
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
20

/2
02

4 
4:

33
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Lanthanide induc
aSchool of Natural Sciences, Massey Universi

New Zealand. E-mail: p.g.plieger@massey.a
bDepartment of Engineering Science, Gradua

The University of Electro-Communication, 1

Japan

† Electronic supplementary information (
For ESI and crystallographic data in CI
10.1039/d1ra08797e

Cite this: RSC Adv., 2022, 12, 4828

Received 2nd December 2021
Accepted 1st February 2022

DOI: 10.1039/d1ra08797e

rsc.li/rsc-advances

4828 | RSC Adv., 2022, 12, 4828–48
ed variability in localised CoII

geometries of four triangular L3Co3
IILnIII

complexes†

Tyson N. Dais, a Rina Takano,b Takayuki Ishida b and Paul G. Plieger *a

Four tetranuclear heterobimetallic triangle complexes [L3Co3Dy(NO3)2(H2O)(MeOH)5](NO3) (C1),

[L3Co3Gd(NO3)3(MeOH)4] (C2), [L3Co3La(NO3)2(H2O)6](NO3)(H2O) (C3), and [L3Co3TbCl(NO3)2(H2O)0.5(MeOH)3.5]

(C4), where H2L ¼ 1,4-bisformylnaphthalene-2,3-diol, have been synthesised and structurally

characterised. Each complex crystallises with a complete molecule in the asymmetric unit (Z0 ¼ 1) and

displays near perfect octahedrality in two out of three CoII centres. The third CoII ion assumes a different

coordination geometry in each complex: six-coordinate octahedral in C1, six-coordinate with

a distortion towards trigonal prismatic in C2, five-coordinate trigonal bipyramidal in C3, and five-

coordinate square pyramidal in C4; which has been attributed to increasing lanthanide cation size,

coupled with a non-macrocyclic coordination environment. Continuous Shape Measurement (CShM)

calculations and octahedral distortion parameter calculations were performed, using the SHAPE and

OctaDist software packages, respectively, in order to aid in the assessment of each metal centre's local

coordination geometry. The preliminary magnetic investigation of C3 found cmT ¼ 9.4 cm3 K mol�1 at

300 K and M ¼ 7.1 mB at 1.8 K, which are approximately two thirds the maximum theoretical values for

three CoII ions and indicates the presence of a relatively large zero-field splitting parameter (D/kB ¼ 65

K) operative in each CoII ion rather than exchange coupling between the CoII centres.
Introduction

Metal ions have a rich history in aiding otherwise untenable
chemical transformations and play a pertinent role in the self-
assembly process of many molecular clusters. Of particular
importance, is the use of metals to template the formation of
macrocycles and interlocked molecules in a controlled and
predictable manner.1–8 While mononuclear and homometallic
polynuclear complexes are among the most common, there is
a great interest in heterometallic complexes with predictable
nuclearities and topologies. Heterometallic polynuclear complexes
have been explored in many elds of science from antibacterial
agents9–11 and molecular machines,12–15 to heterogenous cata-
lysts,16–19 molecular magnets,20–25 and spintronic devices.26–30

A hexa-phenolate macrocycle, templated with an all-in-plane
tetranuclear Zn3LaO6 3d/4f core, was rst reported by Nabe-
shima.31 This metal cation templated route provided a vast
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35
improvement in yield over their previous metal-free attempts to
perform 3 + 3 Schiff base condensations of 1,4-
diformylbenzene-2,3-diol with various diamine linkers.32 This
same method involving templated macrocyclisation was later
extended to include various combinations of trivalent lantha-
nide ions with ZnII,33–40 CuII,41–46 NiII,47 or CoII centres.48 Families
of triangular macrocyclic complexes containing ZnII, CuII, and
NiII with a variety of LnIII have been investigated by Brooker
et al. for their magnetic properties.33,34,41–47 More recently,
Mashima and Nozaki et al. have prepared macrocyclic
complexes with a CoII3Ln

IIIO6 core for the catalysis of copoly-
merisation of CO2 and cyclohexene oxide.

