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a b s t r a c t

Concise chemistry leads to a family of heptanuclear CoII-clusters, [Co7(N3)12(CH3CN)12]

[Y2(NO3)4(piv)4]·2CH3CN (DC1) (pivH=pivalic acid), [Co7(N3)12(CH3CN)10(NO3)0.4 (Cl)1.6]·4CH3CN (DC2)

and [Co7(N3)12(CH3CN)10(NO3)2]·4CH3CN (DC3), in which the metal ions are exclusively bridged by

end-on azido ligands to stabilize a beautiful disk-like topology. The resulting clusters exhibit interesting

structural transformations and thermodynamically-distinct steady states verified by theoretical calcula-

tions. Magnetic studies reveal the first observation of zero-field SMM behaviour in disk-like heptanuclear

CoII complexes.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a kind of basically structural units existing in discrete or

extended systems, paramagnetic multi-metal cluster with the nu-

clear number over five is usually an intriguing research frontier

due to their attractive motifs [1–3], prospective applications in di-

verse research fields, such as magnetic materials [4], optical ma-

terials [5], and catalyst [6]. Particularly, magnetic molecule, high-

spin molecule [7] and single-molecule magnet (SMM) [8–11] are

doubtlessly two nontrivial research fields where multinuclear 3d

transition metal complexes are regarded as an indispensable con-

stituent. One of the challenges in this field is that the currently

reported 3d-metal clusters are more complex in the self-assembly

process, with variable structures and poor controllability. The gen-

eral synthetic approach usually offered plenty of structurally un-

predictable metal clusters, such that the cognitions of the assembly

process and mechanism are still ambiguous [12–16].

It is well-known that multi-spin CoII-clusters have becoming

appealing candidate for molecular magnetism especially for SMM,

due to its significant magnetic anisotropy and large spin-orbit

coupling [17–22]. However, among the reported polynuclear CoII-

clusters [23–25], SMM behaviour without an extra magnetic field

was still difficult to be observed above 2 K [26,27]. An impor-
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tant reason is that the competent ferromagnetic (F) interaction

is absent to give a large spin ground state, as oxygen-containing

bridges usually tend to transfer antiferromagnetic (AF) coupling. It

has been reported that azido (N3
−) ligand is one of the versatile,

flexible moieties in the fabrication of coordination polymers, qual-

ified for connecting diverse metal ions and giving rise to attractive

networks with remarkable magnetisms [28–31]. In principle, end-

on (EO) azido bridge is capable of promoting F coupling between

metal centers, thus causing SMM with spin-canting behaviour or

long-range ordering [32–34].

In most known 3d-metal clusters, azido ligand has been

predominantly employed in combination with other organic

bridges/chelates [35,36]. Although essential for the crystallinity and

thermodynamic stability of the preparing complexes, the atten-

dance of other bridging/chelating ligands often impacts the dy-

namic magnetic relaxations of the resulting complexes, producing

competing AF coupling, among others [37–39]. A potential strategy

to overcome the problem and fabricate strong ferromagnetic sys-

tem is the development of promising synthetic methods for the

construction of polynuclear azido-metal clusters without requir-

ing the coexistence of other bridging/chelating ligands [40]. Krause

et al. suggested an exercisable solution for the assembly of struc-

turally and magnetically impressive multinuclear NiII complexes

by using Me3SiN3 as the azido-bridge pioneer in the absence of

any bridging/chelating ligands [41–44]. Inspired by this case, we
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Scheme 1. Synthetic route of complexes DC1-DC3.

demonstrate an effective route to obtain such a unique class of fer-

romagnetic species, N-rich and O-free disk-like CoII-clusters with

the attendance of SMM behaviour in zero dc-field. More impor-

tantly, we also show that access to the structural manipulation of

polynuclear CoII-clusters becomes feasible through the exploration

of the modulating mechanism on coordination microenvironment

around terminal metal ions.

Through carefully adjusting the reaction conditions, a known

complex [Co2(H2O)(piv)4(pivH)4] (1) [45] prepared by CoCO3 and

pivalic acid was used to mix with Y(NO3)3·3H2O in a mo-

lar ratio of 2:1 in MeCN, in excess of Me3SiN3, leading to a

deep purple solution, which upon diffusion with Et2O, yielded

the purple crystals of a new complex [Co7(N3)12(CH3CN)12]

[Y2(NO3)4(piv)4]·2CH3CN (DC1) (pivH=pivalic acid), of which the

crystal samples react with dilute hydrochloric acid in MeCN

giving complex [Co7(N3)12(CH3CN)10(NO3)0.4(Cl)1.6]·4CH3CN (DC2).

