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1 Introduction  

1 Introduction 

The present Ph.D. thesis deals with the fusion of two complementary topics in current 

coordination chemistry. While the magneto-chemical aspect of single-molecule mag-

netism represents the effect- and function-oriented component, its purposeful realization 

via accordingly designed metallacrown complexes characterizes the synthetic task. This 

chapter gives a brief introduction to the basics of both topics and outlines current chal-

lenges in the respective fields of research. Subsequently, the reasons for the choice of 

the target to equip the distinguished compound class of 12-MC-4 metallacrowns with 

the feature of single-molecule magnetic behavior are elucidated. 

1.1 Single-molecule magnets (SMMs) 

Since the discovery of the slow relaxation of magnetization and the appearance of a 

magnetic hysteresis below a certain blocking temperature for the paradigmatic Mn12
[1] 

cluster in 1993,[2,3] the vision of discrete magnets with molecular-scale dimensions and 

the associated occurrence of observable quantum phenomena has intensively spurred 

magnetochemical research.[4–11] A plethora of future applications of the so-called single-

molecule magnets has hence been envisioned which range from more conventional us-

ages like magnetic refrigeration via the magnetocaloric effect or high-density data stor-

age based on the orientation of the magnetic moment to the utilization of their quantum 

size effects for the processing of information in molecular spintronic devices and quan-

tum computers.[12–19] Merging their magnetic properties with other features and effects, 

single-molecule magnets hold out the prospect of their incorporation into various multi-

functional materials.[20–27] Even if they will not find their way into mass products for 

daily life, at least specialized applications can be expected with high probability in a 

world of growing complexity and demand for subtle individual solutions. However, the 

enormous importance of molecular magnetic research in general and the investigation of 

single-molecule magnetism in particular for the extension of the scope of knowledge 

concerning the magnetic principles and interaction mechanisms in matter is beyond 

question. Therefore, this field of research has already and will further on directly or in-

directly facilitate also tangible present and future yields. Here, the advantages of the 

bottom-up approach in molecular magnetism consist in its foundation on well defined 

and easily modifiable structures which enable the synergetic cycle of synthesis, analy-

sis, deduction of magneto-structural correlations and enhanced design.[28] 

The simplified common model for the explanation of the origins of single-molecule 

magnetic behavior is based on a molecule in its spin ground state S which features a 

magnetic anisotropy and therefore has an energetic preference of certain possible spin 
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orientations with different projections on the specified axis already in the absence of an 

external magnetic field.[7,29] Here, the anisotropy arises from the weak interaction of the 

spin with its environment and is mediated by the spin-orbit coupling.[30] Consequently, 

the general degeneracy of the MS sublevels which characterize thee different orienta-

tions of the spin vanishes and the extent of the axial zero-field splitting is described via 

the parameter D. For a strictly axial anisotropy, the degeneracy is maintained for the MS 

states which only differ in their sign or, to be more illustrative, for corresponding orien-

tations of the spin component parallel and antiparallel to the specified axis. Although 

reversed configurations are discussed for current examples of mononuclear Co(II) sin-

gle-molecule magnets,[31–34] the preference of the orientation of the spin with large pro-

jections along the specified axis (easy axis) and corresponding high modulus values of 

the MS quantum numbers is assumed in the common model concept. The sign of the 

zero-field splitting parameter D is defined negative for this case by convention.  

 

Figure 1 Generalized energy level diagram of the MS states of the spin ground state of 

an SMM and with depicted relaxation pathways of quantum tunneling (blue) and Or-

bach process (red) via phonon exchange with the lattice (yellow). 

At very low temperatures only the two degenerated lowest lying MS states are populated 

with equal occupancy for an ensemble of molecules in the absence of an applied mag-

netic field. Turning on an external field along the specified axis, the degeneracy of the 

associated MS levels also vanishes due to the Zeeman effect and the states with negative 

quantum numbers are lowered in energy whereas those with positive sign are elevated 

due to the positive or negative projection of the magnetic moment on direction of the 

external field. Therefore, the majority of molecules exists in the state with the highest 

negative Ms value after the corresponding equilibrium has been reached and an over-all 

magnetization can be detected. When the field is switched off again, the ensemble has to 

return into the equilibrium with a parity population of the redegenerated pair of lowest-
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lying states with the highest MS values. The corresponding decrease of the magnetiza-

tion follows an exponential decay law (1) with a relaxation time τ. Depending on its 

magnitude, the value of τ at a certain temperature and field strength can be obtained 

from ac-susceptibility measurements with an oscillating applied magnetic field or from 

time dependent static dc-magnetization data. 

 ����� = ����� ∙ 	
�	�−�/�� (1) 

Here, the relaxation rate τ-1 is effected by different mechanisms which can be split into 

spin-lattice relaxation processes via spin-phonon interactions and quantum tunneling. 

While for the interpretation of the dynamic magnetism of lanthanide and mononuclear 

transition metal ion based SMMs the Raman and direct process have gained importance, 

the features of the slow relaxation of magnetization have been discussed as a dominant 

interplay of quantum tunneling and the successive passing through intermediate MS 

states via the absorption and emission of phonons for the early multinuclear transition 

metal complexes. Due to the non-degeneracy of these levels, the latter so-called Orbach 

process is tantamount with the overcoming of an energy barrier and the temperature 

dependence of its relaxation rate can therefore be expressed by the Arrhenius equation 

(2).  

 ��� = ��
�� ∙ 	
�	�−�/��� (2) 

 

The height of the corresponding anisotropy barrier U to magnetization reversal (3/4) is 

proportional to the zero-field splitting parameter D as well as the to the square of the 

spin ground state S for integer spins and the spin ground state reduced by ¼ for Kra-

mer’s systems, respectively. Performing a linear regression of the experimental data 

from the Arrhenius plot of the natural logarithm of the relaxation time versus the recip-

rocal temperature, the values of the effective energy barrier Ueff and the attempt relaxa-

tion time τ0 are commonly obtained from the high temperature range according to the 

linearized form of (2).  

 � = −� ∙ �² (3) 

 � = −� ∙ ��� − ¼� (4) 

By contrast, the quantum tunneling through this potential energy barrier is independent 

from temperature and is mediated by hyperfine, intermolecular dipolar interactions and 

a transversal anisotropy which is characterized by the parameter E. The latter source 

holds however not validity for the facilitation of quantum tunneling for non-integer 

spins. Evidence for the occurrence of this relaxation process is given by a temperature-

independent relaxation time regime in the low temperature range of the Arrhenius plot 

and by the stepwise change of the magnetization in the hysteresis curves of SMMs due 

to the enforced degeneration of different MS states under the influence of the magnetic 
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field. The direct process describes the immediate transition between two states by the 

exchange of a phonon of suitable energy with the lattice whereas the Raman mechanism 

involves the promotion into a virtual state via the absorption of one phonon and the in-

stantaneous decay into the target state under emission of another phonon.[35,36] Both 

processes cause curvature in the Arrhenius plot as they scale linearly with and are a 

power function with power factors between 1 and 9 of the temperature, respectively.[37]  

 

Figure 2 Prominent examples of complexes with SMM behavior: Mn12
[1] (top left), 

Mn6
[49] (down left), Dy4[53] (top right) and Fe1[53] (down right); color code: green - 

Dy(III), yellow - Fe(II), light blue - Mn(IV), orange - Mn(III), red - O, dark blue - N, 

black - C. 

According to the equations (3) and (4) for the height of the anisotropy barrier, the at-

tempts to increase the latter aimed at the simultaneous enhancement of the axial anisot-

ropy and the spin ground state by a raise of the number of single-ion contributions in the 
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early years of single-molecule magnet research. Although corresponding clusters of 

high nuclearity could be synthesized, the obtained energy barrier of 60-64 K for Mn12 

could not be exceeded significantly in this way[38–42] as both essential parameters re-

vealed to be strongly correlated with each other causing a so-called anisotropy dilu-

tion.[43–47] By contrast, the purposeful synthetic fine-tuning of the magnetic properties of 

known finite compounds via their molecular configuration yielded a new record energy 

barrier of 86 K for a member of the family of Mn6 complexes based on salicylaldoxime 

derivatives in 2007.[48,49] A new massive impulse was given to this field of research by 

the incorporation of lanthanide ions into SMMs.[50,51] Here, the involvement of f-

electrons potentially provides a large spin, a large unquenched orbital moment, strong 

spin-orbit coupling and a resultant high single-ion magnetic anisotropy as valuable con-

tributions for a high energy barrier to magnetization reversal.[52] Though, the inner char-

acter of the 4f magnetic orbitals and the corresponding weak covalence of the coordina-

tive bonds hamper the purposeful shaping of the coordination sphere as well as a target-

ed synthetic integration of the rare earth metal ions into designed magnetic coupling 

schemes. In spite of the introduction of simple rough guidelines for the triggering of 

high anisotropy barriers in mononuclear compounds via tailored ligand fields, the com-

plexity of the electronic structure and the challenging synthetic handling creates espe-

cially the realization of multinuclear lanthanide ion based SMMs in general a mixture of 

determination via elaborate ligands and serendipity. Nevertheless, a tetranuclear dyspro-

sium complex took over the record by an energy barrier of 170 K in 2009 and since then 

rare earth metal clusters have dominated the high-performance section.[51,53] Especially 

SMMs based on a single, virtually magnetically isolated metal ion, which are sometimes 

referred to as single-ion magnets (SIMs), have been established by examples of lantha-

nide compounds and have yielded remarkable capability.[54–57] So, the hitherto highest 

energy barrier at all of 938 K was for instance generated by a mononuclear heteroleptic 

phthalocyanato double-decker terbium sandwich complex.[58] These results moreover 

reflect the general development of an increased focus on finite nuclearity and the em-

phasized significance of the magnetic anisotropy in the research on single-molecule 

magnets. Accordingly, the issue of slow relaxation of the magnetization based on a sin-

gle metal center has currently developed into a hot topic for transition metals because 

corresponding molecules exceeded the energy barriers of comparable conventional mul-

tinuclear clusters with respective peak values of exceptional 260 K for a mononuclear 

Fe(II) complex[36,59] and 96 K for a cobalt dimer.[60] Furthermore, the transition metal 

based SMMs feature the advantage of a more targeted and versatile synthetic modifia-

bility of the crucial shape of their coordination sphere over the lanthanide containing 

pendants. Besides some rare examples of mononuclear Mn(III) [61–63] and Fe(III)[24] 

complexes, Fe(II) and Co(II) ions dominate the respective research results as they can 

feature very strong spin-orbit coupling as effective source for magnetic anisotropy. 

While the Fe(II) containing examples also require the installation of special electronic 
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configurations via elaborate ligand systems,[36,64–66] Co(II) complexes with SMM behav-

ior based on a virtually magnetically isolated metal ion can be obtained for different 

donor atoms, coordination numbers and sphere geometries from relative simple synthet-

ic approaches.[27,31-34,67–75] 

In spite of the great potential of this structural flexibility, this plurality of single-

molecule magnets based on just one Co(II) ion hitherto lacks a comprehensive model 

for the reasons of the slowed relaxation and the interplay of involved processes. The 

occurrence of special effects like the coexistence and transfer of multiple relaxation 

pathways by the enforcement of an applied static magnetic field additionally reveal fur-

ther concealed interesting features despite the evadable simplicity of these systems.[74] 

Simultaneously, the still remaining incompleteness of the understanding of these actual-

ly simplest examples points out the demand for further investigations of multinuclear 

clusters and possibly provides new aspects for their development potential. Similar is-

sues can be claimed for the other transition metal ions and especially for the increasing 

number of lanthanide ion based compounds which show a slow relaxation of magnetiza-

tion.[36,5152,] Consequently, the guidelines for the rational design of high-performance 

single-molecule magnets are still under permanent improvement alongside the extension 

of the scope of respective knowledge. Besides the developments of the core research, 

the fulfillment of essential requirements for possible future applications is already ap-

proached. Here, the deposition of the SMMs on surfaces as a necessary precondition of 

an addressability for preparative and readout procedures receives increasing attention 

because the complex interactions of both components often causes the loss of the in-

tended properties and the control of the orientation of the SMMs still represents a de-

manding task.[76–79] Moreover, the purposeful linkage of molecular magnets with each 

other[14,80–86] and the attachment of moieties for the response on complementary external 

stimuli[20,22,23,25] represent interesting current challenges of the research on single-

molecule magnets. 

1.2 Metallacrowns (MCs) 

Comprising the multiple cyclic repetition of the characteristic sequence [M-O-N-], the 

first examples of metallacrown complexes were discovered in 1989[87–89] and named in 

the style of their organic pendants, the crown ethers, and their corresponding coronates 

which had attained the Nobel Prize two years before.[90–92] In the following years, the 

concept of the metallacrown analogy was spread in different ring sizes like 9-MC-3,[93–

100] 12-MC-4,[101–117] 15-MC-5[118–121] and 18-MC-6[122,123] across the periodic table of 

the elements by examples of cluster based on various hydroxylamine,[107,112,114] ox-

ime,[94–100,104,110,116,117,122,123] hydroxamic acid,[93,102,108,111,115,118–121] nitrosyl[106] and ni-

trite[101,109] ligands as well as their combinations.[103,105,113] Consequently, a specific no-
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menclature with the general formula (5) was developed on the basis of the naming of 

the organic crown ethers.[124,125]  

 �′��������� − ����������� − � !" (5) 

Here, the central guest ion M’ with its oxidation state as well as the attached anions X 

are prefixed to a bracket which contains the letters MC for metallacrown embedded into 

the total number of all atoms and the amount of oxygen donor atoms in the characteris-

tic cyclic host. The type of ring metal ion with its oxidation state and the substitute of 

the second virtual methylene unit arising from a ligand with short name L are added as 

subscript to the initials of the compound class. After the bracket, the bound uncharged 

secondary ligands at the peripheral ring are added. 

 

Figure 3 Structural analogy of an inorganic 12-MC-4 metallacrown complex (left) and 

an organic 12-C-4 crown ether molecule (right); color code: orange - central guest ion, 

green - ring metal ions, red - oxygen donor atoms in the characteristic cyclic host, blue - 

nitrogen, black - peripheral oxygen atoms / carbon and hydrogen atoms. 

 

Moreover, the concept was also transferred to derivatives with modified repetition units 

like [M-N-N-] for aza-,[126–137] [M-O-C-N-] for expanded[138–143] and [M-N-C-N-] for 

expanded aza-metallacrowns.[144–150] Due to their unique properties, metallacrowns have 

found widespread application in various fields of research like catalysis,[151–153] model-

ing of active sites in enzymes,[154] bioactivity,[155,156] magnetic resonance imaging,[157] 

one- and multidimensional solids,[158–162] molecular recognition,[163–165] near-infrared 

luminescence[115] and single-molecule magnetism.[116,166]  
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The compounds based on the pioneering ligands salicylhydroxamic (H3Shi) acid hold a 

paradigmatic significance as they represent the basis for the establishment of this com-

pound class and significantly enabled the extraction of its distinguished features.[87–

89,93,102,111,118,152,154,156,167–176] Here, the expansion of the simple structural towards a func-

tional analogy to the organic crownethers was targeted in the early days of metalla-

crown chemistry. However, the essential integrity in solution which could not be taken 

for granted due to the partial exchange of covalent by coordinative bonds as constituting 

interactions of the cyclic scaffold had to be ensured previously. First of all, the reliabil-

ity of the evolution of the 12-MC-4 type as dominating structural pattern for the 

salicylhydroximate ligand was ascertained by many examples of different metal species 

in spite of the finite ligand size and can be rationalized by the angle of 90° between both 

metal binding moieties. By contrast, ligands like 2-pilolinhydroxamic acid with an in-

creased corresponding angle of 108° prefer the formation of extended 15-MC-5 type 

clusters.  

 

Figure 4 Structural formula of salicylhydroxamic acid (left) and its characteristic bind-

ing in 12-MC-4 metallacoronates (right); color code: orange - central guest ion, green - 

ring metal ions, red - oxygen, blue - nitrogen, black - carbon. 

 

In manifold experimental setups, the integrity of the basic metallacrown motif and the 

absence of main ligand exchange were then verified whereas the bridging and secondary 

ligands can easily undergo substitution.[93,102,169,170] Finally, a strong dependence on the 

presence of respective anions was observed concerning the selectivity towards different 

central guest ions as the principal feature of the organic crown ethers and hence the 

host-guest behavior of the metallacrowns was described by the term ion-pair selectivity. 

The stability constants of the cyclic inorganic scaffolds in general exceed the corre-

sponding values of their organic pendants due to the additional counter charges and the 

higher degree of rigid preorganization of the donor atoms[124,125] Nevertheless, the com-

plexation of different cations at the core of the cluster requires an adaption of the cavity 
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sizes and the arrangement of the hydroximate oxygen donor atoms which is achieved 

via a flexible variation of the molecular configuration of the cyclic scaffold.[169]  

Heterometallic metallacoronates of the 12-MC-4 motif are hitherto limited to manga-

nese based complexes with one or two alkali[170,172] or alkaline earth[154] metal guest 

ions, a sodium centered gallium metallacryptand[102] and a zinc sandwich cluster with an 

encapsulated terbium ion.[115] A pure transition metal based metallacrown with another 

transition metal at its core has not been reported for this compound class to date. By 

contrast, a great number of heterometallic 15-MC-5 metallacoronates which comprise 

copper,[119,153,157,160,165,166,177–189] nickel[120,121] and zinc[121] in the cyclic host have al-

ready been discovered. Due to the enlarged cavity size, especially lanthanide 

ions[120,121,153,157,160,165,166, 177–189,] are the most common guest ions but also alkali (earth), 

transition metal, lead[120,182] and uranium[119] ions can be encapsulated. Another striking 

point which contradicts the widespread existence of such complexes for metal ions 

across the periodic table of the elements represents the just weakly developed metalla-

crown chemistry of cobalt. While in general the corresponding examples in literature 

are limited to some 9-MC-3 compounds[97,190,191], few derivatives of one basic inverse 

12-MC-4 molecule[192,193] and some aza-metallacrowns,[127–130] cobalt complexes based 

on the pioneering ligand salicylhydroxamic acid have not yet been reported at all alt-

hough they had already been predicted in the early days of metallacrown chemistry.[89] 

1.3 Metallacrown based single-molecule magnets 

Metallacrowns have proven to unit a combination of several properties in a unique way 

which creates them a potentially powerful tool to face various current issues of single-

molecule magnet research. In summary, metallacrowns in general and the established 

12-MC-4 complexes based on salicylhydroxamic acid in particular feature the most sin-

gular dualism between the reliability of their cyclic host on the one hand and the versa-

tility concerning the encapsulated central guest ion, the molecular configuration as well 

as the kind of secondary and bridging ligands on the other hand.[124] While the aspect of 

their integrity represents an essential requirement for their varied application via the 

deposition on surfaces or the incorporation into functional materials, the flexibility as 

key feature allows for a targeted synthetic engineering of the magnetic properties of the 

metallacoronates and facilitates the control of their interaction with various other com-

pounds and environments. These general sources of capability can be utilized by a de-

velopment of specified strategies which match the respective addressed issue. Hence, 

the magnetic core features can be adapted by a manipulation of the coupling scheme via 

a purposeful positioning of suitable metal species in the cavity and the surrounding scaf-

fold as well as by an adjustment of the anisotropy via the shaping of the individual co-

ordination spheres and the overall molecular configuration with the help of peripheral 
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interactions, secondary and bridging ligands. Moreover, the introduction of multifunc-

tional bridging and secondary ligands facilitates the linkage among the complexes, with 

additional receptor molecules as well as surfaces of substrates and can simultaneously 

serve as communication interface for magnetic and other interactions between the so 

associated components. An alternative pathway to achieve the latter targets is provided 

by a direct integration of additional functional groups at the periphery of the metalla-

crown main ligands. Due to the reliable evolution of the metallacrowns in the style of a 

powerful synthetic protocol, this proceeding should be compatible with a wide range of 

attached moieties. Furthermore, metallacoronates have revealed their potential to func-

tion as supramolecular ligands by the complexation of additional cation via a suitable 

arrangement of their peripheral donor atoms which is facilitated by the flexible adaption 

of the molecular configuration.[169] The advancement of this option holds out the pro-

spect for a purposeful expansion of these complexes. Hence, the dualism of reliability 

and versatility predestines metallacrowns and especially the 12-MC-4 type for their ap-

plication in magneto-chemical research and provide uniquely targeted pathways for the 

realization of advanced approaches to the progress of single-molecule magnetism. 