While some of the complexes discussed in these reports have
been structurally characterised, many have not. In particular,
the aldehyde containing intermediate complexes which self-
assemble prior to condensation/macrocyclisation have only
been successfully isolated, with full structural characterisation
reported, for three older examples (Refcodes: HICLIP31 and
XUVVIV/XUVVOB47) and four recently reported Ni3Ln examples
(WARKIN, WARKEJ, WARKOT, and WARKUZ).49

MacLachlan et al.50 established a method to obtain hepta-
nuclear ZnII clusters from the reaction of a pre-formed macro-
cyclic hexa-phenolate ligand with seven equivalents of
Zn(OAc)2$2H2O, which was later shown to be capable of forming
the Zn3LaO6 type complex by Nabeshima et al.51 Nabeshima
further showed that the 3 + 3 condensation reaction can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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carried out in the presence of two equivalents of zinc per
equivalent dialdehyde, yielding a hexanuclear complex con-
tained within the expected macrocycle.31

While following our interest in exploring the magneto–struc-
tural correlations of non-macrocyclic dialdehyde ligated TM3Ln
type complexes, four CoII3Ln complexes have been synthesised
with notably different CoII coordination geometries. We now
report the self-assembly and structural characterisation of four
non-macrocyclic triangle complexes containing CoII3Ln

IIIO6

cores, each of which features two octahedrally coordinated CoII

centres and a third CoII featuring a variation in geometry.
Preliminary magnetic measurements have been carried out on
the LaIII containing complex, C3, and are briey discussed.
Results and discussion

The four L3Co3Ln complexes reported here were prepared from
a 3 : 1 : 3 mixture of methanolic solution of cobaltous nitrate,
Fig. 1 Schematic showing the general metal–ligand connectivity of
the complexes reported in this work. C ¼ grey, O ¼ red, CoII ¼ purple,
and LnIII ¼ green.

Table 1 Selected bond lengths and angles for C1–C4

Distance/Å C1 C2

LnIII–Ophenol 2.393(8)–2.460(8) 2.410(5)–2.5
LnIII–Onitrate 2.450(8)–2.459(7) 2.455(6)–2.4
LnIII–Osolvent

a 2.339(7) —
CoII–Ophenol 1.980(8)–2.036(9) 1.989(5)–2.0
CoII–Oformyl 1.996(9)–2.044(10) 1.990(8)–2.0
CoII–Owater 2.148(9) —
CoII–Omethanol 2.133(8)–2.191(8) 2.108(6)–2.1
CoII–Anionb 2.166(8) 2.130(5)–2.2
Av. CoII–CoII 6.248(4) 6.365(2)
Av. CoII–LnIII 3.610(3) 3.676(2)
Min. LnIII–LnIII 10.221(2) 10.625(2)
LnIII–Co3 plane 0.139(2) 0.091(1)
Co4–O4 plane

d 0.015(5) 0.648(3)

Angle/�

CoII–O–LnIII 106.2(4)–109.3(4) 106.2(2)–11

a Omethanol (C1) and Owater (C3).
b Anion is m1-NO3 (C1), m2-NO3 (C2), m1-

methanol/water cap. d The O4 plane corresponds to the least-squares
octahedral binding environment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
a lanthanide salt, and the relatively simple ligand, 1,4-
bisformylnaphthalene-2,3-diol (H2L). Addition of the cobalt
solution caused rapid dissolution of the ligand suspension
regardless of order, the same effect was not observed when the
lanthanide solution was added prior to the cobalt solution. The
reaction mixture required stirring overnight as the reaction
proceeded through a (non-product) precipitation stage which
redissolved upon further stirring. The lanthanide salts utilised
were Dy(NO3)3$6H2O (C1), Gd(NO3)3$6H2O (C2), La(OAc)3$6H2O
(C3), and TbCl3$6H2O (C4). While these complexes initially
appeared to be stable in air, the crystallinity of some samples
was observed to be fragile to desolvation.