Furthermore, complex [Co7(N3)12(CH3CN)10(NO3)2]·4CH3CN (DC3)

could be yielded by dissolving the DC2 crystals in MeCN with the

addition of concentrated nitric acid (Scheme 1).

In view of such an interesting chemical process as above, it is

significant to understand the formation of these complexes with

the aid of theoretical calculation which can be used to explore the

thermodynamic stability for DC1-DC3. The calculations were per-

formed in the Vienna ab-initio simulation package (VASP), using

DFT to exchange the correlation potential energy in the general-

ized gradient approximation (GGA), and the projector-augmented

wave (PAW) method. To begin with, the crystallographic segment

of CoN6 for the complex, whose symmetry and structure remained

unchanged, were selected as substrates, and all possible structures

were further optimized with the addition and removal of small lig-

and molecules (Fig. S1 in Supporting information) in an attempt to

find the respective optimal binding sites. The adsorption structures

of three different ligand molecules CH3CN, NO3, and Cl species at

four different positions of CoN6 were obtained by systematically

investigating various binding sites and Gibbs free energies (Figs.

S2–S4 in Supporting information). Notably, the substrate energies

were negative after small molecule linking, and the results all con-

verged as expected. By comparing the Gibbs free energies of small

ligand molecules at different binding sites (Table S1 in Support-

ing information), it is found that CH3CN is located directly above

C, whereas NO3 and Cl were located on the C-N vertical substrate

with more negative Gibbs free energies and more stable bonding.

The steady state energies of DC1-DC3 are calculated as -683.485,

-646.968 and -774.086 eV, respectively. The corrected Gibbs free

energy values for individual atoms are -6.624, -6.602 and -7.636 eV

for DC1-DC3, respectively (Table S2 in Supporting information),

yielding the differences of 0.022 eV between DC1 and DC2, and

1.034 eV between DC2 and DC3 (Fig. 1). Thermodynamically, it is

found that DC3 is of the most steady state, DC1 comes second

place, while complex DC2 can be considered as a thermodynam-

ically metastable state, which corresponds to the single-crystal in-

cubation method during the synthetic process.

Fig. 1. Steady-state energies for DC1-DC3.

Fig. 2. (a) Representation of the Co7 disc core. (b) Partially labeled representation of

the dications and (c) a side view of complexes DC1-DC3. Color scheme: CoII purple,

N pale blue, C light gray. All hydrogen atoms were omitted for clarity.

Single-crystal structure analysis reveals that DC1-DC3 are in-

dicative of Co7 disk-like unit with a highly structural similarity. All

CoII centers are hexa-coordinated with quasi-octahedral geometry.

The centrosymmetric heptanuclear motif presents an ideal hexag-

onal plane (Fig. 2a) in which a central CoII atom is surrounded by

six alternating CoII atoms (Fig. 2b and Fig. S5 in Supporting in-

formation). The Co2 pairs of the hexagon are linked by six azido

bridges with μ-1,1 EO mode, while the linkages between the ex-

ternal Co6 hexagon and the centric Co atom are provided by six

μ3-1,1,1 EO azides. All complexes display a layer-like configura-

tion, with N atoms from azido ligands and C atoms from acetoni-

trile above and below the Co7 plane (Fig. 2c). Then, the Co7 frag-

ment provides a virtual C3 symmetry. Structurally, DC1-DC3 are
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comparable to a few of previously reported disc-like Co7 clusters

[18,19,46–52].