However, only one example of a transition metal based 12-MC-4 coronate with single-

molecule magnetic behavior is hitherto reported in literature. So, the pioneering com-

pound Mn(II)(OAc)2[12-MCMn(III)N(Shi)-4](DMF)6·2DMF features an energy barrier of 

21K to magnetization reversal.[87,194] A main source for this lack consists in the prefer-

ence of the mutual cancelation of spins by the arrangement of coupling pathways within 

the intrinsic connectivity pattern for the most common case of antiferromagnetic inter-

actions.[161] This finding remains also valid for the aforementioned heterovalent manga-

nese cluster but is compensated by the consequence of another structural characteristic 

of the previous 12-MC-4 complexes. The anisotropic structure in the form of a planar 

disc shape is accompanied by an accordant combination of the single-ion contributions 

of the magnetic anisotropy due to the nearly parallel alignment of the Jahn-Teller-axis 

of the trivalent manganese ions in the ring.[194] Exhibiting a slow relaxation of magneti-

zation reversal, the presence of metal ions with high single-ion anisotropy is also most 

likely the decisive factor in a Gd8 cluster with 12-MC-4 subunit which embraces four 

hydroxide ions at its core[116] and a vacant aza-12-MC-4 cobalt complex.[130] By con-

trast, the 9-MC-3 motif represents a deserve building unit in the development of transi-

tion metal based SMMs[195–197] and is for example also contained in the family of Mn6 

clusters of salicylaldoxime[48,198–200] derivatives featuring the former record holder of the 

highest anisotropy barrier.[49] However, the beneficial increased spin ground state here 

originates from a completely different connectivity pattern due to the absence of a cen-

tral magnetic guest ion and the occasion of ferromagnetic interactions. At the same 

time, the reported single-molecule magnets for the larger 15-MC-5[166] complexes, the 

non-classical 14-MC-5 type[201–203] and multinuclear, metallacrown related heterometal-
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lic MnxLny clusters[204,205] certainly gain from the single-ion contributions to the overall 

spin and magnetic anisotropy of incorporated lanthanide ions. 

 

This thesis summarizes two novel complementary strategies and their present results to 

overcome the intrinsic handicap of the connectivity pattern of the magnetic interaction 

pathways in 12-MC-4 metallacoronates for the creation of single-molecule magnets by 

the utilization of the exceptional dualism of reliability and versatility of the correspond-

ing salicylhydroxamic acid based complexes. Therefore, it provides targeted access to 

these unique advantages of metallacrowns for the investigation, optimization and appli-

cation of single-molecule magnets. 

The first approach respects the given connectivity pattern of the magnetic coupling 

pathways and intends to turn its intrinsic features into an advantage for the establish-

ment of a high-spin ground state. For that purpose, a more parallel alignment of the 

spins in the peripheral ring is planned to be enforced in spite of expected antiferromag-

netic exchange interactions via an emphasis of the coupling pathways between the cen-

tral guest ion and the individual metal ions in the cyclic host versus the magnetic inter-

action within the ring. Therefore, a Cu(II) ion which is capable for the occurrence of 

strong magnetic interactions is scheduled as magnetic director at the core of the com-

plex whereas metal ions with large spin contributions like Fe(III) are placed in the sur-

rounding scaffold of the designed heterometallic high-spin metallacrown. 

The second strategy corresponds to the current trend in this field of research to yield, 

analyze and optimize single-molecule magnetic behavior based on a virtually magnetic 

isolated metal ion. Having gotten hold of the first examples of cobalt metallacrowns of 

salicylhydroxamic acid, the potential of these Co(II)[12-MCCo(III)N(Shi)-4] complexes to 

feature single-molecule magnetism depending on the central Co(II) guest ion is investi-

gated. The diamagnetic nature of the Co(III) ions in the cyclic host avoids the above-

mentioned problematic coupling scheme and shields the encapsulated guest ion at the 

core from unintended magnetic interactions. Moreover, the flexibility of the molecular 

configuration of this scaffold enables the crucial modification of the coordination sphere 

of the central Co(II) ion by the exchange secondary and bridging ligands as well as by 

the attachment of additional cations at the periphery of the complex. Due to the high 

sensitivity of divalent high-spin cobalt ions, the shape and the composition of this coor-

dinative environment are assigned to the role of an interface for the synthetic tuning of 

the magnetism of the virtually magnetically isolated Co(II) guest ion at the core of the 

single-molecular magnet based on a heterovalent cobalt metallacrown. 

The detailed concepts of both strategies, their already attained results and the corre-

sponding discussions are presented in the following chapters in the form of manuscripts 

for publications with attached further experimental details, data, illustrations and addi-
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tional remarks as supplementary information. At the date of the submission of this the-

sis, the manuscripts concerning the heterometallic metallacrowns has been sent to pub-

lishers and is under review whereas the treatise on the heterovalent cobalt metalla-

crowns will be rearranged into a communication and the body of a focused review arti-

cle due to short occasions.  
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2.1 Abstract 

Applying a novel magnetic director approach, we have realized Cu(II)(DMF)2Cl2[12-

MCFe(III)N(Shi)-4](DMF)4·2DMF as the first heterometallic transition metal 12-MC-4 

complex in order to equip this type of compound with a high-spin ground state. Synthe-

sis was planed extracting basic principles of the magnetic interplay in corresponding 

homometallic compounds. The high spin ground state is realized as the central guest ion 

accomplishes its anticipated role as a magnetic director enforcing an appropriate spin 

topology.  

2.2 Introduction 

The quest for novel single-molecule magnets is one of the most powerful driving forces 

in coordination chemistry research.[1-4] Since the discovery of the phenomenon in 1993, 

[5,6] different approaches have been pursued in order to comply with the two essential 

requirements of a high-spin ground state and an axial magnetic anisotropy.[7] Attempts 

to raise these simultaneously by increasing the nuclearity,[8-10] revealed both parameters 

to be strongly correlated.[11-13] Current synthetic efforts focus on an increased anisotropy 

and are, hence, mostly geared towards the incorporation of lanthanide ions into new 

complexes[14-16] and/or the geometric and electronic optimization of SMMs identified 

already. [17-22] However, only a few rare approaches are based on a purposeful design of 

definite, novel target molecules and usually demand the establishment of advanced, 

determining ligands with various sets of donor atoms.[23,24] 

Metallacrowns represent a promising class of compounds for the generation, engineer-

ing and further application of new single-molecule magnets, as they have proven most 

singularly to combine the features of synthetic reliability, stability of their basic scaf-

fold, structural versatility, and facile functionalization.[25-27] In spite of the finite ligand 

size, salicylhydroxamic acid (H3Shi) especially reliably creates the 12-MC-4 structural 

motif with four metal centers in the cyclic host and an encapsulated guest ion at its core 

(Fig. 1).[28-32] The complex Mn(II)(OAc)2[12-MCMn(III)N(Shi)-4](DMF)6 has already been 

reported to reveal SMM behavior. In that case, the occurrence of an energy barrier to 

magnetization reversal has been attributed particularly to the combination of single-ion 

anisotropy contributions, which are promoted by the planar linkage of the spin carriers 

in the characteristic configuration.[33] However, 12-MC-4 clusters, in general, lack a 

high-spin ground state because the nearly complete mutual compensation of the spins 

via antiferromagnetic interactions is facilitated by the geometric arrangement of the 

coupling pathways.[33-35] 

Therefore, we present here the first achievements of a complementary approach which 

respects the basic motif of the metallacrowns as an established class of complexes and 

realizes the enforcement of an increased spin ground state by a purposeful placement of 
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different metal ions in a designed target molecule. It, therefore, holds out the prospect of 

a uniquely rational access to novel and versatile single-molecule magnets based on 

high-spin metallacrowns. Featuring the most singular dualism of adaptability and stabil-

ity, the upgrade of 12-MC-4 metallacrowns with advanced magnetic properties would 

create them powerful tools to face current challenges of magneto-chemical research. 

Particularly, the deposition on surfaces and the incorporation into functional materials 

and devices represent promising scopes in that respect.[36-39] 

 

Fig.1 Basic 12-MC-4 motif with different metal-binding sites at the core (orange) and in 

the surrounding scaffold (green), and a corresponding idealized square magnetic model 

with a radial (J1) and tangential (J2) coupling constant. 

 

As we are working in the field of metallacrown chemistry, we have been looking for a 

way to join the synthetic reliability of the characteristic structural motif with the insight 

into the intramolecular magnetic interplay in order to equip these complexes of distin-

guished features with a high-spin ground state. The interpretation of the magnetic prop-

erties of the homometallic metallacrown (HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] 1 in this 

article, demonstrates the reasonable application of the idealized square planar coupling 

scheme that is performed by default for 12-MC-4 type compounds in a paradigmatic 

way.[33-35,40-44] In this instance, the number of distinct coupling constants is reduced to 

one parameter J1 for the radial interactions between the guest metal ion and the spin 

centers in the cyclic host, and another parameter J2 for the tangential interactions within 

the peripheral ring (Fig. 1). As will be discussed in more detail below, this arrangement 

of coupling pathways and spins favors their mutual cancellation in the frequent case of 

antiferromagnetic interactions overall. 

 Nevertheless, the square magnetic model also comprises a star-shaped subpattern 

and a large number of examples of the latter structure type featuring a high-spin ground 

state in spite of antiferromagnetic interactions have been reported.[45-50] We, therefore, 
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developed the strategy to turn the square coupling scheme of the metallacrown into a 

dominantly star-shaped one by emphasizing the radial interactions via a deliberate 

placement of different metal ions inside the various binding sites. Concerning the spin 

topology of the ground state, this means the enforcement of a shift in the spectrum of 

possible orientations between the extremes of an antiparallel and a parallel alignment of 

the magnetic moments in the cyclic scaffold (Fig. S7). To that effect, a Cu(II) guest ion 

was intended to function as the central magnetic director, because its natural magnetic 

orbital dx²-y² points directly towards basal donor atoms and can, consequently, induce 

extraordinary strong antiferromagnetic exchange interactions in an appropriate ar-

rangement.[51-53] This holds especially for 12-MC-4 metallacrowns, as we have deduced 

from the magnetic behavior of 1 in accordance with similar compounds in literature. 

35,40-44] Moreover, the range of the cavity size and the in plane position of the radial link-

ing oxygen donor atoms appeared most promising for the aforementioned type of com-

plex, which has been established as the predominant supramolecular assembly of the 

pioneering ligand salicylhydroxamic acid.[29-31,54-56] The design of the target molecule 

was completed by the placement of Fe(III) ions inside the cyclic periphery. These also 

provide high single-ion spin contributions as suitable sets of magnetic orbitals for the 

exchange interactions in the targeted cluster Cu(II)[12-MCFe(III)N(Shi)-4]. Furthermore, 

the coupling constants reported for the salicylhydroxamic acid-based metallacrown 

Fe(III)(OAc)3[12-MCFe(III)N(Shi)-4](MeOH)3 are smaller by magnitudes than those for the 

homometallic copper metallacrowns such as 1.[57] The quantitative evaluation of the 

interplay between radial and tangential exchange interactions performed is dealt with in 

the course of the interpretation of the experimental magnetic data, which have been ob-

tained for the successfully synthesized compound Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-

4](DMF)4·2DMF (2). 

The homometallic complex (HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] (1) and the heterometal-

lic compound Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-4](DMF)4·2DMF (2) have been pre-

pared by reactions of salicylhydroxamic acid with the corresponding metal chloride 

salts in the presence of amine bases in methanol and dimethylformamide, respectively. 

Pursuing the positioning of the different metal ions for 2 outlined, a preferential for-

mation of the cyclic scaffold by Fe(III) ions was anticipated due to the extraordinary 

affinity of the hydroxamic acid moiety towards this specie.[58-60] The encapsulation of 

the Cu(II) ion inside the core was, on the contrary, promoted by a waiver of potential 

bridging polydentate ligands in order to keep the number of pre-oriented donor atoms 

low, and to facilitate a flexible adaption of the cavity size via the overall molecular con-

figuration. The successful synthesis of both compounds has been verified by various 

characerization methods like X-ray crystallography, elemental analysis, infrared spec-

troscopy, UV-Vis spectroscopy, atomic absorption spectroscopy, mößbauer spectrosco-

py and ESI-mass spectrometry. 
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Fig. 2 Molecular structure of (HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] in crystals of 1; color 

scheme: light blue outlined - Cu(II), red - O, dark blue - N, and black - C. 

 

The crystal structure of 1 contains the well-known pentanuclear complex dianion 

Cu(II)[12-MCCu(II)N(Shi)-4]2- (Fig. 2, S1).[29,56] Four of the Cu(II) ions are linked by the 

same number of threefold deprotonated salicylhydroxamic acid molecules forming the 

cyclic host of the metallacrown with the characteristic repetition unit [Cu-O-N-]. Thus, 

each ligand binds one metal center via its hydroximate group, while the iminophenolate 

functionality associated is coordinated with a different copper ion of the metallamacro-

cycle. As every copper ion of this peripheral scaffold is bound by the complementary 

moieties of two adjacent salicylhydroximates, a succession of five- and six-membered 

chelate rings is observed. The fifth Cu(II) ion resides in the inner cavity on a center of 

inversion and is surrounded by the hydroximate oxygen donor atoms, which point to-

wards the inside of the complex. Although all metal centers adopt a square planar coor-

dination sphere, the overall molecule does not feature perfect planarity. By contrast, a 

so-called ‘sofa-configuration’ is present, because both adjacent ligands of the asymmet-

ric unit are tilted slightly out of the plane of the metal ions in a different orientation and 

are symmetrically related to the salicylhydroximates in the opposite half of the molecule 

by the center of inversion. As has been described previously for similar compounds, the 

metallacrown is disordered over two positions about the central guest ion in a refined 

ratio of 86:14.[29,56] The triethyl ammonium ions interact via hydrogen bonding with two 

phenolate oxygen atoms (carbonyl oxygen atoms for the minority orientation) on oppo-
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site sides of the periphery of the 12-MC-4 cluster. The metallacrown dianions in the 

crystals of 1 overlap like bricks in the ‘a’ direction, forming triethyl ammonium-flanked 

chains. These are aligned towards layers along the ‘c’ axis (Fig. S2), which are alter-

nately stacked in the ‘b’ direction, with opposite inclination of the chains (Fig. S3). 

Crystal structure information, and selected interatomic distances and angles are provid-

ed in Tables S1, S2 and S3 of the ESI, and are given in proper places for the discussion 

of the magneto-structural correlations. 

 

Fig. 3 Molecular structure of Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-4](DMF)4 in crystals of 

2; colour scheme: light blue - Cu(II), yellow - Fe(III), green - Cl, red - O, dark blue - N, 

black - C. 

 

The neutral molecules in the crystal structure of compound 2 also obey the regular 12-

MC-4 constitution, which has been described in detail for 1 (Fig 3, S4). However, the 

cyclic host comprises four Fe(III) ions while a Cu(II) ion is encapsulated inside the core 

of the complex. Due to the centrosymmetry of the metallacrown, two of the iron ions on 

opposite sides of the ring are surrounded by a square pyramidal coordination sphere 
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with a chloride counter ion on the apical position (τ = 0.058). [61] On the contrary, a pair 

of transoid dimethylformamide secondary ligands each completes the distorted octahe-

dral environment of the remaining Fe(III) ions and likewise delimits the distinguished 

axis of the strongly Jahn-Teller elongated octahedron around the central copper ion. The 

planarity of the basic motif is again slightly perturbed as the adjacent salicylhydroxi-

mate main ligands of the asymmetric unit are tilted out of the plane of the metal ions in 

opposite directions. 

The complex is also disordered over two positions about the copper ion on the center of 

inversion but the extent is significantly lower with a rate of above 97% for the majority 

orientation. Additionally, two disordered dimethylformamide solvent molecules per 

metallacrown fill the space between adjacent complexes. The latter are packed towards 

layers in the plane, which is spanned by the ‘a+c’ and ‘a+b’ vector (Fig S4). The dime-

thylformamide ligands project into the interspace between the layers. Crystal structure 

information, selected interatomic distances and angles are listed in tables S1, S2 and S3. 

Moreover, the relevant parameters are picked in the course of the discussion of the 

magnetic data. 