Each lanthanide is bound equatorially in an O6 environment
by three catecholate (equivalent to six phenolate) groups in an
approximately planar arrangement, selected distances and
angles can be found in Table 1. The prearrangement of the three
ligand molecules around the lanthanide centre brings the
aldehyde groups into proximity akin to the imine nitrogens of
a salen moiety (Fig. 1). The two adjacent aldehyde and pheno-
late groups form an O4 environment to bind to the equatorial
sites of the cobalt centres while the remaining axial coordina-
tion sites of each metal are bound by a mixture of solvent
molecules or anions. Complexes C1–C3 all crystallised in the
triclinic space group P�1, while complex C4 crystallised in the
monoclinic space group C2/c. Only C1 and C2 contain three 6-
coordinate CoII centres, with C3 and C4 each containing one
heavily distorted 5-coordinate CoII centre. Of the four structur-
ally characterised CoII3Ln type complexes reported by Mashima
and Nozaki et al.48 all but one CoII centre has near perfect
octahedral geometry. A single CoII ion in the Co3Ce complex
features a near square-pyramidal geometry. In order to assess
the local coordination geometry of each CoII centre, Continuous
Shape Measurement (CShM) calculations52,53 were employed
alongside octahedral distortion calculations (hDi, D, z, and S)
C3 C4

52(6) 2.567(9)–2.657(8) 2.439(5)–2.546(5)
98(5) 2.625(8)–2.801(9) 2.438(6)–2.494(5)

2.576(9) —
11(5) 1.984(8)–2.046(8) 1.984(5)–2.045(5)
46(5) 1.982(9)–2.044(9) 1.988(5)–2.025(4)

1.922(13)–2.177(8) 2.195c

78(6) — 2.133(6)–2.200(20)c

06(6) — 2.292(2)
6.392(3) 6.353(2)
3.706(2) 3.671(1)
9.598(1) 10.540(1)
0.333(1) 0.143(1)
0.609(5) 0.581(3)

1.0(2) 104.1(3)–108.5(3) 107.0(2)–109.2(2)

Cl (C4). c The Co2 cap in C4 has been modelled as a 1 : 1 disordered
plane of the four ligand-based (equatorial) donors in the idealised

RSC Adv., 2022, 12, 4828–4835 | 4829
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Table 2 Calculated parameters describing distortion of the coordi-
nation sphere from the ideal octahedral geometryc
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using the OctaDist soware package,54 the values of these
parameters can be found in Table 2.
OC-6a hDi D z S

C1–Co2 1.586 2.0693 0.3499 0.00091 66.701
C1–Co3 1.634 2.0690 0.2849 0.00061 68.799
C1–Co4 0.733 2.0589 0.4800 0.00174 38.287
C2–Co2 1.263 2.0529 0.3597 0.00106 59.272
C2–Co3 0.301 2.0522 0.3569 0.00095 29.476
C2–Co4b 4.914 2.0612 0.4273 0.00154 115.791
C3–Co2 0.355 2.0683 0.3929 0.00114 28.613
C3–Co3 0.605 2.0553 0.2738 0.00073 43.621
C4–Co2 0.738 2.0545 0.3429 0.00089 43.664
C4–Co4 0.947 2.0595 0.4181 0.00137 56.121

a Values near or below one indicate minimal distortion from the ideal
geometry. b C2–Co4 is distorted towards D3h trigonal prismatic. c The
octahedral distortion parameters calculated by OctaDist are dened
as: hDi, the average M–L bond length; D, the average of the deviations
of M–L bond lengths from hDi; z, the sum of the deviation of bond
Molecular structures

Crystal structure and renement details for C1–C4 can be found
in Table S1 of the ESI.†

The crystal structure of C1 (Fig. 2) shows the complex takes
a non-planar arrangement and is the only complex reported
here to contain three near perfect six-coordinate octahedral CoII

centres with CShM(OC-6)/S values of 1.586/66.70 (Co2), 1.634/
68.80 (Co3), and 0.733/38.29 (Co4).