In addition to similarities, however, there are subtle differences

among these three complexes. Complex DC1 is composed of one

heptanuclear cluster [Co7(N3)12(MeCN)12]
2+, and one [Y2(NO3)4

(piv)4]
2− counter anions (Fig. S6 in Supporting information). In-

organic core of DC1 could alternatively be regarded as compos-

ing of six {Co3(N3)4} partial cubane groups, each biface sharing,

and all six vertexes sharing at the core CoII ion. All YIII atoms in

[Y2(NO3)4(piv)4]
2− are non-coordinated and surrounded by four O

atoms from two bidentate chelating NO3
− groups, and five O atoms

from four bidentate chelating piv groups. The shortest distance be-

tween the YIII ion in the [Y2(NO3)4(piv)4]
2− counter ion and the

{Co7}
2+ moiety is 6.942 Å, while the intramolecular Y···Y distance

is 3.818 Å. The coordination geometric spheres of all YIII atoms

were determined by the SHAPE 2.1 software [53] according to the

crystallographic data, and the typical coordination geometries are

listed in (Table S4 in Supporting information). The calculated con-

tinuous shape measures (CShMs) values suggest that the YIII ions in

DC1 indicate the unified Muffin polyhedron with the identical Cs

symmetry (Fig. S5). The peripheral ligation of Co6 hexagon in DC1

is filled with 12 terminal acetonitrile molecules, two on each of the

external CoII ions. For DC2, noteworthily, one of the peripheral Co

atoms (Co1) is linked to one MeCN molecule and one chloride ion,

whereas another Co1A atom is coordinated with mixed moieties of

NO3
−/Cl− (proportion 2/3) (Fig. S7 in Supporting information). Dif-

ferent from DC1 and DC2, external six Co atoms in DC3 bond with

ten terminal MeCN molecules and two NO3
− groups, in which Co1

and Co1A atoms are surrounded by one MeCN molecule and one

NO3
− group, respectively (Fig. S8 in Supporting information). The

peripheral Co···Co separations in DC1-DC3 span the range 3.251–

3.265 Å, 3.271–3.316 Å and 3.265–3.271 Å, and the Co-N-Co angles

are in the ranges of 95.45°–103.80°, 117.597°–121.57° and 95.65°–
103.72°, respectively (Tables S5–S7 in Supporting information). The

stacking of the Co7 units in DC1-DC3 show long intermetallic dis-

tances between CoII ions of adjacent molecules, with the shortest

intermolecular Co···Co distances being 9.581, 8.275 and 8.294 Å, re-

spectively (Figs. S9-S11 in Supporting information).

Direct-current (dc) magnetic data for DC1-DC3 were collected

in the 2–300 K range under 0.1 T applied field. The χMT values at

room temperature are 23.01, 24.58 and 25.03 cm3 K/mol for DC1-

DC3, respectively, which are larger than the spin-only (g=2) val-

ues of 13.13 cm3 K/mol expected for non-interacting Co7 species,

implying significant orbital contribution of CoII cations in an octa-

hedral symmetry [54]. Upon decreasing the temperature, the χMT

values increase continuously, reaching the maximums of 88.43

(DC1) cm3 K/mol at 18 K, 89.88 (DC2) and 74.80 (DC3) cm3 K/mol

at 7 K, before reducing to 36.35, 43.76 and 60.55 cm3 K/mol for

DC1-DC3 at 2 K, respectively (Figs. 3a, c and e, Fig. S12 in Sup-

porting information). This rising behaviour indicates overall F cou-

pling between the CoII ions, while the rapid decline might depend

on the onset of ZFS of CoII, and/or the AF intermolecular inter-

actions, as well as the more general integrations due to spin or-

bital coupling (SOC), which is a common source of difficulty in the

cognition of magnetism for CoII species [19,55]. The temperature

dependent χM
−1 curves of three complexes above 25 K keep to

the Curie–Weiss law, giving C of 21.9 cm3 K/mol and θ of 18.8 K

for DC1, C of 24 cm3 K/mol and θ of 10.8 K for DC2 and C of

24.1 cm3 K/mol and θ of 13.4 K for DC3. The positive θ values

support a predominantly intermetallic F coupling in the Co7 cluster

(Figs. 3a, c and e). In view of the coordination patterns in the hep-

tanuclear Co cluster, the magnetic susceptibilities were tentatively

simulated by a fitting model that was previously proposed by Gao

for a structurally similar CoII cluster with a quasi S6 symmetric ge-

ometry [46]. All magnetic data was fitted by using PHI program

[55], and all J constants are referred to the -J Hamiltonian. In the

Fig. 3. Plots of χMT vs. T and 1/χM vs. T for (a) DC1, (c) DC2 and (e) DC3 at H=1

kOe. Plots of M vs. H/T for (b) DC1, (d) DC2 and (f) DC3 at different temperatures.

The solid lines are the best fitting.

high-T (>150K) range, the fitting gives an average Jav =+12.1 cm−1

(DC1), +8.4 cm−1 (DC2) and +10.5 cm−1 (DC3) with each SCo =3/2

and g = 2.50; fitting with 2J parameters is inclined to obtain

approximate J values. Then, an effective spin S’Co =1/2 system

was considered in the low-T (2–30 K) area, obtaining an excel-

lent fit with with Jav =+33.9 cm−1, zJ’= -0.23 cm−1, and g=6.62

for DC1, Jav =+21.3 cm−1, zJ’= -0.73 cm−1, and g=6.58 for DC2,

Jav =+27.2 cm−1, zJ’= -0.48 cm−1, and g=6.69 for DC3. The results

further confirm the significant intramolecular F interactions in the

Co7 cluster of three complexes, which motivate an effective ground

state of S=7/2.