The magnetic properties of 1 according to a χMT vs. T plot are depicted in figure 4. At 

room temperature the experimental χMT value of 1.00 cm³ K mol-1 is distinctly lower 

than the calculated spin-only value of 1.88 cm³ K mol-1 for five uncoupled Cu(II) ions 

with S = ½ and g = 2.0. Decreasing the temperature, the χMT values decline with con-

tinuously increasing slop until an inflection point is reached slightly above 100 K. Both 

observations already indicate a favoritism of low spin states due to strong antiferromag-

netic interactions between the metal ions. Below 100 K, the slope decreases and the data 

reveal a plateau at 0.44 cm³ K mol-1 between 40 and 10 K. Anticipating an usually 

slightly raised g-factor for copper compounds, this feature gives evidence for an isolated 

S = ½ spin ground state. The χMT values finally decrease again for very low tempera-

tures. Due to the shortest distance of only 6.05 Å for Cu(II) ions of different metalla-

crowns within the chains along the a axis and 6.92 Å between the chains in c direction, 

the latter might be attributed to intermolecular antiferromagnetic interactions. 

 The interpretation of the magnetic data was performed via the idealized square cou-

pling scheme (Fig.1), which has been frequently applied for 12-MC-4 compounds in 

literature.[33-35,40-44] Hence, only two different coupling constants for radial and tangen-

tial exchange interactions have been introduced into the following isotropic spin-

Hamiltonian according to the Heisenberg-Dirac-van-Vleck model. 

 

Ĥ = 	−2%&'Ŝ&Ŝ) + Ŝ&Ŝ+ + Ŝ&Ŝ, + Ŝ&Ŝ-. 

−	2%)�Ŝ)Ŝ+ + Ŝ+Ŝ, + Ŝ,Ŝ- + Ŝ)Ŝ-� 
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In spite of the lack of an exact C4 symmetry, this simplification is justified by the con-

formity of the relevant structural parameters. The distances of the central Cu(II) ion and 

the two crystallographically distinguished hydroximate oxygen atoms for instance both 

amount to 1.90 Å while the bond lengths of these donor atoms to the adjacent copper 

ions in the periphery measure 1.91 and 1.90 Å. Moreover, the spanned angles between 

the guest ion, the linking oxygens atoms and the metal centers in the host hardly differ 

with 116.8 and 117.6° respectively. Within the cyclic scaffold, the distances between 

the Cu(II) ions also resemble each other accounting for 4.58 and 4.61 Å. 

 

Fig.4 Temperature dependence of the χMT product (χMT vs. T plot) for experimental 

susceptibility data of compound 1; the solid line refers to the best fit of the experimental 

data according to an idealized square magnetic model. 

 

The best fit result of g = 2.16, J1  = -155.2 cm-1 and J2 = -92.3 cm-1 is in good accordance 

with the reported values for comparable compounds and implies strong antiferromagnet-

ic coupling for both interaction pathways.[35,40,42-44] However, the radial interaction via 

the single hydroximate oxygen atom clearly exceeds the tangential coupling through the 

diatomic N-O bridge. According to the corresponding energy level diagram (Fig. S10), 

the low-spin ground state of S = 1/2 is well separated from two excited S = 1/2 states by 
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125.8 and 184.5 cm-1 and from the lowest lying S = 3/2 high-spin state by 213.8 cm-1. 

The analyses of the magnetization measurements confirm this finding as they match the 

anticipated Brillouin function for an isolated spin ground state (Fig. S8, S9). A parallel 

alignment of the peripheral spins like in antiferromagnetically coupled star shaped mol-

ecules is hence not accomplished. As it has been demonstrated previously, the relative 

energies of the spin states are linear functions of the ratio between the radial and the 

tangential coupling constants J1/J2 for the here applied model (Fig. S11).[35] Thus, below 

the threshold of J1/J2 = 1 an S = ½ ground state representing the case of an alternating 

spin topology in the cyclic scaffold is adopted whereas the parallel alignment of the 

peripheral spins opposite to the central spin is achieved above the limit of J1/J2 = 4 (Fig. 

S12). Between those extremes of dominating tangential or radial exchange coupling and 

specifically for the here analyzed compound 1 (J1/J2 = 1.68), another S = 1/2 spin state 

holds the lowest energy (Fig. S13). Therefore, the enforcement of a high-spin ground 

state via superior radial magnetic interactions reveals to be hindered by the geometric 

arrangement of the coupling pathways (Fig. S14). 

Based on the insight into the magnetic interactions of homometallic 12-MC-4 com-

pounds like 1, an evaluation of the spin state energies in correlation with the ratio be-

tween radial and tangential coupling has been performed for the Cu(II)[12-

MCFe(III)N(Shi)-4] target molecule within the range of of the idealized square magnetic 

model. The number of states significantly increases from 10 to 286 due to the placement 

of S = 5/2 spins in the sites at the periphery (Fig. S15). Starting from superior tangential 

coupling, an S = ½ state is lowest in energy, which represents the extreme of an alter-

nating spin topology within the cyclic host. Between ratios of J1/J2 = 1 and 4, again a 

different S = ½ state takes over. Proceeding towards relatively stronger radial interac-

tions, the value of the spin ground state increases continuously from S = 3/2 at the 

threshold of J1/J2 = 4 in steps of 1 for every raise of the ratio by 2 until the other ex-

treme of a parallel aligned spin orientation in the ring with S = 19/2 is reached at the 

limit of J1/J2 = 20 (Fig. S16). These considerations on the one hand stress the need for 

distinctly superior radial magnetic interactions. But on the other hand, high-spin ground 

states are already achieved via the magnetic director approach in spite of the geometric 

hindrance for ratios between radial and tangential interaction which are significantly 

lower than the demanded threshold for the completely parallel alignment of the periph-

eral spins (Fig. S17). 

The magnetic data of the synthesized compound 2 are presented according to a χMT vs. 

T plot in figure 5. At room temperature, the experimental χMT value of 17.12 cm³ K 

mol-1 resembles the expected spin-only value of 17.88 cm³ K mol-1 for four non-

interacting Fe(III) ions with S = 5/2 and one Cu(II)  ions with S = ½ at a g-factor of g = 

2.0. Cooling down the sample, the χMT values increase until a maximum of 22.45 cm³ K 

mol-1 is reached close to 40 K. This feature indicates an energetic preference of higher 



2 Heterovalent Metallacrowns 30 

spin states by strong intramolecular magnetic interactions. For lower temperatures, the 

χMT values decrease with rising slope. Due to the distances of 7.10 and 7.42 Å between 

Fe(III) ions of different metallacrowns within the layers, the relevance of intermolecular 

magnetic interactions for the magnetic properties of compound 2 at very low tempera-

ture cannot be excluded. Moreover, the influence of magnetic anisotropy has to be taken 

into considerations as significant zero field splitting parameters D have been reported 

for square pyramidal coordinated Fe(III) ions.62-64 

 

Fig. 5 Temperature dependence of the χMT product (χMT vs. T plot) for experimental 

susceptibility data of compound 2; the solid line refers to the best fit of the experimental 

data according to an idealized square magnetic model. 

 

Although the deviation of the metallacrown from C4 symmetry is directly obvious from 

the different coordination numbers and secondary ligands of the crystallographically 

distinct Fe(III) ions, the interpretation of the magnetic data has again been performed 

via an idealized square coupling scheme. This proceeding is supported by the compari-

son of the relevant structural parameters. For instance, the interatomic distances along 

the radial interaction pathways show nearly identical values. So, the bond lengths be-

tween the Cu(II) ion and the hydroximate oxygen atoms account for 1.91 and 1.92 Å. 

The distance between the latter and the Fe(III) ion in the square pyramidal coordination 

sphere is with 1.99 Å only slightly smaller than the value of 2.01 Å for the counterpart 
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of the six-fold coordinated metal ion. Additionally, the corresponding angles moreover 

measure 123.6 and 124.1°, respectively. Concerning the tangential coupling, the two 

distinguishable distances between the peripheral iron centers strongly resemble each 

other with 4.88 and 4.89 Å. This kind of simplification has furthermore been applied 

successfully for a very similar case of a pseudo-symmetrical iron cluster in literature.[59]  

Thus, the optimized coupling constant for the interaction between the Cu(II) ion in the 

core with S = ½ and the peripheral Fe(III) ions of the cyclic host with S = 5/2 amounts 

to J1 = -49.2 cm-1 while J2 = -3.8 cm-1 was obtained as best fit results for the exchange 

interaction in the ring due to the square magnetic model at a g-factor of g = 2.03. Setting 

up the energy diagram based on these values, an S = 11/2 state is lowest in energy due 

to the ratio of J1/J2 = 12.9 (Fig. S20) but it is closely accompanied by a S = 13/2 and a S 

= 9/2 state only 3.3 and 4.2 cm-1 above, respectively (Fig. S21). Despite of the limita-

tions of the applied model, its significance is underlined by the simulation of the tem-

perature dependent magnetization data using the optimized fit parameters, which 

matches the measured data comparatively well (Fig. S18). A fitting according to the 

Brillouin function of an isolated spin ground state was not performed due to the antici-

pated near excited states, which might be the reason besides magnetic anisotropy for the 

missing superimposition of the measured values towards a master curve in the plot of 

the reduced magnetization versus the field-temperature ratio (Fig. S19). The achieve-

ment of a high-spin ground state is therefore decidedly confirmed by both types of mag-

netic measurements. 

Although the behavior of the sample under a dynamic magnetic field was analyzed, no 

evidence of SMM characteristics could be observed even with an additional static field. 

A discussion of the reasons for this demands a more detailed investigation of the lowest 

lying states, which has to be performed by elaborate methods because of their weak 

energetic separation. The successful establishment of a high-spin ground state will now 

allow achieving the features of single-molecule magnetism by a synthetic fine adjust-

ment via the engineering of secondary ligands, coordination geometries and the molecu-

lar configuration in analogy to the family of star-shaped Fe4 clusters.[65-66] 

2.3 Conclusions 

Inspired by the insight into the interplay of the magnetic interactions in the compound 

(HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] and related complexes in literature, a strategy to 

overcome the nearly complete cancellation of the spins in 12-MC-4 metallacrowns was 

devolved that respects their basic structural motif, considers the frequent occurrence of 

antiferromagnetic coupling and utilizes their advantageous features. The herein present-

ed magnetic director approach is aimed at the enforcement of a high-spin ground state 

via dominating radial magnetic interactions. For that purpose, a copper-centered iron 
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metallacrown was designed as a target molecule and realized through the compound 

Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-4](DMF)4 x 2 DMF. Indeed, the magnetic data of 

this first example of a transition metal-based heterometallic 12-MC-4 metallacrown 

prove the presence of a high-spin ground state. Therefore, the novel magnetic director 

approach has revealed its potential to join the established, distinguished features of 12-

MC-4 metallacrowns, such as stability of the basic scaffold, structural versatility and 

facile functionalization with advanced magnetic features in a singularly targeted way. It 

represents hence a suitable strategy to develop those compounds for their application in 

magneto-chemical issues. 

Elaborate investigations, including XMCD measurements, are in progress in order to 

refine the magnetic model of the novel heterometallic compound. Moreover, synthetic 

experiments are currently being performed which aim at the further engineering of the 

magnetic properties via the substitution of secondary ligands. 
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2.5 Notes 

Electronic Supplementary Information (ESI) available: [Experimetal details; synthesis; 

X-ray crystallography - crytal structure information (Tab. S1), selected interatomic dis-

tances and angles (Tab. S2-3), numbering schemes with thermal ellipsoids (Fig. S1, S4), 

packing diagramms (Fig. S2-3, S5-6); magnetism - energy level diagrams (Fig. S10-13, 

S15-17, S20-21), magetization curves (Fig. S8-9, S18-19), spin topology illustrations 

(Fig. S7, S14); elemental analysis - data; infrared spectroscopy - data; UV-Vis spectros-

copy - data, spectra (Fig. S22-23); atomic absorption spectroscopy - data; mößbauer 

spectroscopy - data, spectrum (Fig. S24), ESI-mass spectrometry - data].  

Crystal data. 1 C40H48Cu5N6O12, M = 1122.58, monoclinic, a = 9.5697(7), b = 

18.8080(13), c = 11.8032(9) Å, α = 90, β = 107.039(2), γ = 90°, U = 2031.2(3) Å³, T = 

173 K, space group P21/c (no.14), Z = 2, 19690 reflections measured, 4967 unique (Rint 

= 0.0825) which were used in all calculations. The final wR(F2) was 0.0795 (all data). 2 

C52H72Cl2CuFe4N12O20, M = 1543.04, triclinic, a = 11.7510(5), b = 12.8013(5), c = 

12.8605(5) Å, α = 96.9260(10), β = 111.4130(10), γ = 110.2760(10)°, U = 1620.39(11) 
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Å³, T = 173 K, space group P-1 (no.2), Z = 1, 35651 reflections measured, 7811 unique 

(Rint = 0.0466) which were used in all calculations. The final wR(F2) was 0.0779 (all 

data). CCDC 984042 and 984043. 
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2.7 Supplementary Information 

2.7.1 Experimental Section  

All chemicals were reagent grade and were used without further purification. 

X-ray diffraction data for the structure analyses were collected from suitable crystals of 

1 and 2 on a Bruker SMART 3-circle diffractometer with an APEX II CCD detector and 

Oxford cooling system using graphite-monochromated Mo-Kα radiation (λ = 0.71073 

Å) at -100°C. 

Magnetic data were obtained from polycrystalline samples on a Quantum Design 

MPMS XL SQUID magnetometer equipped with a 7 T magnet. Temperature dependent 

susceptibility was measured from 2 to 300 K at an applied field of 1 T. Magnetization 

data were collected in a range between 2 and 10 K up to a field of 7 T. 

C, H and N elemental analyses were carried out on a Foss Heraeus Vario EL at the Insti-

tute of Organic Chemistry at the Johannes Gutenberg University Mainz.  

Infrared absorption spectra were recorded at room temperature in a range of 400-4000 

cm-1 on a JASCO FT/IR-4200 spectrometer using KBr pellets.  

UV-Vis absorption measurements were performed between 210 and 1000 nm for a 0.2 

and 0.01 mM solution of 1 in MeOH and between 250 and 1000 nm for a 0.002 mM 

solution of 2 in CHCl3 on a JASCO V-570 UV/Vis/NIR spectrophotometer. 

Atomic absorption spectroscopy was carried out on a PerkinElmer 5100 ZL spectrome-

ter. 

The 57Fe Mössbauer spectrum was recorded in transmission geometry with a 57Co(Rh) 

source kept at room temperature and a conventional spectrometer operating in the con-

stant-acceleration mode. Previously, the powdered sample had been hermetically en-

closed in the sample holder made of acryl. 

ESI mass spectra were obtained in the positive ion mode from a Waters Q-ToF-

ULTIMA 3 with LockSpray source at the Institute of Organic Chemistry at the Johan-

nes Gutenberg University Mainz. 

2.7.2 Synthesis  

(HNEt3)2Cu(II)[12-MC Cu(II)N(Shi) -4] (1) 

CuCl2 (0.168 g, 1.25 mmol) and salicylhydroxamic acid (0.153 g, 1 mmol) were dis-

solved in 20 ml of methanol and a solution of triethylamine (0.304 g, 3 mmol) in 10 ml 

of methanol was added. The dark green reaction mixture was stirred for 16 h and than 

filtered. Dark green crystals suitable for X-ray diffraction analysis were obtained from 

the filtrate by slow evaporation after two days. 
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Yield: 0.185 g (66%) 

Cu(II)(DMF) 2Cl2[12-MCFe(III)N(Shi) -4](DMF)4 · 2 DMF (2) 

CuCl2 (0.269 g, 2 mmol) and salicylhydroxamic acid (0.153 g, 1 mmol) were dissolved 

in 10 ml of dimethylformamide and a solution of triethanolamine (0.373 g, 2.5 mmol) in 

10 ml of dimethylformamide was added. By addition of a solution of FeCl2 · 4H2O 

(0.199 g, 1 mmol) in 10 ml of dimethylformamide, the dark green reaction mixture im-

mediately turned dark red. It was stirred for 16 h and than filtered. Dark red crystals 

suitable for X-ray diffraction analysis were obtained from the filtrate by slow evapora-

tion after one month.  