The DyIII centre ofC1 occupies a nine-coordinate environment
where the three non-equatorial donors are an axially coordinated
methanol and an axially coordinated m2-NO3 group, binding
opposite sides of the Co3 plane. The Co2 and Co3 cobalt centres
ofC1 are axially capped with solvent typemolecules, whereas Co4
Fig. 2 X-ray crystal structure of C1. Thermal ellipsoids of metal atoms
shown at 70% probability. H atoms have been omitted for clarity. C ¼
grey, O ¼ red, N ¼ blue.

Fig. 3 X-ray crystal structure of C1 showing the intermolecular
hydrogen bonding between two units complex and the non-coordi-
nated nitrate. Thermal ellipsoids of metal atoms shown at 70% prob-
ability. Non-acidic H atoms have been omitted for clarity. H bonds
shown as segmented yellow bonds. C ¼ grey, O ¼ red, N ¼ blue.

lengths from hDi; and S, the sum of deviations of the 12 cis angles
from 90�.

4830 | RSC Adv., 2022, 12, 4828–4835
features an axially coordinated m1-NO3 group as well as a meth-
anol cap. In order to achieve charge neutrality, the total metal
charge of +9 (Dy3+ and 3 � Co2+) is partially balanced by 3 � L2�

and the two coordinated NO3
� groups, with the nal negative

charge originating from a non-coordinated NO3
� anion, giving

an overall formula of [L3Co3Dy(NO3)2(H2O)(MeOH)5](NO3). C1
features extensive intermolecular and intra-complex hydrogen
bonding (Fig. 3). The non-coordinated nitrate group forms strong
hydrogen bonds from its O26 oxygen to a methanol cap of Co2
(O26/H13 ¼ 1.989(10) Å) and the water cap of Co3 (O26/H15A
¼ 1.904(10) Å). A symmetry generated complex provides two
further hydrogen bonds, stemming from the H14* proton of
a methanol cap of Co2* (O27/H14* ¼ 2.496(9) Å, and O28/
H14* ¼ 2.100(8) Å). There are also two strong hydrogen bonds
formed between the two units complex by the methanol cap of
Co4* with the water cap of Co3 (O15/H17* ¼ 2.008(7) Å), and
the proton of the Co3 water cap acting as a hydrogen bond donor
Fig. 4 X-ray crystal structure of C2. Thermal ellipsoids of metal atoms
shown at 70% probability. H atoms have been omitted for clarity. C ¼
grey, O ¼ red, N ¼ blue.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 X-ray crystal structure of C3 showing the intermolecular
hydrogen bonding between two units complex and the non-coordi-
nated nitrate. Inset showing the two partial occupancy nitrate sites.
Thermal ellipsoids of metal atoms shown at 70% probability. Non-
acidic H atoms have been omitted for clarity. H bonds shown as
segmented yellow/pink bonds. C ¼ grey, O ¼ red, N ¼ blue.
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to the aldehyde binding Co4* in the symmetry generated mole-
cule (O9*/H15B ¼ 2.078(8) Å).

Complex C2 crystallised in the triclinic space group P�1 with
the formula [L3Co3Gd(MeOH)4(NO3)3] (Fig. 4). C2 is signi-
cantly more planar than C1 and features two near perfectly
octahedral cobalt centres (Co2 and Co3) each axially coordi-
nated by two methanol molecules with CShM(OC-6)/S values of
1.263/59.27 (Co2) and 0.301/29.48 (Co3). The remaining cobalt
centre, Co4, is also six-coordinate but is capped by a m2-NO3

group leading to a heavily distorted octahedral geometry tend-
ing towards D3h trigonal prismatic with CShM(OC-6, TPR-6)/S
values of 4.914, 9.173/115.79. At the heart of C2 is a ten-
coordinate GdIII ion, capped either side of the Co3 plane by
a m2-NO3 group, with a pseudo-hexagonal bipyramidal coordi-
nation geometry.

