic figures were
23d
generated using Diamond 3.0 software.
The crystal
parameters of the complexes are shown in Table S1 in the ESI.
Metric parameters for complexes 1−5 are tabulated in Table
S2−S6 in the ESI. CCDC: 1826188−1826190, 1826192 and
1826193 contain supplementary crystallographic data for this
paper. These data can be obtained free of charge from the
Cambridge
Crystallographic
Data
Centre
via
www.ccdc.cam.ac.uk/data_request/cif.
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