Yield: 0.126 g (33%)  

2.7.3 X-ray Crystallography  

A semi-empirical absorption correction of the obtained X-ray diffraction data was per-

formed with MULABS.1,2 The structures were solved by direct methods with the help of 

the program SIR973 and all non-hydrogen atoms were refined by full-matrix least 

squares methods on F2 with anisotropic displacement parameters using SHELXL-97.4 

All carbon bound hydrogen atoms were placed on geometrically calculated positions 

and refined according to the riding model with a uniform value of Uiso. The nitrogen 

bound hydrogen of the triethylammonium moiety of 1 was located and refined accord-

ing to the riding model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Heterovalent Metallacrowns 39 

Compound 1 2 

Formula C40 H48 Cu5 N6 O12 C52 H72 Cl2 Cu Fe4 N12 O20 

Formula weight 1122.58 1543.04 

T/K  173 173 

Wavelength/Å 0.71073 0.71073 

Crystal system Monoclinic Triclinic 

Space group P21/c P-1 

a/Å 9.5697(7) 11.7510(5) 

b/Å 18.8080(13) 12.8013(5) 

c/Å 11.8032(9) 12.8605(5) 

α/°  96.926(1) 

β/° 107.039(2) 111.413 (1) 

γ/°  110.276 (1) 

V/Å3 2031.2(3) 1620.39 (11) 

Z 2 1 

δcalcd/gcm-3 1.835 1.581 

µ/mm-1 2.648 1.359 

Crystal size/mm 0.47 × 0.45 × 0.24 0.30 × 0.21 × 0.08 

θmax/° 28.14 28.00 

Reflns. collected 19690 35651 

Indep. Reflns (Rint) 4967(0.0825) 7811(0.0466) 

Data/restrains/parameters 4967/47/350 7811/70/478 

Goof on F2 1.021 0.963 

R1, wR2 (I>2σ(I))  

 

0.0343 

0.0758 

0.0300 

0.0735 

R1, wR2 (all data) 

 

0.0476 

0.0795 

0.0444 

0.0779 

Largest diff. peak and hole/e Å-3 0.529/-0.547 0.598/-0.354 

 

Table S1 Crystallographic data and refinement parameters for the crystal structures of 1 

and 2 
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1  2  

Cu1‒O1 1.896(2) Cu1‒O1 1.9155(12) 

Cu1‒O4 1.8996(19) Cu1‒O4 1.9114(12) 

Cu2‒O1 1.9032(19) Cu1‒O9 2.7166(18) 

Cu2‒O2 1.964(2) Fe1‒O1 1.9907(13) 

Cu2‒O6* 1.871(2) Fe1‒O2 1.9692(14) 

Cu2‒N2* 1.926(2) Fe1‒O6* 1.8635(13) 

Cu3‒O3 1.8999(19) Fe1‒N2* 2.0521(15) 

Cu3‒O4 1.907(2) Fe1‒Cl1 2.2473(6) 

Cu3‒O5 1.940(2) Fe2‒O3 1.8706(13) 

Cu3‒N1 1.913(3) Fe2‒O4 2.0094(12) 

  Fe2‒O5 1.9976(13) 

Cu1···Cu2 3.2502(4) Fe2‒O7 2.0997(14) 

Cu1···Cu3 3.2421(3) Fe2‒O8 2.0964(14) 

Cu2···Cu3 4.5758(5) Fe2‒N1 2.0741(15) 

Cu3···Cu2i 4.6057(6)   

  Fe1···Fe2 4.8905(4) 

N3‒H3N 0.91(3) Fe1···Cu1 3.4503(3) 

N3···O3 2.815(3) Fe2···Fe1* 4.8759(4) 

H3N···O3 1.96(3) Fe2···Cu1 3.4556(3) 

 

Table S2 Selected interatomic distances (Å) in the crystal structures of 1 and 2 
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1  2  

Cu1‒O1‒Cu2 117.62 (10) Cu1‒O1‒Fe1 124.07(6) 

Cu1‒O4‒Cu3 116.81 (10) Cu1‒O4‒Fe2 123.59(6) 

    

O1‒Cu1‒O4 91.90(8) O1‒Cu1‒O4 90.53(5) 

O1‒Cu1‒O4* 88.10(8) O1‒Cu1‒ O4*  89.47(5) 

O1‒Cu2‒O2 80.10(8) O1‒Cu1‒O9 96.53(5) 

O1‒Cu2‒N2* 88.77(10) O1*‒Cu1‒O9 83.47(5) 

O2‒Cu2‒ O6* 98.15(8) O4‒Cu1‒O9 92.68(5) 

O6*‒Cu2‒N2* 92.98(11) O4*‒Cu1‒O9 87.32(5) 

O3‒Cu3‒O5 98.87(8) O1‒Fe1‒O2 76.97(5) 

O3‒Cu3‒N1 93.05(9) O1‒Fe1‒N2* 83.51(5) 

O4‒Cu3‒O5 81.20(8) O1‒Fe1‒Cl1 105.35(4) 

O4‒Cu3‒N1 91.52(10) O2‒Fe1‒O6* 95.39(6) 

  O2‒Fe1‒Cl1 104.03(5) 

  O6*‒Fe1‒N2* 86.81(6) 

  O6*‒Fe1‒Cl1 109.41(5) 

  N2*‒Fe1‒Cl1 104.62(5) 

  O3‒Fe2‒O5 112.06(6) 

  O3‒Fe2‒O7 88.50(6) 

  O3‒Fe2‒O8 90.90(6) 

  O3‒Fe2‒N1 87.18(6) 

  O4‒Fe2‒O5 77.48(5) 

  O4‒Fe2‒O7 89.52(5) 

  O4‒Fe2‒O8 92.11(6) 

  O4‒Fe2‒N1 83.49(5) 

  O5‒Fe2‒O7 89.03(6) 

  O5‒Fe2‒O8 85.35(6) 

  O7‒Fe2‒ N1 95.79(6) 

  O8‒Fe2‒N1 90.47(6) 

Table S3 Selected bond angles (°) in the crystal structures of 1 and 2 
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Figure S1 Molecular structure of (HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] in crystals of 1 

with numbering scheme and thermal ellipsoids at 50% probability level; color scheme: 

light blue - Cu(II), red - O, dark blue - N, grey - C 

 

 

 

Figure S2 Packing of the (HNEt3)2Cu(II)[12-MCCu(II)N(Shi)-4] units towards chains along 

the a axis in the crystal structure of 1; view on the ac plane in b direction; color scheme: 

light blue - Cu(II), red - O, dark blue - N, grey - C 
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Figure S3 Packing of the chains towards layers along the c axis and stacking of these 

layers in b direction in the crystal structure of 1; view on the bc plane along the a direc-

tion; color scheme: light blue - Cu(II), red - O, dark blue - N, grey - C 
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Figure S4 Molecular structure of Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-4](DMF)4 in crys-

tals of 2 with numbering scheme and thermal ellipsoids at 50% probability level; color 

scheme: light blue - Cu(II), yellow - Fe(III), green - Cl, red - O, dark blue - N, grey - C 
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Figure S5 packing of the Cu(II)(DMF)2Cl2[12-MCFe(III)N(Shi)-4](DMF)4 units in the 

plane spanned by the a+b and a+c vector in the crystal structure of 2; color scheme: 

light blue - Cu(II), yellow - Fe(III), green - Cl, red - O, dark blue - N, grey - C 
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Figure S6 Stacking of the layers in the crystal structure of 2; color scheme: light blue - 

Cu(II), yellow - Fe(III), green - Cl, red - O, dark blue - N, grey - C 

 

2.7.4 Magnetism  

 

In the course of the data processing of all magnetic measurements, diamagnetic correc-

tions were applied for the holder as well as for the intrinsic contributions of atoms and 

moieties with the help of Pascal’s constants.5 The fitting of the temperature dependent 

susceptibility data was performed with the help of the program CLUMAG6 using the χT 

vs. T plot of the measured data above 10 K. Model simulations and the simulation of the 

magnetization data of 2 were carried out via the software package FIT-MART.7 

 

 

 



2 Heterovalent Metallacrowns 47 

 

 

 

 

 

 

 

 

 

 

Figure S7 Schematic drawing of an alternating and parallel aligned spin topology for 

the cyclic host of a 12-MC-4 metallacrown as extreme cases of dominantly tangential 

(a) and radial (b) antiferromagnetic interactions; the respective superior coupling path-

ways are graphically highlighted 
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Figure S8 Field dependence of the reduced magnetization (M/NµB vs. H plot) of 1 for 

different temperatures between 2 and 10 K; solid lines represent simulations according 

to the Broillouin function for an isolated S = ½ ground state and a g-factor of g = 2.2 
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Figure S9 Field-temperature ratio dependence of the reduced magnetization (M/NµB vs. 

H/T plot) of 1 at temperatures between 2 and 10 K for applied magnetic field from 0.1 

to 7 T; the solid line represents the simulated master curve according to the Broillouin 

function for an isolated S = ½ spin ground state and a g-factor of g = 2.2 
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Figure S10 Energy level diagram of the spin states of the Cu(II)[12-MCCu(II)N(Shi)-4]2- 

complex in 1 according to the best fit result of the temperature dependence of the χMT 

product (χMT vs. T plot; Fig. 4) for an idealized square magnetic model using an iso-

tropic Heisenberg Hamiltonian   
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Figure S11 Coupling constants ratio dependent normalized energy level diagram of an 

idealized square magnetic model for a generalized Cu(II)[12-MCCu(II)N(Shi)-4]2- complex 

with radial (J1) and tangential (J2) antiferromagnetic interactions according to an iso-

tropic Heisenberg Hamiltonian 
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Figure S12 Coupling constants ratio dependent normalized energy level diagram of an 

idealized square magnetic model for a generalized Cu(II)[12-MCCu(II)N(Shi)-4]2- complex 

with radial (J1) and tangential (J2) antiferromagnetic interactions according to an iso-

tropic Heisenberg Hamiltonian with special focus on the spin ground states; occurring 

spin ground states are highlighted  
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Figure S13 Coupling constants ratio dependence of the value of the spin ground state of 

an idealized square magnetic model for a generalized Cu(II)[12-MCCu(II)N(Shi)-4]2- com-

plex with radial (J1) and tangential (J2) antiferromagnetic interactions according to an 

isotropic Heisenberg Hamiltonian 
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Figure S14 Illustrative visualization of the geometric hindrance from the manipulation 

of the spin ground state of a 12-MC-4 complex via a central magnetic director approach 

by a comparison of the spin topologies of the cyclic scaffold for both extreme cases of 

dominantly radial (a) and tangential (b) antiferromagnetic interactions; assuming the 

paradigm of a homometallic metallacrown with all spin centers S = ½ and identical, 

antiferromagnetic coupling constants J1 and J2, every parallel alignment of spins (red 

arrow) means an energetic penalty relative to an antiparallel orientation; the handicap of 

the intended high-spin state can be illustrated by simply counting the penalties for the 

parallel aligned (4) and alternating (2) spin topology in the ring 
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Figure S15 Coupling constants ratio dependent normalized energy level diagram of an 

idealized square magnetic model for a generalized Cu(II)[12-MCFe(III)N(Shi)-4] complex 

with radial (J1) and tangential (J2) antiferromagnetic interactions according to an iso-

tropic Heisenberg Hamiltonian 
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Figure S16 Coupling constants ratio dependent normalized energy level diagram of an 

idealized square magnetic model for a generalized Cu(II)[12-MCFe(III)N(Shi)-4] complex 

with radial (J1) and tangential (J2) antiferromagnetic interactions according to an iso-

tropic Heisenberg Hamiltonian with special focus on the spin ground states; occurring 

spin ground states are highlighted  
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Figure S17 Coupling constants ratio dependence of the value of the spin ground state of 

an idealized square magnetic model for a generalized Cu(II)[12-MCFe(III)N(Shi)-4]2- com-

plex with radial (J1) and tangential (J2) antiferromagnetic interactions according to an 

isotropic Heisenberg Hamiltonian 
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Figure S18 Field dependence of the reduced magnetization (M/NµB vs. H plot) of 2 for 

different temperatures between 2 and 10 K; solid lines represent simulations according 

to the best fit result of the temperature dependence of the χMT product (χMT vs. T plot; 

Fig. 5) for an idealized square magnetic model   
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Figure S19 Field-temperature ratio dependence of the reduced magnetization (M/NµB 

vs. H/T plot) of 2 at temperatures between 2 and 10 K for applied magnetic field from 

0.1 to 7 T; the solid lines are guidelines for the eyes 
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Figure S20 Energy level diagram of the spin states of the Cu(DMF)2Cl2[12-

MCFe(III)N(Shi)-4](DMF)4 complex in 2 according to the best fit result of the temperature 

dependence of the χMT product (χMT vs. T plot; Fig. 5) for an idealized square magnetic 

model using an isotropic Heisenberg Hamiltonian   
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Figure S21 Energy level diagram of the spin states of the Cu(II)(DMF)2Cl2[12-

MCFe(III)N(Shi)-4](DMF)4 complex in 2 according to the best fit result of the temperature 

dependence of the χMT product (χMT vs. T plot; Fig. 5) for an idealized square magnetic 

model using an isotropic Heisenberg Hamiltonian with focus on the lowest lying states   

 

2.7.5 Elemental Analysis  

 

1:  Found: C, 42.92; H, 4.47; N, 7.35. Calc. for C40H48Cu5N6O12: C, 42.80; H, 4.31; N, 

7.49% 

2: Found: C, 40.48; H, 4.60; N, 10.96. Calc. for C52H72Cl2Cu1Fe4N12O20: C, 40.48; H, 

4.70; N, 10.89% 
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2.7.6 Infrared Absorption Spectroscopy  

 

1: νmax/cm-1 

3136w, 3025w, 2980m, 2942w, 2882w, 2737w, 2678w, 1597s (ν(C=N)Shi), 1565vs, 

1523s, 1466m, 1433m, 1386s, 1321s, 1253s (ν(N-O)Shi), 1175w, 1152m, 1093m, 

1065w, 1029m, 1020m, 943s, 852m, 795w, 755s, 688s, 654s, 580m, 545w, 509w, 

475m, 454w, 424m  

2: νmax/cm-1 

3146br, 3059w, 2929m, 2864w, 2806w, 1647vs (ν(C=O)DMF), 1595s (ν(C=N)Shi), 

1561s, 1492vs, 1427s, 1383s, 1316s, 1258s (ν(N-O)Shi), 1156m, 1145w, 1117w, 1100m, 

1063w, 1034w, 1010m, 935s, 865s, 774w, 758s, 684s, 649s, 634w, 578w, 541w, 503w, 

463m 

 

The assignment of characteristic bands was performed via a comparison with reported 

data for similar salicylhydroxamic acid based metallacrowns.8-13 
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2.7.7 UV-Vis Absorption Spectroscopy  

 

1: λmax(MeOH)/nm 216 (ε/dm³ mol-1 cm-1 110000), 236 (85000), 318 (29200), 616 

(711) 

2: λmax(CHCl3)/nm 296 (ε/dm³ mol-1 cm-1 48200), 472 (18400) 

 

The band at 616 nm for 1 represents a copper centered d-d transition14 whereas the light 

absorption by 2 at 472 nm is characteristic for a ligand-to-metal charge-transfer 

(LMCT) in hydroxamate iron complexes.15-18 By comparison with the measured absorp-

tion maxima of the free main ligand salicylhydroxamic acid at 300 and 236 nm, the 

bands at 318, 236 of 1 and 296 nm of 2 can be assigned to excitations within the delo-

calized π-system of chelating hydroximate. 

 

Figure S22 Normalized UV-Vis spectra of 1 in MeOH (green), 2 in CHCl3 (red) and 

H3Shi in MeOH (blue) 
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Figure S23 Normalized extract of the UV-Vis spectra of 1 in MeOH (green) and 2 in 

CHCl3 (red) 

 

2.7.8 Atomic Absorption Spectroscopy  

 

2: Found: ratio Cu:Fe, 1:4.15. Calc. for C52H72Cl2Cu1Fe4N12O20: ratio Cu:Fe, 1:4 
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2.7.9 Mößbauer Spectroscopy  

 

The evaluation of the 57Fe Mößbauer spectrum was performed with the help of the RE-

COIL 1.03 fit routine.19 The optimized reasonable fit results of an applied two-site 

model for the isomer shift (δIS), quadrupole splitting (∆EQ), Lorentzian line width (Γ) 

and the area ratio (A) are given below. 

 

2: doublet 1: δIS 0.4343 mm s-1, ∆EQ 1.816 mm s-1, Γ 0.179 mm s-1, A 49.8% 

doublet 2: δIS 0.3336 mm s-1, ∆EQ 1.108 mm s-1, Γ 0.181 mm s-1, A 50.2% 

 

The spectrum exhibits the presence of two distinct iron species, which are comprised in 

the compound with same quantity and both reveal typical values of the isomer shift for 

high-spin Fe(III) ions. Furthermore, the quite distinct quadrupol splittings match the 

inhomogeneous arrangement of donor atoms in coordination spheres. Hence, the wider 

doublet might moreover be attributed to the five-fold coordinated iron ion with the api-

cal chloro ligand. 

 

Figure S24 Mößbauer spectrum of 2; solid lines represent the result of the entire fit 

(cyan), the fit for doublet 1 (green) and doublet 2 (red) 
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2.7.10 ESI Mass Spectrometry  

 

1: m/z(MeCN)  

920 {(Cu(II)[12-MCCu(II)N(Shi)-4])H3} + 

1021 {(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)H2} + 

1122 {(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)2H} + 

1225 {(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)3} + 

1583 {(Cu(II)[12-MCCu(II)N(Shi)-4])3(HNEt3)4H4} 2+ 

1942 {(Cu(II)[12-MCCu(II)N(Shi)-4])2(HNEt3)H4} + 

2043 {(Cu(II)[12-MCCu(II)N(Shi)-4]) 2(HNEt3)2H3} + 

 

1: m/z(MeOH)  

942 {(Cu(II)[12-MCCu(II)N(Shi)-4])NaH2} + 

964 {(Cu(II)[12-MCCu(II)N(Shi)-4])Na2H} + 

1021{(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)H2} + 

1043 {(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)NaH}+ 

1122 {(Cu(II)[12-MCCu(II)N(Shi)-4]) (HNEt3)2H} + 

1583{(Cu(II)[12-MCCu(II)N(Shi)-4])(HNEt3)4H4} 2+  

 

2: m/z(DMF:MeCN/1:1) 

1126 {(Cu(II)(Cl)2[12-MCFe(III)N(Shi)-4](DMF)2)Na}+ 

1141 {Cu(II)Cl[12-MCFe(III)N(Shi)-4](DMF)3} + 
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3.1 Abstract 

The first examples of cobalt metallacrowns based on the pioneering ligand salicylhy-

droxamic acid have been synthesized and their rich chemistry has been investigated by a 

series of eight corresponding compounds which have been characterized by X-ray crys-

tal structure analysis, one- and two-dimensional 1H-NMR spectroscopy, mass spectrom-

etry, UV-Vis spectroscopy, IR spectroscopy and static as well as dynamic magnetic 

measurements. Due to the high flexibility of the molecular configuration of the Co(III) 

containing cyclic host, a most singular structural diversity with various coordination 

environments of the central divalent cobalt guest ion is generated in dependence of the 

presence of different peripherally attached additional cations, secondary and bridging 

ligands. Moreover, single-molecule magnetic behaviour has been observed for three 

members of the novel Co(II)[12-MCCo(III)N(Shi)-4] coronates featuring increasing energy 

barriers of up to 79 K along the distortion pathway from an octahedral to a trigonal 

prismatic shape of the coordination sphere of the magnetically virtually isolated high-

spin Co(II) ion. Hence, the dualism of the reliability and indicated controllable versatili-

ty of these cobalt metallacrowns creates them a powerful synthetic interface for a fur-

ther systematic investigation and optimization of the SMM features based on a single 

Co(II) ion as a current hot topic in magnetochemistry 

3.2 Introduction 

While complexes of high nuclearity had been in the focus of single-molecule magnet 

research in its early days,[1–4] later efforts in this field mainly targeted finite clusters and 

the fine tuning of their magnetic properties.[5–12] Due to the strong dependence between 

the value of the spin ground state and the axial magnetic anisotropy,[13–16] the attempts 

to enhance both of these essential parameters for SMM behaviour simultaneously with 

the number of single-ion contributions did not yield higher energy barriers to magneti-

zation reversal. First advances were rather attained via the subtle synthetic modification 

of the magnetic interactions in the deserved family of finite Mn6 clusters.[16,17] However, 

appreciable progress could not be achieved until lanthanide ions were incorporated into 

the SMM complexes.[18–21] A milestone was reached in 2003 when a terbium phthalocy-

aninato double-decker sandwich complex was discovered which revealed single-

molecule magnetism based on just one single metal ion and represents in a most para-

digmatic way the rising importance of the engineering of the magnetic anisotropy in this 

field of research.[22–24] Accordingly, a corresponding derivative currently holds the rec-

ord energy barrier of 938 K.[25] Depending on the electronic configuration of the respec-

tive lanthanide ion, the distribution of the f-electrons is often highly anisotropic in the 

mJ microstates of the spin-orbit coupled ground state and hence an increased magnetic 

anisotropy can be triggered by a complementary ligand field.[26] However, the highly 
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polarized bonding due to the inner character of the valence orbitals provides only few 

selectivity for the shape of the coordination sphere. The targeted synthetic realization of 

precise and varied geometries hence requires the determining influence of large restric-

tive ligand systems. Providing more advantageous coordinative properties, complexes 

with SMM behaviour based on a single 3d metal ion have also yielded remarkable ener-

gy barriers up to 260K.[27] Besides a few examples of Fe(III)[28] and Mn(III)[29–31] this 

scientific realm is dominated by Co(II) and Fe(II) compounds because they are especial-

ly capable for a just partially quenched first-order orbital angular momentum as an ef-

fective source of magnetic anisotropy. While the later demands for an enforcement of 

special electronic configurations via elaborate ligands,[27,32–35] mononuclear Co(II) 