Similar to C1 and C2, complex C3 (Fig. 5) also crystallised in
P�1, with the formula [L3Co3La(NO3)2(H2O)6](NO3)(H2O)$[1.5
Et2O], but only has two six-coordinate cobalt centres (Co2 and
Co3). Both Co2 and Co3 are axially coordinated by water
molecules forming near perfect octahedral coordination
geometries with CShM(OC-6)/S values of 0.355/28.61 (Co2) and
0.605/43.62 (Co3). In contrast, Co4 has only a single axially
coordinated water molecule resulting in a ve-coordinate dis-
torted D3h trigonal bipyramidal coordination geometry with
a CShM(TBPY-5) value of 1.678.

The LaIII ion in the centre of C3 is coordinated by two m2-NO3

groups and a water molecule, resulting in an 11-coordinate
centre with the approximate C5v symmetry of a capped pentag-
onal antiprism with a CShM(JCPAPR-11) value of 4.655. The
nal negative charge required to balance the +9 charge of the
metal centres, as in C1, is present as a non-coordinated nitrate.
This non-coordinated nitrate species is crystallographically
disordered over two spatially similar sites with freely rened
occupancies of 0.47(2) (site A) and 0.53(2) (site B) (Fig. 6, inset).
A water cap of Co3 forms strong hydrogen bonds to three of the
four possible oxygen atoms belonging to the disordered nitrate
(setting the cut-off distance to 2.50 Å). The inset of Fig. 6 shows
Fig. 5 X-ray crystal structure of C3. Thermal ellipsoids of metal atoms
shown at 70% probability. H atoms and disordered species have been
omitted for clarity. C ¼ grey, O ¼ red, N ¼ blue.

© 2022 The Author(s). Published by the Royal Society of Chemistry
both non-coordinated nitrate sites and the hydrogen bonds they
form with H15A: O31B/H15A ¼ 1.848(9) Å, O33B/H15A ¼
2.281(9) Å, and O33A/H15A¼ 2.154(9) Å, with an O31A/H15A
distance of 2.905(8) Å.

A second unit complex is generated by inversion symmetry
(Fig. 6) which forms a symmetric set of hydrogen bonds between
the N1 nitrate cap of La1 and O13 water cap of Co2 in each unit
complex, resulting in an intramolecular hydrogen bond (O19/
H13A¼ 1.936 Å) and an intermolecular hydrogen bond (O21*/
H13B ¼ 1.951 Å). The crystal structure of C3 was also found to
contain diethyl ether molecules across at least 4 sites in the
asymmetric unit. These lattice solvents were heavily disordered
and unstable even to isotropic renement, thus have been
modelled within a solvent mask using the Olex2 implementa-
tion of BYPASS, containing 64 electrons in 192 Å3 per asym-
metric unit which ts well with 1.5 diethyl ether molecules (63
electrons). These solvate species were not observed in the
Fig. 7 X-ray crystal structure of C4. Thermal ellipsoids of metal atoms
shown at 70% probability. H atoms and disordered species have been
omitted for clarity. C ¼ grey, O ¼ red, N ¼ blue, Cl ¼ green.

RSC Adv., 2022, 12, 4828–4835 | 4831
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Fig. 8 Simplified X-ray crystal structure packing diagrams of C1 and
C2 viewed along the crystallographic a-axis.
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microanalytical data, but are consistent with the observation of
the crystalline sample rapidly crumbling upon sitting in air.