The M vs. H data for DC1-DC3 were collected up to 5 T at low

temperatures (Fig. S13 in Supporting information). The sharp rise

of M at low fields supports the existence of intracluster F cou-

plings, then slowly reach the maximal values of 16.63 μB (DC1),

16.28 μB (DC2) and 16.49 μB (DC3) with a lack of saturation even

at 2.0 K. Moreover, the non-saturated M values together with the

non-superimposition of M vs. H/T plots (Figs. 3b, d and f) imply the

occurrence of strong single-ion anisotropy, which is depending on

the well-known significant SOC of the CoII cation [56–59]. Fitting

of the decreased M data is performed assuming a well-isolated, ob-

taining S=7/2 ground state with D = -4.52, -5.08, -4.72 cm−1 and

g = 6.56, 6.63, 6.59 for DC1-DC3, respectively.

Alternating current (ac) magnetic data were measured in the

absence of dc field to unravel the dynamic magnetisms of DC1-

DC3. All complexes show explicit temperature and frequency-

dependent signals for in-phase (χ ’) and out-of-phase (χ ′′)
products (Figs. S14–S17 in Supporting information). Significant

temperature-dependent peaks appear in the low temperature

range, illustrating that the relaxation process via the quantum

channel was clearly weaken or repressed. For frequency-dependent
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Fig. 4. χ ′′(f) susceptibilities for (a) DC1, (b) DC2 and (c) DC3 at 0 Oe. lnτ vs. T−1 plots at 0 Oe for (d) DC1, (e) DC2 and (f) DC3. The red lines represent the Arrhenius fit.

ac susceptibility with increased frequency, the maxima in χ ′′ plots
move to high-temperature region, characteristic of a superparam-

agnetic behaviour (Figs. 4a–c). When DC1-DC3 are subjected to an

ac magnetic field at temperatures between 3 K and 6 K, a peak

in the χ ′′ component and a concurrent decrease in the χ ’ com-

ponent (Fig. S17) are observed, confirming magnetic blocking on a

millisecond to second time scale. An Arrhenius fitting of ln(τ ) vs.

T−1 for DC1 (Fig. 4d) obtains Ueff =56.28 K and τ 0 =4.08×10−10 s.

Similar analyses yield Ueff =54.51 K and τ 0 =6.55×10−10 s for

DC2, Ueff =64.62 K, τ 0 =7.58×10−10 s for DC3 (Figs. 4e and f). This

places DC1-DC3 among the small collection of Co7-based single

molecule magnets [17–22]. The Cole-Cole curves for DC1-DC3 are

also studied at variable temperatures (Fig. S18 in Supporting infor-

mation). These curves are based on a generalised Debye function,

with α parameters in the ranges of 0.324–0.458 for DC1, 0.262–

0.509 for DC2 and 0.291–0.331 for DC3 (Tables S8–S10 in Support-

ing information), signifying a wide distribution of relaxation time

for the magnetic relaxations of DC1-DC3.

To gain further insight into the SMM behaviour, hysteresis loops

were performed at different temperatures. The fields were swept

from 0 T to +1.5 T and then to -1.5 T and back. The results indi-

cate that the tiny hysteresis openings are observed at 5 K for DC1,

4 K for DC2 and 2 K for DC3 (Fig. S19 in Supporting information).

Moreover, Gatteschi et al. emphasized that for SMM a second tem-

perature, TIRREV, should also be noticed, which is the point where

the FC and ZFC curves diverge, as this is the temperature below

which the magnetic observables are out-of-equilibrium and show

history-dependent behaviour [60]. In this case, TIRREV are observed

at 5, 4 and 2 K for DC1-DC3, respectively, and the ZFC plots cross

the FC plots (Fig. S20 in Supporting information); conventionally

convergence of the two curves should appear at the maxima of the

ZFC data, and the FC data should usually be larger than the ZFC

one. Compared with the rarely existing disk-like Co7 complexes,

even the previously reported multinuclear Co clusters, the present

three cases for the first time exhibit the slow relaxation of the

magnetization at zero dc field, which is a significant enhancement

of the magnetic properties for polynuclear Co-containing clusters

(Table S11 in Supporting information) [18–20,46,61].

In summary, we have herein exemplified an elaborate synthetic

route and structural transformation of three new disc-type hep-

tanuclear CoII clusters that are prepared by only using the flexi-

ble and versatile azido without requiring the simultaneous pres-

ence of any bridging/chelating organic liangs. Thermodynamically,

DC3 stands in the most stable state, followed by DC1, and DC2

keeps in a metastable state. The overall intracluster ferromagnetic

interaction contributes to a large ground state and dynamic mag-

netic relaxation under zero static field for three complexes. Besides

the fascinating magnetic properties, investigations on the other

application fields, for instance, high-energy materials due to the

nitrogen-rich content, are in progress.
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