SMMs can be achieved with less synthetic efforts and in a greater variety of coordina-

tion spheres. Hence, corresponding complexes with trigonal-planar,[35] tetrahedral,[36–41] 

square-pyramidal,[42,43] distorted octahedral[44–47] and distorted trigonal prismatic[48] ar-

rangement of nitrogen, oxygen, phosphorus, sulphur and halide donor atoms have been 

discovered. Recently, the impressive value of 109 K has been reported for the height of 

the anisotropy barrier to magnetization reversal of a mixed valent Co(II)Co(III)3 com-

plex which demonstrates the promising potential of this class of compounds to attain 

high-performance single-molecule magnets.[48] In that respect, the high sensitivity of the 

magnetic properties of divalent high-spin cobalt ions to different coordination spheres in 

combination with its marked flexibility to adopt them in a wide range simultaneously 

creates capabilities and challenges.[41] However, a comprehensive model of the reasons 

for the slowed relaxation and detailed general view of the interplay of different relaxa-

tion mechanisms as well as an explicit set of guidelines for the design of novel com-

plexes with optimized energy barrier has not yet been extracted from the great variety of 

mononuclear Co(II) SMMs. In analogy to the prolific family of salicylaldoxime based 

Mn6-clusters,[6,7,17,49] a basic complex type which features a reliably recurring structural 

motif and simultaneously provides the opportunities for versatile synthetic modifica-

tions in fine and large scale would afford an invaluable foundation for a systematic ex-

perimental investigation of this magneto-structurally correlated issue. Metallacrowns 

represent an established class of compounds which unify these opposing requirements 

in a most singular way and can be obtained without elaborate preliminary synthetic ef-

fort.[50,51] Especially, the 12-MC-4 complexes built by salicylhydroxamic acid have 

proven to combine a reasonable and reliable self-assembly of their cyclic host on the on 

hand with a flexible adaption of their molecular configuration and cavity size as well as 

a facile exchange of the central guest ion, bridging and secondary ligands on the other 

hand.[52–59] Therefore, the supramolecular metallacrown scaffold provides an ideal tun-

ing workshop for the static and dynamic magnetic properties of an encapsulated Co(II) 

ion at its core. However, cobalt metallacrowns are very rare compounds in general[60–62] 

and hitherto no complex of the ligand salicylhydroxamic acid with the aforementioned 
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metal ion has been described in literature although their accessibility were already pre-

dicted in the first days of metallacrown research.[63]  

Getting hold of the first two examples of salicylhydroxamic acid based cobalt metalla-

crowns, we recognized the potential of a rich chemistry as both complexes differed in 

their unique structural features from each other and the corresponding coronates of other 

transition metals from literature in spite of similar reagents and reaction conditions. 

Hence, we enlarged the scope to a series of eight compounds and discovered the slow 

magnetic relaxation of three novel single-molecule magnets among the Co(II)[12-

MCCo(III)N(Shi)-4] clusters based on the Co(II) high-spin guest ion at the core of the 

Co(III) comprising cyclic host. The dualism of supramolecular preorganization and en-

hanced structural flexibility of the molecular configuration of the surrounding scaffold 

allows for a large and fine scale manipulation of the coordination sphere and the corre-

lated magnetic properties of the central divalent cobalt ion via synthetic tools like bridg-

ing and secondary ligands as well as peripheral attached cations. Therefore, we have 

established the foundations of a synthetic interface to the static and dynamic magnetic 

features based on a single Co(II) ion. It enables a systematic experimental investigation 

and optimization of the underlying causes and involved processes of the slowed relaxa-

tion in order to find a comprehensive model for this current hot topic in magneto-

chemistry. 

3.3 Experimental section 

Materials and methods 

All chemicals were reagent grade and were used without further purification.  

X-ray diffraction data for the structure analyses were collected from suitable crystals of 

1·3MeCN, 3·7MeCN, 4·3MeCN·H2O, 5·3.5MeOH·H2O, 6·2.75 MeOH, 

7·5.5MeOH·H2O and 8·5.75MeOH on a Bruker SMART 3-circle diffractometer with an 

APEX II CCD detector and Oxford cooling system using graphite-monochromated Mo-

Kα radiation (λ = 0.71073 Å) at -100°C. Corresponding data of 

(2)3·H2Sal·2OCMe2·H2O were obtained from a Stoe IPDS 2T at -80°C with Oxford 

Cryostream using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å). Semi-

empirical absorption corrections of the data from the Bruker SMART diffractometer 

were performed with MULABS[64,65] or SADABS.[66] The data from the Stoe IPDS 2T 

were corrected by the integration method. A first solution of the structures was comput-

ed by direct methods with the help of the program SIR97.[67] The subsequent refinement 

of the models was conducted via full-matrix least squares methods on F2 with aniso-

tropic displacement parameters for all non-hydrogen atoms with SHELXL-2013.[68] 

Moreover, the accomplishment of the refinement was supported by the representation of 

molecular graphics and difference Fourier maps via the programs Olex2,[69] Mercury 
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3.3[70] and ORTEP-3.[71] Graphics and compilations of the experimental data and pa-

rameters of the obtained models for publication were issued using the programs Dia-

mond 3.2[72] and publCIF 1.9.16.[73]  

Magnetic data were collected from ground and restrained polycrystalline samples on a 

Quantum Design MPMS XL SQUID magnetometer equipped with a 7 T magnet. Tem-

perature dependent susceptibility was measured in a range from 2 to 300 K at an applied 

field of 0.1 T. Magnetization data were collected at temperatures between 2 and 10 K 

using magnetic fields up to 7 T. Diamagnetic corrections of the dc magnetic data were 

performed for the matrix and the intrinsic contributions of atoms and moieties of the 

samples with the help of Pascal’s constants.[74] In- and out-of-phase ac susceptibility 

measurements were conducted in the presence and absence of a static magnetic field of 

up to 0.7 T at different temperatures below 15 K for frequencies between 1 and 1000 

Hz. The fitting of the magnetization data was carried out with the help of the program 

PHI.[75] 

C, H and N elemental analyses were obtained from a Foss Heraeus Vario EL at the In-

stitute of Organic Chemistry at the Johannes Gutenberg University Mainz. 1H and 1H-
1H COSY nuclear magnetic resonance spectroscopic measurements were performed on 

a Bruker DRX 400 of solutions in deuterated dichlormethane and chloroform. The sol-

vents were used as internal standards and the spectra are scaled in respect of the stand-

ard reference tetrametyhlsilan. The spectra analysis was conducted with the help of the 

MesTreNova 6.0.2 software.[76] 

Infrared absorption spectra in a range of 400-4000 cm-1 were recorded at room tempera-

ture on a JASCO FT/IR-4200 spectrometer using KBr pellets. UV-Vis absorption 

measurements were performed between 250 and 1000 nm for solutions in CHCl3 with 

concentrations between 0.2 and 0.01 mM on a JASCO V-570 UV/Vis/NIR spectropho-

tometer. ESI mass spectra were carried out in the positive ion mode from a Waters Q-

ToF-ULTIMA 3 with LockSpray source at the Institute of Organic Chemistry at the 

Johannes Gutenberg University Mainz.  

3.4 Synthesis 

Precursor [Co(II)2(H2O)(Piv)4(HPiv)4] 

The precursor compound [Co(II)2(H2O)(Piv)4(HPiv)4] was prepared as described previ-

ously.[77] 

[Co5(Shi)3(Piv)5(Pip)4(OH)(H2O)] (1) 

A suspension of salicylhydroxamic acid (0.077 g, 0.5 mmol) in acetonitrile (10 mL) was 

added to a mixture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based 
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on cobalt) and acetonitrile (10 ml). Piperidine (0.255 g, 3 mmol) was dissolved in ace-

tonitrile (10 ml) and the solution was added to the reaction mixture. The resultant dark 

brown solution was stirred for 18 h at room temperature and filtered afterwards. Suita-

ble crystals for X-ray structure analysis of 1·3MeCN were obtained from the filtrate by 

slow evaporation of the solvent after one month. For further analysis, the product was 

washed with cold acetonitrile and dried under vacuum. Elemental analysis – Found: C, 

48.44; H, 6.65; N, 6.29 .Calc. for C66H104Co5N7O21 (1): C, 48.74; H, 6.45, 6.03. Yield: 

29% 

[12-MCCo(III)N(Shi)-4](Py)8 (2) 

A suspension of salicylhydroxamic acid (0.230 g, 1.5 mmol) in acetone (10 mL) was 

added to a mixture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based 

on cobalt) and acetone (10 ml). Pyridine (0.712 g, 9 mmol) was dissolved in acetone (10 

ml) and the solution was added to the reaction mixture. The resultant dark green brown 

solution was stirred for 18 h at room temperature and filtered afterwards. Suitable crys-

tals for X-ray structure analysis of (2)3·H2Sal·2OCMe2·H2O were obtained from the 

filtrate by slow evaporation of the solvent after one month. For further analysis, the 

product was washed with cold acetone and dried under vacuum. Elemental analysis – 

Found: C, 54.79; H, 4.60.; N, 10,06 Calc. for C223H208Co12N36O48 

((2)3·H2Sal·4OCMe2·5H2O): C, 55.03; H, 4.31, 10.36. Yield: 24% 

Co(II)(Boa)2[12-MCCo(III)N(Shi)-4](Pip)6 (3) 

A suspension of salicylhydroxamic acid (0.230 g, 0.5 mmol) in acetonitrile (10 mL) was 

added to a mixture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based 

on cobalt) and acetonitrile (10 ml). Piperidine (1.021 g, 12 mmol) was dissolved in ace-

tonitrile (10 ml) and the solution was added to the reaction mixture. The resultant dark 

orange brown solution was stirred for 18 h at room temperature and filtered afterwards. 

Suitable crystals for X-ray structure analysis of 3·7MeCN and crystals of a byproduct 

were obtained from the filtrate by slow evaporation of the solvent after two month. 

(HPip)(Piv)[Li[Co(II)(µ2-Piv)2(Piv)[12-MCCo(III)N(Shi)-4](Pip)5]]2 (4) 

A solution of piperidine (0.511 g / 6 mmol) in acetonitrile (10 mL) was added to a mix-

ture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based on cobalt) and 

salicylhydroxamic acid (0.153 g, 1 mmol) in acetonitrile (10 ml). A suspension of lithi-

um chloride (0.042 g, 1 mmol) in acetonitrile (10 mL) was added to the reaction mix-

ture. The resultant dark orange brown solution was stirred for 18 h at room temperature 

and filtered afterwards. Suitable crystals for X-ray structure analysis of 4·3MeCN·H2O 

were obtained by slow evaporation of the solvent after two weeks. For further analysis, 

the product was washed with cold acetonitrile and dried under vacuum. Elemental anal-
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ysis - Found: C, 50.46; H, 6.76; N, 8.21. Calc. for C152H228Co10Li 2N22O39 

(4·3MeCN·H2O): C, 50.84; H, 6.40; N, 8.58%. Yield: 22% 

Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)5(MeOH) (5) 

2-Benzoxazolinone (0.270 g, 2 mmol) and morpholine (0.784 g, 9 mmol) were dis-

solved in methanol (10 mL) and were added to a solution of 

[Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based on cobalt) in metha-

nol (10 mL). Salicylhydroxamic acid (0.230 g, 1.5 mmol) was dissolved in methanol 

(10 ml) and the solution was added to the reaction mixture. The resultant dark brown 

solution was stirred for 18 h at room temperature and filtered afterwards. Suitable crys-

tals for X-ray structure analysis of 5·3.5MeOH·H2O were obtained from the filtrate by 

slow evaporation of the solvent after two weeks. For further analysis, the product was 

washed with cold methanol and dried under vacuum. Elemental analysis - Found: C, 

44.58; H, 5.23; N, 8.47. Calc. for C64.5H94Co5N10O26.5 (5·3.5MeOH·H2O): C, 44.83; H, 

5.48; N, 8.11% Yield: 55% 

Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Py)6 (6) 

(Co(II)Co(III)(Py)3(Piv)2)Co(II)(NO2)(Piv)(Shi)[12-MCCo(III)N(Shi)-4](Py)4 (7) 

A solution of salicylhydroxamic acid (0.077 g, 0.5 mmol) in methanol (10 mL) was 

added to a mixture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based 

on cobalt) and methanol (10 ml). Pyridine (0.237 g, 3 mmol) was dissolved in methanol 

(10 ml) and the solution was added to the reaction mixture. The resultant dark brown 

solution was stirred for 18 h at room temperature and filtered afterwards. Suitable crys-

tals for X-ray structure analysis of both products as 6·2.75 MeOH and 7·5.5MeOH·H2O 

evolved simultaneously and with similar shape from the filtrate in the course of the slow 

evaporation of the solvent after one month. 

Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)6 (8) 

A solution of salicylhydroxamic acid (0.077 g, 0.5 mmol) in methanol (10 mL) was 

added to a mixture of [Co(II)2(H2O)(Piv)4(HPiv)4] (0.474 g, 0.5 mmol / 1.0 mmol based 

on cobalt) and methanol (10 ml). 3-Picoline (0.273 g, 3 mmol) was dissolved in metha-

nol (10 ml) and the solution was added to the reaction mixture. The resultant dark 

brown solution was stirred for 18 h at room temperature and filtered afterwards. Suita-

ble crystals for X-ray structure analysis of 8·5.75MeOH were obtained from the filtrate 

by slow evaporation of the solvent. For further analysis, the product was washed with 

cold methanol and dried under vacuum. Elemental analysis - Found: C, 51.19; H, 4.65; 

N, 9.53. Calc. for C70H71Co5N11O17 (8·1MeOH): C, 51.48; H, 4.38; N, 9.43% Yield: 

28% 
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3.5 Results and Discussion 

For simplicity, the results and discussion will be referred to the cobalt complexes with 

their associated number codes in spite of additional solvent molecules in the corre-

sponding samples as they represent the central subject of this article and account for the 

major source of response for most of the different applied characterization methods. 

Otherwise the solvents will be directly addressed in proper places. Information on the 

number of solvent molecules in the crystal structure and in the dried polycrystalline 

powder state which was the basis of all other analyses are available at the description of 

the synthetic procedure and the results of the elemental analysis in the experimental 

section. 

3.5.1 Synthesis 

As we had found a pathway to synthesize cobalt metallacrowns with salicylhydroxamic 

acid by treating [Co(II)2(H2O)(Piv)4(HPiv)4] with this ligand and an additional amine, 

we obtained the first two examples 2 and 6 which featured very different structures in 

spite of the similar reaction conditions. Hence, we anticipated a rich chemistry for this 

class of novel compounds and continued our synthetic efforts by altering solvents and 

amine ligands. Moreover, we detected during the characterization of 6, that the sample 

contained the byproduct 7 and were even able to determine the molecular structure of 

the later. Therefore, we managed to synthesize the nearly isostructural, pure compound 

8 by replacing the pyridine with 3-picoline. Utilizing the combination of salicylhydrox-

amic acid, piperidine and cobalt pivalate in different ratios with acetonitrile as solvent, 

we obtained a most singular series of complexes 1, 3 and 4 which roughly reflects the 

proportion of applied reactants within the supramolecular composition of the products 

(Fig. S1). However, 4 crystallized parallel to another byproduct for which only very bad 

X-ray diffraction data could be obtained indicating a cobalt 12-MC-4 molecular struc-

ture with coordinated pipderidine carbamate. The knowledge of the molecular structure 

of 4 was nevertheless of great value in the process of the sharpening of the synthetic 

focus because simultaneously with the growth of the variety the single-molecule mag-

netic of the metallacoronates was discovered. As this property was based on the central 

Co(II) guest ion and revealed to be highly sensitive to the shape of the coordination 

sphere of the later, its manipulation via the choice of suitable additives became the dom-

inant motivation of synthesis. Here, the bridging 2-benzoxazolinonate ligand (Boa-) in 4 

as an unscheduled rearrangement product of salicylhydroxamic acid with a weakly 

binding carbonyl oxygen donor atom introduced the opportunity to enforce a distortion 

of the geometry by the insertion of an elongated bond. Its purposeful addition into later 

synthetic experiments yielded the complex 5 and marked the first successful targeted 

step to set up a tuning workshop for the magnetic properties of the encapsulated Co(II) 

guest ion at the core of the flexible cobalt metallacrown host. 
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The large number of incorporated rearrangement and decomposition products of 

salicylhydroxamic acid within its cobalt complexes represents a remarkable aspect con-

cerning the synthesis. Besides the aforementioned 2-benzoxazoline, salicylic acid and 

nitrite anions were contained in the crystal structures of 3·7MeCN, 

(2)3·H2Sal·2OCMe2·H2O and 7·5.5MeOH·H2O, 8·5.75MeOH. Although all of these 

secondary supramolecular building units can be simply rationalized and similar findings 

are known from literature,[78,79] the frequency of their occurrence suggests the assump-

tion that their evolution is promoted by the presence of the cobalt ions. 

3.5.2 Crystal structures 

The assignment of oxidation states was performed with the help of charge balance con-

siderations, the comparison of bond lengths and angles as well as the evaluation of the 

octahedricity of the coordination spheres. A quantified confirmation of the respective 

results was accomplished by Bond Valence Sum (BVS)[80-82] and Continuous Shape 

Measures (CShM) calculations.[83–85] The BVS analysis was additionally used to deter-

mine the protonation state of the oxygen ligands in 1·3MeCN.[86,87] Selected details 

about bond length, angles and the performed calculations will be given in the course of 

the discussion. A full summary of the crystallographic data and refinement parameter is 

also available as from the supplementary information (Tab. 1, 2). 