The crystal structure of C4 (Fig. 7) revealed a relatively non-
planar system featuring one ve-coordinate and two six-
coordinate cobalt centres. Although the preparation of C3 re-
ported here also utilised a non-nitrate lanthanide salt
(La(OAc)3$6H2O), C4 exclusively features a mixture of nitrate
and non-nitrate (chloride) anions. Both Co2 and Co3 are octa-
hedral, with CShM(OC-6)/S values of 0.738/43.66 (Co2) and
0.947/56.12 (Co4), with Co4 being axially coordinated by two
methanol molecules. Co2 has an axially coordinated methanol
on one side of the plane, however the other cap is present as
a crystallographically disordered 1 : 1 methanol/water species.
Co3 is unambiguously capped by a single chloride anion origi-
nating from the TbCl3$H2O salt with an overall formula of [L3-
Co3TbCl(NO3)2(H2O)0.5(MeOH)3.5]$[2.5H2O]. This ve-
coordinate cobalt centre sits in an approximately C4v square
pyramidal coordination geometry with a CShM(SPY-5) value of
1.734.

The crystal lattice was found to contain two solvent acces-
sible voids equivalent to 14 electrons in 68 Å3 and 8 electrons in
24 Å3 when modelled within a solvent mask using Olex2, which
corresponds to approximately 1.5 water molecules and 1 water
molecule, respectively, per asymmetric unit and is consistent
with the microanalytical data for C4 – see experimental details.

Based on the general formulation L3Co3Ln(anion)3 +
solvents, cobalt is expected to be in the +2 oxidation state (+3
from LnIII,�2 from L, and�1 from each anion, giving an overall
charge of �6 to be balanced by three cobalt centres). The same
result is evidenced by further examining the average equatorial
Co–O bond lengths in Table 1, which are consistent with the
longer bonds expected for CoII. Further, the bond valency55,56 of
each cobalt centre has been assessed in PLATON57,58 and all sit
in the range of 2.18–2.36.

The structural differences between the four complexes are
quite striking and in the rst instance may be attributed to the
differing sizes of the central lanthanide cation. For instance, the
structure of C1, with a small DyIII ion at its centre, is dictated by
the cobalt centres, each one adopting an ideal octahedral
geometry. The differences between the larger lanthanide
cations in complexes C2–C4 is more subtle, with no clear or
obvious reason for the different cobalt geometries, other than
they are now unable to form idealised octahedral geometries.

p–p stacking interactions were analysed in Olex2 (ref. 59)
with aromatic centroid–centroid distances listed in Table 3 as
well as the cross-sectional molecular area, calculated in the
Co3–L3 plane using the inbuilt ChemCra utility.
Table 3 Calculated p–p stacking distances and cross-sectional area

Complex p–p stacking (Å)
Molecular area
(Å3)

C1 3.763–3.824 206.5
C2 3.731–3.740 208.9
C3 3.586–3.955 213.1
C4 3.551–3.791 212.1

4832 | RSC Adv., 2022, 12, 4828–4835
Complex C3, containing the largest trivalent lanthanide ion
(LaIII), has the largest calculated molecular area as well as the
longest range p–p stacking interaction (as determined by
Olex2). It also features the longest average CoII–LnIII and CoII–
CoII distances, however it interestingly also has the shortest
LnIII–LnIII distance (Table 3). The same trend in ionic radii vs.
cross-sectional molecular area is not followed for the other
three complexes. Complex C4 contains TbIII which is smaller
than GdIII (C2) but larger than DyIII (C1), however C4 has the
second largest calculated molecular area which may be attrib-
uted to the way in which the chloride cap of Co3 in C4 inu-
ences the planarity and shape of the complex and hence the
crystal packing.

The crystal packing diagrams of C1 and C2 viewed along the
crystallographic a-axis (Fig. 8) show that these complexes pack
similar to a two-dimensional layered system along the ab-plane
with clear inter-layer separations along the c-axis. Although C3
has the same metric symmetry and space group as C1 and C2,
the geometry of the unit cell is considerably different. Where C1
and C2 have similar lengths in a and b and both a and b angles
are near 90�, C3 has similar lengths in b and c with the corre-
sponding a and g angles being near 90�. The shorter length of c
in C3 relative to the other two triclinic structures results in
a greater proportion of a third molecule, whose centre of mass
sits outside of the unit cell, occupying the space to ensure Z¼ 2.
Magnetic measurement

The DC magnetic susceptibility and magnetisation measure-
ments have been performed to examine the potential Co–Co
interactions and/or zero-eld splitting effects present within
this complex. As complexes C1–C4 each feature a CoII centre
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Plot of cmT vs. T for C3 measured at 0.5 T (A) and the M vs. H
plot for C3 measured at 1.8 K (B), including fits and parameters.
Measurements were performed on a polycrystalline sample fixed in
a small amount of eicosane.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
20

/2
02

4 
4:

33
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with different coordination geometries, this initial study of C3
is not necessarily representative of the other three complexes.