The naming of the metallacrown compounds, the labelling of the orientation modes of 

the bridging ligands and the numbering of the atoms and ions, which is illustrated in the 

supplementary information, was carried out in the style of the established nomencla-

ture.[50] Moreover, the distinction of a lower and higher priority face is also sometimes 

used for descriptions when the central Co(II) ion is displaced out of the least square 

plane of the cyclic host. Here, the side which faces the elevated guest ion is assigned to 

the higher priority. Furthermore, the ligands are classified concerning their function 

within the complexes (Fig. S2). The term “main ligand” refers to salicylhydroxamic 

acid and its trianion as it is essential for the formation of the charactistic constitution 

motif of the metallacrowns. “Bridging ligands” are simultaneously attached to a ring 

metal center and the Co(II) ion at the core of the complex whereas “secondary ligands” 

saturate the remaining binding sites at a single metal ion. All structures comprise disor-

dered ligands and/or solvent molecules. These were treated via two-site models and in 

rare cases for pivalate ligands with a nearly circular distribution of the electron density 

of the tert-butyl group via three-site models with restrained distances and restrained or 

constrained anisotrpic displacement parameters (ADPs). The structure of 

(2)3·H2Sal·2OCMe2·H2O contains large cavities with diffuse solvent molecules which 

had to be treated partially by the SQUEEZE routine.[65] Carbon bond hydrogen atoms 

were in general located in calculated positions and refined according to the riding mod-

el. By contrast, nitrogen and oxygen bond hydrogen atoms of non-disordered ligands 
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apart from the water and hydroxid ligand in 1·3MeCN were refined in the semi-free 

procedure according to the riding model. Non-carbon bond hydrogen atoms of solvent 

molecules were placed in calculated positions and their orientation was partially adjust-

ed according to hydrogen bonding considerations. 

General constitution motif of Co(II)[12-MCCo(III)N(Shi)-4] coronates 

 

Scheme 1 General constitution motif of Co(II)[12-MCCo(III)N(Shi)-4] coronates; color 

code: green - Co(III), light blue - Co(II), red - O, dark blue - N, black - C  

The constitution of the complexes 3, 4, 5, 6, 7, 8 features the classic 12-MC-4 motif 

with the regular, cyclic succession of the [M-O-N-] repetition unit which arises from the 

linkage of four Co(III) ions by four salicylhydroximate ligands (Shi3-). Here, each of the 

four metal ions is coordinated by the hydroximate moiety of one main ligand and the 

iminophenolate group of the adjacent trianion forming a five- and a six-membered che-

late ring (Scheme 1). As the cobalt ions of the cyclic host adopt the oxidation state of 

+III, their coordination spheres strictly obey octahedral geometry and the remaining two 

coordination sites are saturated by amines, methanol or anionic bridging ligands. By 

contrast, a Co(II) ion is chelated by the four inwards pointing hydroximate oxygen do-

nor atoms at the core of the complex and its coordination sphere is strongly depending 

on the correlated interplay of the configuration of the cyclic scaffold, the type and the 

relative position of the bridging and secondary ligands. In respect of these features, the 

novel class of compounds reveals great differences from the salicylhydroxamic acid 

based metallacrowns known in literature. Due to this singularity and the tremendous 
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influence on the magnetic properties, these aspects will be discussed in detail for each 

complex below. 

[Co5(Shi)3(Piv)5(Pip)4(OH)(H2O)] (1) 

 

Figure 1 Molecular structure of 1; color code: green - Co(III), red - O, dark blue - N, 

black - C 

The molecular structure of 1 does not match the above outlined general motif of the 

cobalt metallacoronates in its full extent (Fig. 1, S3; Tab. S3, S4). However, it compris-

es a substructure with the constitutional features of a metallacrown fragment as well as 

an attached cobalt dimer that can be derived from the applied precursor compound. All 

contained cobalt ions adopt the oxidation state +III and their corresponding strictly oc-

tahedral coordination spheres contradict the asymmetric structure of the whole complex. 

The metallacrown fragment comprises the virtual guest ion Co4 and three ring metal 

ions Co1, Co2 and Co3, which are linked by two salicylhydroximate ligands in the 

normal metallacrown binding mode. However, they coordinate to the intermediate co-

balt ion Co2 in cis fashion. Its remaining coordination sites are occupied by a piperidine 

ligand and a pivalate anion, which binds to the virtual guest ion Co4 via the second ox-
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ygen donor atom. By contrast, the pivalate at the terminal end of the metallacrown 

fragment Co3 provides only one donor atom for a coordinative bond while the carbonyl 

type oxygen functions as acceptor atom in a hydrogen bond with a water ligand in cis 

position. Besides another piperidine ligand, a hydroxid ion additionally links the dan-

gling tail of the ring with the virtual guest ion. Here, the assignment of the water O21 

and hydroxid O20 ligand has been performed in respect of the coordination mode, bond 

lengths, hydrogen bonding considerations and the BVS calculations. The Co(III) ion at 

the opposite end of the metallacrown fragment Co1 is simultaneously involved in the 

reagent related dimer unit. Hence, it is bridged to a fifth cobalt ion Co5 via two pivalate 

ligands. The linkage between both assumed fragments is additionally promoted by an-

other salicylhydroximate, which coordinates to the virtual guest ion Co4 via its imino-

phenolate and to the pheripheral metal center of the dimer via its hydroximate group. In 

analogy to the binding mode of the main ligand in the metallacrowns, the hydroximate 

oxygen donor atom also binds to the cobalt ion Co1, which participates in both subunits. 

Moreover the octahedral coordination sphere of the latter is completed by another piper-

idine molecule, while a pair of hydrogen bonded pivalate and piperidine ligands coordi-

nates to the peripheral cobalt ion Co5. The complexes are closely packed in the bc 

plane, whereas the layers are separated by acetonitrile solvent molecules residing in the 

cavities of the interspace. 

[12-MCCo(III)N(Shi)-4](Py)8 (2) 

The asymmetric unit of (2)3·H2Sal·2OCMe2·H2O comprises three complexes [12-

MCCo(III)N(Shi)-4](Py)8 2 with identical constitution, pseudo-C2 symmetry and chirality 

(Fig. 2, S4). Therefore, a general description of the general molecular structure is given 

at that point. Individual deviations in interatomic distances and angles are available 

from the supplementary information (Fig. S5, S6; Tab. S5-S10). The complexes can be 

classified as vacant reverse metallacrowns and consequently they do not obey the out-

lined general coronate pattern. The cyclic host is also composed by four Co(III) ions 

and four linking salicylhydroximate ligands. However, two of the main ligands bind 

with the same bidental moiety to each of the metal centres while both remaining coordi-

nation sites of the octahedrons are occupied by pyridine ligands. Therefore, the two co-

balt ions on opposite sides of the metallacrown are involved in two five-membered che-

late rings with the hydroximate moieties whereas the two other Co(III) ions are each 

coordinated by two iminophenolate groups forming six-membered chelate rings. Hence, 

[Co-O-N-] and reverse [Co-N-O-] repetition units alternate along the twelve-membered 

ring. Except for one Co(III) ion (Co2) with transoid arrangement of both iminopheno-

late moieties, all ring metal ions adopt the so-called propeller configuration with a cis 

orientation of the attached main ligands and can be assigned to the same chiral de-

scriptor. Consequently, both salicylhydroximate ligands which connect the three centers 

of chirality are perpendicularly tilted out of the least square plane of the metal ions in 
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opposite direction. The configuration of the whole molecule adopts pseudo-C2 sym-

metry and the corresponding pseudo-rotation axis defined by the position vectors of the 

two cobalt ions which participate in the six-membered chelate rings comprising the 

iminophenolate groups. Moreover, the overall shape of the metallacrowns is highly ani-

sotropic even the least square plane of the metal ions as the average distance between 

the Co(III) ions on the pseudo-rotation axis accounts for 7.27 Å and 5.38 Å for the re-

maining pair of metal centers.  

 

Figure 2 Molecular structure of 2; color code: green - Co(III), red - O, dark blue - N, 

black - C 

 

In the crystal structure of (2)3·H2Sal·2OCMe2·H2O, three of the individual but isostruc-

tural complexes are assembled around a water molecule in a star-shaped way. Here, the 

peripheral phenolate oxygen atoms at the Co(III) ions with planar configuration Co2 

serve as acceptors of hydrogen bondings with the water molecule. The triades are 
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aligned to chains along the b direction via T-shaped π-π-interactions. These chains are 

stacked along the a direction and the resultant layers are packed along the c direction 

with further T-shaped π-π-interactions between the substructures. Acetone and 

salicylhydroxamic acid molecules reside in the space between the packed chains. Due to 

the diffuse solvent molecules in the large cavities especially between different stacks, 

the SQUEEZE routine had to be applied.[78] According to the elemental analysis, the 

found electron density and the size of the cavities, the content of the latter can be esti-

mated as 13 acetone and 4 water molecules per asymmetric unit.  

Co(II)(Boa)2[12-MCCo(III)N(Shi)-4](Pip)6 (3) 

 

Figure 3 Molecular structure of 3; color code: green - Co(III), light blue - Co(II), red - O, 

dark blue - N, black - C 

 

The centrosymmetric molecular structure of 3 represents a regular 12-MC-4 metalla-

crown which matches the above described general constitution pattern (Fig. 3, S7; Tab. 

S11, S12). Moreover, the common all-planar arrangement of the salicylhydroximate 
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ligands is observed. Each of two 2-benzoxazolinonate ligands bind to a Co(III) ion Co1 

on opposite sides of the cyclic scaffold via the amide nitrogen donor atom whereas the 

carbonyl oxygen atoms are coordinated to the Co(II) ion Co3 at the core of the complex. 

The remaining coordination sites of the octahedral coordination spheres of the metal 

centers in the ring are occupied by piperidine molecules. As the bridging ligands are 

attached to different faces of the metallacrown in a trans-anti mode, they reside on op-

posite vertices of the octahedral arrangement of donor atoms around the central Co(II) 

ion (Fig S8). The associated axis is significantly elongated because the Co(II)-O dis-

tance of the carbonyl oxygen atoms O7 amounts to 2.1771(18) Å whereas the corre-

sponding values of the hydroximate oxygen donor atoms account for Co3-O1 

1.9609(17) Å and Co1-O4 1.9409(17) Å, respectively. This finding is also reflected by 

the calculated high trigonal prismatic measure, which even exceeds with 16.53 the typi-

cal range for the coordination spheres of the Co(III) ions and means a coordinate on the 

shape map of octahedral versus trigonal prismatic measures that is characteristic for the 

elongation of an octahedron due to the Jahn-Teller effect.[85] Moreover, the elongated 

axis adopts a skew orientation towards the plane of the metal ions with an angle of 

17.39(4)° towards a normal vector of the plane. Nevertheless, a small octahedricity 

measure of 0.319 is obtained because the two pairs of adjacent salicylhydroximate lig-

ands are each tilted consensually above and below the plane of the cobalt ions with their 

hydroximate oxygen atoms residing on the corresponding opposite face of the metalla-

crown. The shape of the basic structural motif can therefore be attributed to the so-

called “sofa” configuration.[54] 

The complexes in the crystal structure are packed towards layers along the a+b plane 

and the acetonitrile solvent molecules occupy the remaining cavities in between. 

(HPip)(Piv)[Li[Co(II)(µ2-Piv)2(Piv)[12-MCCo(III)N(Shi)-4](Pip)5]]2 (4) 

The molecular structure of 4 comprises two inversion-symmetric regular 12-MC-4 

metallacrown subunits with the outlined general basic constitution which are connected 

via a pivalate anion (Fig. 4, S10, S11; Tab. S13, S14). Interacting via hydrogen bonding 

with the anionic linker, a piperidinium cation preserves the charge balance of the neutral 

supramolecular structure. Besides two bridging pivalate ligands, each coronate binds 

another pivalate supporting the peripheral complexation of a lithium ion as anchor for 

the aforementioned carboxylate linker between the two subunits. The remaining sites of 

the octahedral coordination spheres of the Co(III) ions in the cyclic scaffolds are satu-

rated by piperidine ligands. Coordinating two adjacent metal ions Co1 and Co2 of the 

characteristic ring, the two bridging pivalate anions adopt a cis-syn configuration. The 

associated Co(III) ions are linked by a hydroximate ligand (O1, O2, O3, N1) which is 

tilted perpendicularly below the face of highest priority and therefore both reveal pro-

peller configuration obeying the same chirality descriptor. Proceeding along the M-O-N 
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direction, the peripheral phenolate O6 and carbonyl oxygen O8 donor atoms of the adja-

cent cobalt ion Co3 in the ring additionally bind the attached lithium ion. Moreover, the 

supplementary pivalate ligand at the face of higher priority bridges the transition and the 

alkali metal ion. As the two main ligands at the Co(III) ion Co3 are arranged in a 

transoid orientation, its chirality is attributed to the opposite descriptor of the previous 

centers Co1 and Co2. Following the taken path around the cyclic host, the linking 

salicylhydroximate causes a planar configuration of the next trivalent cobalt ion Co4 by 

an in plane coordination of its iminophenolate moiety (N3, O9) although the carbonyl 

oxygen O8 represents the vertex of octahedral coordination sphere of the previous 

Co(III) ion Co3 on the face of lower priority. In accordance with perpendicular (O1, O2, 

O3, N1) and partial (O7, O8, O9, N3) tilting of the two main ligands, the arrangement 

of the ring metal ions strongly deviates from planarity and adopts a butterfly-type shape.  

 

Figure 4 Metallacrown subunit in the molecular structure of 4; color code: green - 

Co(III), light blue - Co(II), red - O, dark blue - N, black - C, violet - Li 

 

Hence, the coordination sphere of the central Co(II) ion Co5 is best described as an oc-

tahedron but with significant unilateral distortion (Fig. 5). While all angles on one half 
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of the polyhedron differ only less than 9° from orthogonality, the vertex of the hydrox-

imate oxygen donor atom of the partially tilted main ligand O7 is replaced from its ideal 

position and therefore gives rise to a pair of large (O7-Co5-O14 101.51(9)°, O7-Co5-

O16 106.16(9)°) and smaller cis bond angles (O4-Co5-O7 77.73(9)°, O7-Co5-O10 

81.63(9)°) whereas the trans trans angle of the corresponding axis is O1-Co5-O7 

159.92(9)°. Moreover, the Co(II)-O distances which are involved in the resultant ex-

tended face of the octahedron exceed with Co5-O14 2.085 (3) Å, Co5-O 16 2.113 (3) Å, 

Co5-O7 2.185 (2) Å all of the remaining bond lengths within in the coordination sphere 

(Co5-O10 2.024 (2) Å, Co5-O4 2.040 (2) Å, Co5-O1 2.065 (2) Å). The continuous 

shape calculations support the approach to relate the geometry in a first approximation 

to the octahedron due to octahedral and trigonal prismatic shape measures of 1.671 and 

10.721. However, the significant distortion is also depicted by a generalized coordinate 

of 30.8% along the minimum distortion interconversion pathway between both polyhe-

dra. 

 

 

Figure 5 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 4; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

 

In the crystal structure of 4·3MeCN·H2O, the supramolecular dimers are packed in lay-

ers in the a + b plane with Van-der-Waals interactions between the molecules. Along 

the c direction layers with opposite tilting angles of the complexes are stacked and ace-

tonitrile solvent molecules occupy the cavities inbetween.  
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Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)5(MeOH) (5) 

The molecular structure of 5 also corresponds to the described general constitution mo-

tif of a regular 12-MC-4 metallacrown (Fig. 6, S12; Tab S15, S16). A 2-

benzoxazolinonate as well as a pivalate ligand function as bridging ligands and are ar-

ranged in a syn-cis mode. Coordinating trans to the amide nitrogen with its carbonyl O2 

and trans to the pivalate ligand with the phenolate O3 oxygen donor atom, the linking 

salicylhydroximate between the corresponding Co(III) ions Co1 and Co2 in the cyclic 

host is tilted perpendicularly towards the least-square plane of the ring metal ions. By 

contrast, the three other main ligands all coordinate in plane. The resultant propeller 

configurations are assigned to the opposite chirality descriptors. Following the cyclic 

host along the commenced direction, a methanol binds to the next trivalent cobalt ion 

Co3 whereas all remaining binding sites of the octahedral coordination spheres of the 

metal centers in the cyclic scaffold are occupied by morpholine molecules. 

 

Figure 6 Molecular structure of 5; color code: green - Co(III), light blue - Co(II), red - O, 

dark blue - N, black - C 
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The geometry of the coordination sphere of the elevated central Co(II) ion Co5 is still 

best described as octahedral in a first approximation(Fig. 7). But although the bond 

lengths of Co5-O1 2.062(2), Co5-O4 2.094(2), Co5-O7 2.056(2), Co5-O10 2.008(3), 

Co5-O13 2.112(3) and Co5-O16 2.066(3) Å are limited to a range of moderate extend 

and the largest interatomic distances belong to donor atoms on opposite vertices, a de-

scription as a (tetragonal) distorted octahedron hardly satisfies the actual shape. Conse-

quently, the bond angles within the coordination sphere represent the reason of asym-

metry because the values for adjacent as well as for opposite vertices strongly deviate 

from the ideal 90 and 180° and span large ranges of 76.11(9) - 113.23(10)° and 

155.51(10) - 168.52(11)°, respectively. This issue is expressed by octahedral and trigo-

nal prismatic shape measures of 2.935 and 7.750 as well as by the intermediate general-

ized coordinate for the minimum distortion interconversion pathway of 40.9%. 

 

Figure 7 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 5; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

 

In the crystal structure of 5·3.5MeOH·H2O the metallacrowns are packed in layers 

along the b + c plane which are stacked along the a axis. A network of methanol and 

water molecules resides in the cavities and links the clusters with each other by hydro-

gen bonding.  

Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Py)6 (6) 

The arrangement of the cobalt ions and the salicylhydroximate ligands in this complex 

matches the described general 12-MC-4 pattern concerning its constitution and moreo-

ver resembles the configuration of 5. Thus, one of the main ligand is tilted perpendicu-

larly towards the least square plane of the ring metal ions while the remaining deproto-

nated moieties of salicylhydroxamic acid chelate the Co(III) ions in-plane trans orien-
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tated to each other (Fig. 8, S13; Tab. S17, S18). The relative positions of the two 

pivalate bridging ions represents a trans-syn mode as one carboxylate binds to Co3 in 

trans position to the phenolate oxygen donor atom O6 of the tilted main ligand whereas 

the other pivalate is coordinated to Co1 on the opposite side of the metallacrown. The 

remaining vertices of the octahedral coordination spheres of the metal centers in the 

cyclic scaffold are occupied by pyridine ligands. Both centers of chirality Co2 and Co3 

are assigned to opposite descriptors.  

 

Figure 8 Molecular structure of 6; color code: green - Co(III), light blue - Co(II), red - O, 

dark blue - N, black - C 

 

Concerning the elevated divalent cobalt guest ion Co5 at the core of the coronate, all 

Co-O distances fall into a narrow range around an average value of 2.06 Å except for 

the slightly enlongated bond of Co5-O4 2.174(3) Å towards the hydroximate oxygen 

donor atom of the tilted main ligand (Fig. 9). Approaching a trigonal prism, the binding 

angles can be grouped into three different classes. For the six pairs of donor atoms 

which reside on same triangular faces of the prism (O1, O10, O14/O4, O7, O16), the 



3 Heterovalent Cobalt Metallacrowns 89 

deviations from the ideal O-Co-O angle of 81.8° are found to be smaller than 7° with 

one exception of O10-Co5-O14 95.08(12)°. The same reference angle is valid for two 

oxygen atoms on opposite triangular faces sharing the same edge of a rectangular face. 

Here, the angle values amount to O7-Co5-O10 69.55(11), O1-Co5-O4 80.12(10) and 

O4-Co5-O7 85.27(11)°. By contrast, angles of remote vertices of O1-Co5-O7 

108.35(11), O4-Co5-O14 118.62(12), O10-Co5-O16 125.40(12), O4-Co5-O10 

137.19(11), O7-Co5-O14 153.61(13) and O1-Co5-O16 158.26(12)° are observed in 

comparison with 135.6° for the perfect trigonal prism. These parameters result in trigo-

nal prismatic and octahedral shape measures of 2.941 and 7.823. Thus, they also con-

firm the present coordination sphere being closer to the general geometry of the trigonal 

prism than to an octahedron. Moreover, the data are tantamount with a 67.3% complete-

ness of the interconversion along the minimum distortion pathway. 

 

 

 

 

 

 

 

 

 

 

Figure 9 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 6; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

 

The packing in the crystal structure of 6·2.75 MeOH contains the arrangement of lay-

ered clusters in planes which are parallel to the one spanned by the a+c and b vectors 

but do not comprise the origin of the cell. The cavities between the layers are filled with 

methanol solvent molecules.  

(Co(II)Co(III)(Py)3(Piv)2)Co(II)(NO2)(Piv)(Shi)[12-MCCo(III)N(Shi)-4](Py)4 (7) 

As the crystals of 7·5.5MeOH·H2O were obtained from the same reaction as 6·2.75 

MeOH, this pair of structures will be compared in the following. Moreover, correlations 

between the structural constitutions and configurations of 4 and 7 will be worked out 
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because both feature the peripheral complexation of an additional cation. Instead of the 

alkali ion and the pivalate linker, a heterovalent cobalt dimer is attached to the coronate 

with the support of a fifth salicylhydroximate. The 12-MC-4 subunit of 7 obeys the pre-

viously described general constitution pattern and reveals trans-syn arrangement of the 

bridging ligands in analogy to the molecular structure of 6. Besides one pivalate ligand, 

a nitrite anion holds this function by coordinating with its nitrogen atom to the Co(III) 

ion Co1 of the ring and simultaneously binding with an oxygen donor atom to the Co(II) 

ion Co5 at the core (Fig. 10, S14; Tab. S19, S20 ). Therefore, the coordination sphere of 

the central guest ion is also better described as a trigonal prism rather than an octahe-

dron.  

 

Figure 10 Molecular structure of 7; color code: green - Co(III), light blue - Co(II), red - 

O, dark blue - N, black - C 

 

The additional salicylhydroximate ligand forms a six-membered chelate ring including 

its iminophenolate moiety (O15, N5) and the associated trivalent cobalt ion Co4 of the 

metallacrown. Both attached phenolate oxygen atoms O9 and O15 are arranged in trans 

position to each other. The corresponding main ligand which participates in the charac-

teristic cyclic motif of the metallacrown is therefore tilted perpendicularly to the least-

square plane of the coronate metal ions. Furthermore, the resultant propeller configura-

tion at Co4 is assigned to the opposite chirality descriptor as the neighbouring metal 

center Co1 along the M-O-N direction in the ring with the attached nitrite anion and the 
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second adjacent Co(III) ion Co3 which coordinates the bridging pivalate ligand. The 

fourth trivalent cobalt ion Co2 in the scaffold reveals a planar arrangement of the coor-

dinating bidental moieties. Hence, the salicylhydroximate which connects it with the 

Co(III) ion Co1 binding the nitrite ligand features an in-plane coordination via its 

iminophenolate moiety (O3, N1) whereas the carbonyl oxygen donor atom O2 is at-

tached at the minor priority face. Consequently, this ligand is partially tilted out of the 

least-square plane of the metal ions although the arrangement of the latter strongly dif-

fers from planarity. All remaining octahedral coordination sites of the trivalent cobalt 

ions in the metallacrown subunit are occupied by pyridine molecules.  

The attachment of the heterovalent cobalt dimer involves a facial chelating of the Co(II) 

ion Co6 via the peripheral carbonyl O11 and phenolate O9 oxygens of the coronate and 

the hydroximate oxygen O13 of the auxiliary salicylhydroxamic acid trianion. Moreo-

ver, the latter also binds the Co(III) ion of the dimer Co7 with both oxygen donor atoms 

of its hydroximate moiety O13 and O14. In accordance with the oxidation state, the ar-

rangement of the donor atoms around this remote metal center Co7 obeys strictly octa-

hedral geometry. Two further pivalate ligands bridge the heterovalent metal centers Co6 

and Co7 and pyridine molecules complete the six-fold coordination in each case.  

 

 

Figure 11 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 7; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

 

Taking a closer look at the coordination sphere of the elevated Co(II) guest ion Co5 at 

the core of the conronate, some differences between the molecular structures of 6 and 7 

can be observed although its geometry represents a distorted trigonal prism in both 

complexes (Fig. 11). In 7, the average Co(II)-O bond length is slightly increased as the 

distance to the nitrite anion measures Co5-O16 2.183(3) Å and the other Co(II)-O bonds 
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on the same virtual triangular face of the trigonal prism are Co5-O1 2.168(2) and Co5-

O10 2.104(2) Å. Besides the shortening of the bridging moiety relative to the carbox-

ylate by one atom and the different binding properties of the nitrito ligand, the relatively 

short interatomic distance of 2.642(2) Å between the Co(II) ion Co5 and the phenolate 

oxygen O15 of the additional salicylhydroximate ligand represents an evident reason for 

these findings. The distribution of the value for the angles between the donor atoms of 

the same triangular face and the central metal ion is also broadened because three of 

them exceed the satisfied deviation threshold of 7° in 6 from the perfect value of 81.8° 

with O1-Co5-O10 76.37(8), O4-Co5-O19 89.09(9) and O10-Co5-O16 97.19(9)°. On the 

contrary, the angles of O1-Co5-O4 76.48(8), O16-Co5-O19 81.73(10) and O7-Co5-O10 

89.20(8) for the edge sharing vertices of different triangular faces are in better accord-

ance with the ideal value of 81.8° with a decreased standard deviation compared with 

the parameters of 6. The angles for remote oxygen donor atoms however cover with O4-

Co5-O10 100.13(8), O1-Co5-O19 116.39(9), O7-Co5-O16 133.63(9), O4-Co5-O16 

141.03(10), O1-Co5-O7 150.82(8) and O10-Co5-O19 165.96(9)° a significantly en-

larged range around the perfect value of 135.6°. The trigonal prismatic shape measure 

summarizes this set of parameters with an increased value of 4.077. Simultaneously, the 

only slight decrease of the octahedral shape measure reflects the broad distribution of 

the captured values and the resulting asymmetry of the coordination sphere. Thus, no 

generalized coordinate for the interconversion has been calculated because the deviation 

from the minimum distortion pathway as its reference exceeded the threshold of 10%. 

The cluster in the crystals of 7·5.5MeOH·H2O are loosely packed towards straight 

chains along the a axis and zig-zag chains along the b axis. Large cavities between the 

compounds host methanol and water solvent molecules which interact with each other 

and the complexes via hydrogen bonds. 

Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)6 (8) 

In simplified terms, the molecular structure of 8 is obtained from complex 6 via the re-

placement of the pyridine by 3-picoline ligands and the substitution of one pivalate by a 

nitrite anion as already observed in the molecular structure of 7.The constitution of the 

basic motif, the trans-syn arrangement of the bridging ligands, the perpendicular tilting 

of a single main ligand towards the minor priority face and the respectively opposite 

chiralty descriptors for the resultant propeller configurations are retained (Fig. 12, S15; 

Tab. S21, S22). The exchange of the bridging ligand here concerns Co(III) ion Co1 

which adopts a planar configuration of its coordinated bidental moieties. In spite of the 

shortening of the bridging fragment by one atom relative to the carboxylate, the distort-

ed trigonal prismatic coordination spheres of the central Co(II) ion of 6 and 8 strongly 

resemble each other. However, small modifications can be determined. The homogenei-

ty in the bond lengths is slightly decreased, as the Co(II)-O distance of the nitrite ligand 
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accounts for Co5-O13 2.175(2) Å and the bond towards the tilted main ligand is still 

slightly elongated with Co5-O4 2.137(2) Å (Fig. 13). The pivalate ligand reveals a rela-

tively shortened bond length of Co5-O16 2.008(2) Å. 

 

Figure 12 Molecular structure of 8; color code: green - Co(III), light blue - Co(II), red - 

O, dark blue - N, black - C 

 

In contrast to this, the bond angles are slightly better in line with the parameters of the 

perfect trigonal prism. So, the angles for the oxygen atoms within the same triangular 

face (O1, O10, O13 / O4, O7, O16) and the central Co(II) ion (O1-Co5-O10 77.93(8), 

O1-Co5-O13 79.96(8), O4-Co5-O7 85.21(7), O4-Co5-O16 88.06(8), O10-Co5-O13 

88.65(8), O7-Co5-O16 90.00(9)°) are in better agreement with the ideal value of 81.8°. 

The same finding holds true for the donor atoms of different triangular faces with a 

common edge, which show values of O7-Co5-O10 71.75(8), O1-Co5-O4 81.83(8) and 

O13-Co5-O16 86.32(9)°. Moreover, the minimum and maximum deviation from the 

reference angle of 135.6° for the divided vertices is reduced in the series O1-Co5-O7 

110.84(8), O4-Co5-O13 120.08(8), O10-Co5-O16 121.84(9), O4-Co5-O10 141.09(8), 

O7-Co5-O13 154.24(8), O1-Co5-O16 155.81(9)°. As the continuous shape measures 

calculations are more sensitive to the angles, the contradicting results of the bond 
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lengths and angles give rise to a slightly decreased trigonal prismatic shape measure of 

2.902. The insignificantly reduced generalized coordinate of 65.2% for the interconver-

sion pathway on the contrary arises from the simultaneous decline of the octahedral 

shape measure to 7.359 and the corresponding lower deviation from the minimum dis-

tortion pathway. 

The complexes in the crystals of 8·5.75MeOH are packed towards chains along the a 

axis by S- as well as T-type π- π interactions and by T-type π- π interactions along the b 

axis. The cavities within and especially in between the resultant layers host methanol 

molecules, which are linked by hydrogen bonds with each other but also with the clus-

ters. 

  

Figure 13 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 8; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

General remarks concerning the molecular structure 

In contrast to the wide-spread existence of metallacrowns based on metals across the 

periodic system of the elements and the concentrated occurrence of this cluster type for 

the adjacent 3d metals manganese, iron, nickel and copper, the metallacrown chemistry 

of cobalt is only very weakly developed. Besides some aza-derivatives,[88–92] just a few 

9-MC-3 type and two examples of the same basic inverse 12-MC-4 type complex, 

which only differ in secondary structural features like the counterion and the residues of 

carboxylate ligands as well as encapsulated anions, have been hitherto reported. Not 

even any kind of cobalt complex and hence no metallacrown in particular is known for 

the pioneering ligand salicylhydroxamic acid in literature up to now although the acces-

sibility of such a species has already been assumed in the early period of metallacrown 

chemistry.[63] The eight present examples provide a broad structural diversity and each 
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of these clusters reveals at least unusual or even hitherto unprecedented structural fea-

tures for 12-MC-4 compounds. As some of these singularities are present in more than 

one compound and/or are worth to be discussed from a more comprehensive point of 

view, they have not been dealt with explicitly and set into the context of respective liter-

ature in the course of the individual description of the molecular structure. 

Although, complex 1 does not obey the general metallacoronate pattern, it might in the 

style of the “collapsed” metallacrowns[93–98] be named a “nascent” metallacrown. This 

term however does not refer to an evolutionary view of the cobalt 12-MC-4 compounds 

but accounts for the fact that a metallacrown fragment can be recognized in the molecu-

lar structure as well as a pivalate bridged cobalt dimer, which can be related to the ap-

plied precursor compound. 

Complex 2 features a vacancy of its core as well as the alternating reversion of the char-

acteristic repetition unit along its cyclic scaffold. In this context, it is worth mentioning 

that the word “reverse” is here applied purposefully instead of “inverse”, as the transpo-

sition of the sequences within the constitution of the metallacycle is often accompanied 

with the encapsulation of anions by the ring metal ions, which project into the central 

cavity in these cases. Therefore, the term “inverse” has especially been used to charac-

terise the different configuration of the cyclic scaffold and only in second place to de-

scribe the changed constitution (Fig. S19).[99,100] So, the first two cobalt metallacrowns 

were reported as inverse species because they simultaneously reveal the reverse succes-

sion and host two anions in central cavity.[60,61] The inverse structures frequently occur 

for the ligand bis-2-pyridyl ketone oxime for which several mixed ligand clusters with 

only participation of salicylhydroxamic acid are also known.[56,100-103] However, neither 

a vacant nor a reverse and/or inverse metallacrown based on the latter ligand have been 

described in literature for a transition metal yet. Indeed, vacant tin 12-MC-4 compounds 

have been published which also comprise two perpendicularly tilted main ligands.[104]  

The tilting of the main ligands and the corresponding presence of chiral centers with a 

propeller configuration of the ligands represents a recurring motif for the here described 

compounds. Apart from 3, all metallacoronats feature at least one perpendicularly tilted 

salicylhydroximate ligand. 4 as well as 7 furthermore comprise a particularly tilted one. 

By contrast, the bidental coordination occurs in-plane and in trans position to each other 

for the reported transition metal 12-MC-4 metallacrowns of this main ligand.[52,54–

59,105,106] The singularity of this structural feature in combination with its numerous pres-

ence among the members of this novel class of compounds suggests a causality, which 

will be discussed.  

The great variety of the cobalt metallacrowns regarding the arrangements of the bridg-

ing ligands is remarkable as well. The trans-anti mode which is realized in 3 is in gen-

eral quite rarely observed for 12-MC-4 complexes[101,107–109]and only one description of 
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a corresponding salicylhydroxamic acid based iron compound is known to date.[53] 

Moreover, the cis-syn orientation in 4 and 5 was hitherto reserved for a few 12-MC-4 

clusters of salicylhydroximate linked trivalent manganese ions which are partly bridged 

with two alkali ions above and below the actual core of the complex via single, shared 

donor atom.[55,57] On the contrary, the trans-syn arrangement in 6, 7 and 8 represents a 

widely spread motif in literature.[52,56,59,102,103,106] 

The possibility of a peripheral, multidental complexation of additional cations presented 

in 4 and 7 is a further interesting aspect of the cobalt metallacrowns. In general, the ma-

jority of 12-MC-4 metallacrown in literature with further attached metal ions to the 

main ligands of the basic motif are comprised of divalent transition metals ion. While 

the linkage via a single donor atom is especially known for copper compounds,[110,111] a 

fused Ni(II) based structure[56,101,102,105] has been observed besides some stacked Cu(II) 

metallacrowns[112–114] as examples for additional binding of cations above or below the 

faces. The chelating of metal ions via the peripheral donor atoms in the style of a multi-

dental supramolecular ligand is for instance evident for a zinc metallacrown,[100] a terbi-

um centered zinc metallacryptand,[115] a nickel metallacrown,[116] a family of Ln8 clus-

ters with a metallacrown core structure[117] and some copper metallacoronates.[54,118,119] 

The latter property represents a suitable entrance into the discussion about the reasons 

for the indicated most singular features of the discovered novel class of cobalt metalla-

crowns. Analyzing the high frequency of divalent metal ions in expanded coronates, the 

four key factors negative excess charge, lower local positive charge, flexibility of the 

coordination number and versatility of the structural configuration can be deduced. The 

influence of the flexible modification of the molecular configuration on the attachment 

of cations can be evidently recognized via a comparison of the crystal structures of 

Cu(II)[12-MCCu(II)N(Shi)-4] compounds. In all cases, the size of the central cavity is en-

larged via a slight tilting of the ligands out of the least-square plane of the ring metal 

ions in order to fit the dimensions of the Cu(II) guest ion. While low interactions with 

the counter ions causes an opposite tilting of two pairs of adjacent ligand in a “sofa” 

configuration, a domed shape of the molecule is obtained when the cations are chelated 

at the periphery.[54] 

By contrast, the positive high local and excess charge of the basic constitution pattern in 

combination with the general need for higher coordination numbers foster the binding of 

further, partially anionic and/or bridging ligands at the faces of metallacoronats based 

on trivalent ring metal ions. These hamper the direct access to the donor atoms from the 

faces and especially rigid bridging ligands reduce the flexibility for the adaption of pe-

ripheral sets of binding sites towards possible acceptors of coordinative bonds. Moreo-

ver, the attachment of cations in proximity to highly positive charged metal centers is 

disfavoured due to the Coulomb repulsion. The reason for the unexpectedly distinct 

ability for peripheral complexation of additional metal ions seems to be closely related 
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to the phenomenon of the tilted salicylhydroximate ligands, as both features occurred in 

the molecular structures of 4 and 7 at the same Co(III) ion of the cyclic host. Here, the 

distance between the carbonyl and the phenolate oxygen as well as the corresponding 

bite angle of the cobalt coronate as supramolecular ligand is decreased. Hence, the re-

pulsion of the positive charged ring metal ion and the attached cation is reduced by a 

enlarged distance from each other and the proximity of counter (partial-) charges to the 

shortest interaction pathway. An additional anionic ligand supports the latter effect and 

increases the chelat effect of the coordinated moieties. Moreover, the tilting of a main 

ligand represents the precondition for the cis-syn bridging mode in 4 and 5 as it induces 

a deformation of cyclic scaffold via an offset of the Co(III) ions and therefore facilitates 

a sufficient spatial distance of the inner donor atoms of the three-membered linking 

moieties. Consequently, the two bridged Co(III) ions are linked via a perpendicularly 

tilted salicylhydroximate ligand in both cases of 4 and 5. These explanations however 

directly lead to the question of the reason for the unique flexibility of the arrangement 

of the main ligands which seems to contradict the strictly octahedral shape of the coor-

dination spheres at the first sight. Actually, both findings share the same origin in the d6 

electronic configuration of the Co(III) ions. The corresponding low-spin configuration 

yields the maximum stabilization energy for an open d-shell with given octahedral lig-

and field splitting and features a non-degenerated ground state. Hence, there is ab inito 

no reason for an energetic disparity of the different binding sites at the Co(III) ion, 

whereas the Jahn-Teller effect obviously creates a preference of a transoid in-plane co-

ordination of the strongly binding moieties of salicylhydroximate towards Mn(III) and 