Fig. 9A shows the cmT product reaching 9.4 cm3 K mol�1 at
300 K, which claried the presence of three SCoII ¼ 3/2 spins with
g¼ 2.59. The experimental magnetisation (Fig. 9B) at 7 T was 7.1
mB, which corresponds to ca. 60% of the theoretical limit (11.7
mB). If antiferromagnetic interactions were dominant, the
experimentally measured magnetisation would be approxi-
mately one third of the theoretical value and the cmT product at
1.8 K would approach one third of the value at 300 K. Hence the
measured value of 7.1 mB indicates antiferromagnetic interac-
tions are relatively small for this system. Part of the gradual
decrease in the cmT(T) prole is likely to originate from the
single-ion nature of the spatially separated CoII centres. To
evaluate the zero-eld splitting (ZFS) of the CoII ions, simula-
tions were performed using MAGPACK60,61 to better compre-
hend the magnetic properties of C3.

An approximation based on a three-fold symmetry is applied
to the magnetic analysis, to avoid overparameterization. Opti-
mization of the ZFS D value for each cobalt(II) ion with
© 2022 The Author(s). Published by the Royal Society of Chemistry
neglecting any E value gave D/kB ¼ 65 K with gavg ¼ 2.55.
Calculated cmT(T) and M(H) proles reproduced the experi-
mental results well (the solid lines superposed in Fig. 9). This D
value is relatively large, but possible in comparison with the
literature values.62–65 The large D value seems to be related to the
ve-coordinate cobalt(II) ion (Co4, Fig. 5). On the other hand,
the exchange coupling model using a spin-Hamiltonian based
on an antiferromagnetic triangle, H ¼ �2J(S1S2 + S2S3 + S3S1),
cannot reproduce the experimental M–H data (Fig. S2b, ESI†).
Conclusions

Four new non-macrocyclic heterometallic triangular CoII3Ln
III

clusters have been prepared by the 1 : 3:3 reaction of
Dy(NO3)3$6H2O, Gd(NO3)3$6H2O, La(OAc)3$6H2O, or TbCl3-
$6H2O with Co(NO3)2$6H2O andH2L in methanol. Single-crystal
X-ray diffraction quality crystals were obtained by the vapour
diffusion of diethyl ether into concentrated methanolic solu-
tions of C1–C4, allowing complete and unambiguous structural
characterisation. The coordination geometry of each metal
centre was examined by continuous shape measurements
(CShM) using the SHAPE soware package as well as OctaDist to
calculate a series of octahedral distortion parameters. While C1
was found to contain three near-perfectly octahedral CoII

centres, the remaining three complexes each contained one
non-octahedral CoII ion. This non-octahedral site was found to
be strongly distorted towards trigonal prismatic in C2, with ve
coordinate centres observed for C3, trigonal bipyramidal, and
C4, square pyramidal. The magnetic study of C3 claried
a ground-state spin projection of STot ¼ 3/2 where antiferro-
magnetic contributions to the Co–Co interactions are weak.
Throughout the literature, magnetic characterisation for the
macrocyclic analogues of this type of complexes have been
limited to NiII, CuII, and ZnII with d8, d9, and d10 electron
congurations, respectively. While the CoII based systems re-
ported here do not crystallise with the same regularity (in terms
of local coordination geometries) as previously published
families of macrocyclic analogues, their potentially unique
magnetic properties make for an interesting avenue of research,
particularly with the inclusion of high spin d7 metal centres.
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