Cu(II), which are to date the most common ring metal ions in 12-MC-4 complexes of 

this main ligand. Consequently, the possibility for the out-of-plane linkage of the ring 

metal ions in the cobalt metallacrowns by salicylhydroximate can be rationalized by the 

fact that there is in first approximation no preference of any pair of the adjacent sites on 

the vertices of the octahedron. Therefore, the flexibility of the cyclic host arises in sim-

plified terms from the choice of the binding sites but not from the versatility of their 

relative positions concerning the metal center. The central Co(II) guest ion on the con-

trary variably adopts different and asymmetric coordination spheres and thus represents 

the second key to the flexibility of molecular configuration. However, the quest for rea-

sons for the frequent use of these degrees of freedom and the shape of the final results 

seems to be more complex and its eventual accomplishment might require elaborate 

theoretic calculations. The variety of structures in spite of the presence of similar reac-

tants already suggests that several different influences might be involved in the shaping 

of the molecular configuration and that the preference among the different shapes is 

low. Besides packing effects, electronic, sterical and geometrical influences within in 

the complex can be taken into account. However, only some of them which appear to be 

of increased importance will be discussed in more detail. The strong affinity towards a 

strictly octahedral arrangement of the donor atom Co(III) ions might here also play a 
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crucial part in the interaction of different influences. It is worth mentioning in that con-

text, that the octahedricity of the cobalt centers with propeller configuration in the 

metallacoronates with tilted ligands is always greater than of the corresponding in-plane 

coordinated Co(III) ions. Here, the deviations from the perfect geometry which mainly 

arise from the low bite angle of the hydroximate group can be compensated more easily 

by the flexible positioning of the monodentate ligands in the cis orientation. In order to 

preclude additional sources of strain, the bridged metal ions have been considered in 

this inquiry. But not only the local effect of the tilting shall be considered but also the 

influence on the whole assembly might be relevant. So, the rigidity of the coordination 

geometry might cause a certain degree of ring strain which can be diminished by the 

incorporation of at least one tilted main ligand into the cyclic scaffold. Although the 

molecular structures of the present work clearly state the enormous versatility of the 

central Co(II) ion to adopt different shapes of its coordination geometry, the elevation of 

the hydroximate oxygen which is implied in the tilting of a main ligand might give a 

significant contribution to the interplay of influences. The crystal structure of 3·7MeCN 

proves the possibility to host the Co(II) guest ion in the actual core of the complex. 

However, several parameters indicate why this solution is already avoided under slight-

ly different reaction conditions and an out-of-plane coordination is realized in most of 

the examples. Concerning the Co(II) ion Co3, the axially elongated octahedron with 

shortened bond lengths in the perpendicular plane represents a quite uncommon setting. 

Although the parameters might indicate a strong distortion due to the Jahn-Teller effect 

which is typically observed for Co(II) low-spin complexes, the absence of strongly 

splitting ligands contradicts this assumption. Instead, the findings seem to be a combi-

nation of the weak coordinative properties of the carbonyl oxygen of 2-benzoxazolinone 

and the limited size of the central cavity. The extraordinarily high octahedral and low 

trigonal prismatic shape measures of 0.804 and 11.845 for the Co(III) ion Co2 which 

joins the pairs of oppositely tilted main ligands of the “sofa” configuration suggest in 

that respect severe obstacles towards a further expansion of the arrangement of donor 

atoms for this molecular configuration via the tilting of the main ligands. Hence, the 

trigonal prism represents the simplest counterdraft for a planar cobalt metallacrown with 

six fold coordination of the elevated Co(II) guest ion as it is observed in the similar case 

of Mn(II)(RCOO)2[12-MCMn(III)N(Shi)-4] complexes. Nevertheless, even the cobalt coro-

nates 6, 7 and 8 with a syn-trans orientation of the bridging ligands contain at least one 

perpendicularly tilted main ligand. Simultaneously, one of the hydroximate oxygen do-

nor atoms is significantly displaced above the least square plane of the characteristic 

ring although simple geometric calculations confirm the suitability of the observed 

range of Co(II)-O bond lengths and the edge length of the hypothetical square arrange-

ment of the inner donor atoms of the cyclic host for the construction of a perfect trigonal 

prism (Fig. S18). The cause of the avoidance of this ideal geometry might hence be 

based on its general disadvantageous less convenient splitting of the energy levels of d-
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orbitals for the d7 configuration and a spatial imbalance of the negative charges within 

the coordination sphere. In that respect, the proximity of the phenolate oxygen of the 

additional salicylhydroximate in 7 can be interpreted. An analogue increase of the coor-

dination number via a third bridging ligand or the expansion of the ring size by one rep-

etition unit is observed for the manganese metallacrowns. The latter effect is yet always 

found in combination with the application of aromatic nitrogen ligands. This example 

furthermore indicates the pronounced importance of the bridging and secondary ligands 

concerning the constitution and configuration of the metallacrown via their electronic 

and/or steric influence. For instance, the tilting of the main ligand is accompanied by a 

deflection of the axis of the octahedron which corresponds to the carbonyl oxygen atom 

from orthogonality towards the least-square plan of the ring metal ions and therefore the 

proximity of the secondary ligand in trans position towards the other ligands at the same 

face is reduced. Additionally, an interaction of the secondary and bridging ligands with 

each other via hydrogen bonds could be observed in the cases of the incorporation of 

cyclic aliphatic amines. In the special case of the vacant metallacrown 2, the unshielded 

Coulomb repulsion between the hydroximate oxygen atoms due to the absence of a cen-

tral counter charge serves as a probable motivation to avoid planarity. 

While the application of ambident bridging ligands for the deformation of coordination 

polyhedron of the Co(II) guest ion has already been successfully applied, the suitability 

of the periphaeral complexation of cations for the shaping of the cobalt metallacoronates 

can be deduced from the present examples. By contrast, the relevance of other effects 

can only be estimated on the basis of this compilation. The detailed investigation of the 

relative importance of the different influences represents an interesting issue for further 

experimental and theoretical research. It will help to gain the precision for the targeted 

modification of the coordination sphere of the central Co(II) ion via the application of 

peripheral complexation, secondary, bridging and modified main ligands as synthetic 

tools for the adjustment of its magnetic properties.  

3.5.3 Infrared Spectroscopy 

All recorded infrared spectra of the isolated complexes 1, 2, 4, 5 and 8 contained a 

strong band between 1594 and 1598 cm-1 which has been assigned to the stretching vi-

bration of the C=N bond of the salicylhydroximate ligand. Moreover, the corresponding 

second characteristic band for the N-O stretching vibration has been observed for all 

clusters except for 2. However, this deviation is in accordance with the difffernt non-

bridging binding mode of the vacant metallacrown. Correspondingly, a shift of this band 

has also been detected in the vacant tin metallacrowns of salicylhydroximate. Another 

set of strong bands at 1573-1580 cm-1 and 1438-1450 cm-1 represents the asymmetric 

and symmetric stretching vibrations of the carboxylat groups within the compounds. 

Further bands in the characteristic range of the carbonyl stretching vibrations at 1711 



3 Heterovalent Cobalt Metallacrowns 100 

and 1658 cm-1 in the spectra of (2)3·H2Sal·2OCMe2·H2O and 5·3.5MeOH·H2O arise 

from acetone solvent molecules and the 2-benzoxazolinone bridging ligand.  

3.5.4 UV-Vis Spectroscopy 

The recorded electronic spectra of 1, 2, 4, 6 and 8 resemble each other in their general 

shape and simultaneously reflect the closer structural relationship between the three 

Co(II) centered metallacoronats 4, 6 and 8 although the features are primarily assigned 

to absorption process which are locate at the Co(III) ions and/or the ligands (Fig. S20; 

Tab. S44). Apart from one local maximum, the different transitions only appeared as 

less distinctive shoulders due to the plurality of individual coordination environments 

within the single complexes. Hence, the characteristic wavelengths were extracted from 

the obtained data via inflection point analysis using the first and second order deriva-

tions. The spectra of 1, 4, 6, 8 each reveal shoulders in the ranges of 325-333, 470-486 

and 635-649 nm whereas 2 in principle shares the same sequence of features (337, 423, 

616 nm) with a slight blueshift of the wavelength in the visible region. Here, an assign-

ment of the two respective features with lowest energy to d-d transitions from the 1A1g 

ground state into the excited states of 1T1g and 1T2g term of the Co(III) ions is in good 

accordance with the related example of a mononuclear trivalent cobalt compound based 

on benzhydroximate in literature.[120] However, it should be mentioned that the obtained 

spectra represent a superimposition of the different contributions of the absorption pro-

cesses located at specific metal centers. Hence, a generalized model might omit hidden 

features and can be less appropriate for the electronic structure of at least some of the 

individual cobalt ions. An alternative general interpretation which ascribes the presence 

of both aforementioned bands to a splitting of the 1T1g terms and includes the infliction 

point in the near UV-region as a d-d transition between the 1A1g and 1T2g state has been 

discarded for several reasons.[121,122] The proximity of the ligands within the spectro-

chemical series in combination with the variety of their relative arrangements in the 

coordination spheres of the Co(III) ion in the same sample contradicts the corresponding 

dimension of the assumed splitting. Moreover, the accordance of the absorption feature 

of 2 and the other complexes around 330 nm suggests an involvement of the salicylhy-

droximate in the transition rather than a pure localization on the Co(III) ions. A defini-

tive assignment towards a charge-transfer or intraligand band cannot be performed on 

the basis of the present information. However, the occurrence of absorption characteris-

tics for salicylhydroxamic acid based metallacrowns of different metals like nickel, 

manganese and copper as well as the energetic proximity of the first absorption maxi-

mum of the free ligand supply the latter assumption. Moreover, the spectra weakly indi-

cate another infliction point at 261 nm which represents a ligand centered transition 

process. The shift of the features in the visible region between 2 and 1, 4, 6, 8 is already 

detectable by the human eye. While the dissolved sample of the reverse metallacrown 



3 Heterovalent Cobalt Metallacrowns 101 

appears dark green, solutions of the latter complexes reveal an orange brown color. As 

the absorption band of lowest energy can be used for an estimation of the octahedral 

splitting by adding the Racah parameter C with the value of 3800 cm-1 for Co(III) 

ions,[121,123] the determined value of 616 versus 649, 635, 648 and 646 nm means 

stronger an average ligand field for the ring metal ions of 2 (∆O = 20034 cm-1) com-

pared to the trivalent cobalt ions in 1, 4, 6, 8 (∆O = 19209, 19548, 19232, 19280 cm-1). 

This finding obviously reflects the distinguished coordination spheres of the vacant 

metallacrown which always comprises two or four nitrogen donor atoms and a non-

bridging mode of the hydroximate moiety. 

3.5.5 Mass spectrometry 

All mass spectra show a complex fragmentation pattern and the intact molecular ion 

{M+H} + can only be observed in the case of 2. However, a comprehensive systematic 

has been to interpret them in a consistent way. Most of the peaks in the high mass range 

could be assigned to ions which comprise the full scaffold of the cobalt centers and the 

salicylhydroximate main ligands whereas the anions pivalate, nitrite and 2-

benzoxazolinonate as well as the neutral ligands pyridine, 3-picoline, piperidine, mor-

pholine, methanol and water are partially or completely released. The loss of ligands is 

thereby in general a common phenomenon for ESI MS spectra of Co(III) complexes in 

literature.[124,125] Although the complex pattern of the mass spectra of the cobalt metal-

lacrowns in the present work are hardly suitable to evaluate the integrity of the clusters 

in solution, the assignment of the majority of significant peaks to ions with the expected 

number of metal centers and main ligands strongly indicates a certain stability of the 

basic motif of the coronates in acetonitrile and methanol. During the following discus-

sion of the obtained data, the observed complex ions will be divided into series of mole-

cules which only differ in the number of amines in order to preserve clarity and compa-

rability but not to rate the binding strength of any ligand type. All assigned peaks in the 

spectrum of 1 contain the expected five cobalt ions, three salicylhydroximate trianions 

and the hydroxid ligand. The three peaks at 1608, 1563 and 1545 m/z refer to the com-

plex ions {Co5(Shi)3(Piv)5(OH-)(Pip)4 + H}+, {Co5(Shi)3(Piv)5(OH-)(Pip)4 + H}+ and 

{Co5(Shi)3(Piv)5(OH-)(Pip)3 + Na}+ with the full number of five pivalate ligands. More-

over, two series of ions comprising four of these carboxylate anions of the general for-

mulae {Co5(Shi)3(Piv)4(OH-)(Pip)x(H2O)}+ (x = 3, 4; 1439, 1524 m/z) and 

{Co5(Shi)3(Piv)4(OH-)(Pip)4} + (x = 2, 3, 4; 1336, 1421, 1506) have been identified. 

Here, the two molecules with three piperidine ligands feature the highest intensity. In 

both spectra of 2, a long sequence of equidistant peaks (995, 1074, 1152, 1232, 1311, 

1390, 1469 m/z) refers to the complex ions {[12-MCCo(III)N(Shi)-4](Py)x + H}+ with x 

ranging from 2 to 8, the species with five attached pyridine yields the highest count 

number. Additionally, the three heaviest members of the series can also be found with a 
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replacement of the associated proton by a sodium ion in the spectrum which has been 

recorded from a solution in methanol (1333, 1412, 1491 m/z). The spectrum of 4 pro-

vides a multitude of peaks, as positive ions can easily be accessed via the successive 

removal of pivalate ions and an appropriate charging via different cations. Although in 

general the occurrence of alkali counter ions in mass spectra can originate from the up-

take of environmental materials, the frequency of observed complex ions containing 

lithium is massively raised in the case of 4 and hence the number of peaks is further 

increased. Therefore, the results will just be summarized at that point and the full list of 

assigned peaks is available from the supplementary information. Singly positive 

charged ions can be identified for a series of complexes with the components of the 

basic coronate subunit motif as well as three pivalate groups which differ in the number 

of remaining piperidine ligands and in the combination of various counter ions. Here, 

the most extensive sequence refers to the charged molecules with two associated lithium 

cations {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)x + 2Li} + (x = 1, 2, 3, 4; 1297, 1382, 

1467, 1552 m/z). Additionally, the combination of a proton and a lithium ion as well as 

a sodium and lithium ion can be recognized for some species of the series. For just two 

remaining pivalate ions, the most examples are assigned to the formulae 

{Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)x + H}+ (x = 2, 3, 4, 5; 1268, 1353, 1438, 1523 

m/z) and {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)x + Li} + (x = 2, 3, 4; 1274, 1359, 1444 

m/z). Finally, complex ions {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)x} + (x = 0, 1, 2, 3, 4; 

996, 1081, 1166, 1251, 1336 m/z) have been identified besides two methanol adducts 

{Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)x+ MeOH}+ (x = 3, 4; 1283, 1368 m/z). The 

charged molecules {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)4 + H}+ and {Co(II)(Piv)[12-

MCCo(III)N(Shi)-4](Pip)3} + feature the highest intensities in the spectrum of 4. Due to the 

range of different bridging and secondary ligands, the interpretation of the spectra of 5 

comprises the consideration of various combinations. The two dominant series 

{Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)x} + (x = 0, 1, 2, 3, 4; 996, 1083, 1170, 1257, 

1344 m/z) and {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)x} + (x = 0, 1, 2, 3, 4; 1029, 

1116, 1203, 1290, 1377 m/z) can be assigned to the respective bridging ligand in the 

spectrum of the solution in acetonitrile. Moreover, complex ions {Co(II)(Boa)(Piv)[12-

MCCo(III)N(Shi)-4](Morph)x + H}+ (x = 1, 2 3, 4; 1218, 1305, 1392, 1479 m/z) containing 

the pivalate as well as the 2-benzoxazolinonate anion. Although, the methanol ligand 

has vanished in most of the identified ionized clusters, the species {Co(II)(Boa)[12-

MCCo(III)N(Shi)-4](Morph)xMeOH}+ can be observed in some versions with x = 1, 2, 3 

(1148, 1235, 1322, m/z). The peaks in the spectrum of the same sample in methanol 

resembles these findings and the presence of some additional sodium adducts is evident. 

A full list of assigned peaks is included in the supplementary information. The same 

classification of a series of complex ions according to the compilation of the bridging 

ligands can be conducted for the spectra of 8. Here, the sequence of peaks for the simul-

taneous presence of the nitrite and pivalate ligand in the spectrum of the solution in ace-
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tonitrile is diversified by the alternation of the cation between a proton in 

{Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)5 + H}+ (x = 1, 2, 3, 4, 5; 1136, 1229, 1322, 

1415, 1508 m/z) and a sodium ion in {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)5 + 

Na}+ (x = 1, 2, 3, 4, 5; 1158, 1251, 1344, 1437, 1530 m/z). Additionally, the individual 

series of peaks assigned to the carboxylate {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)x} + (x = 

0, 1, 2, 3, 4, 5 ; 996, 1089, 1182, 1275, 1368, 1461 m/z) and the nitrite {Co(II)( 

NO2)[12-MCCo(III)N(Shi)-4](Pic)x} + (x =2, 3, 4, 5 ; 1127, 1220, 1313, 1406 m/z) can be 

identified. Similar results are indicated by the spectrum of the solution in methanol alt-

hough the resolution was reduced due to the low solubility. The list of assigned peaks is 

available from the supplementary information.  

In summary, the worth of analysis of the compounds via the method mass spectrometry 

mainly for the present work consists in the complementary evidence for the successful 

incorporation of some novel or converted building units like the lithium cation, nitrite 

anion and 2-benzoxazolinate for metallacrown chemistry. Moreover, the similar sys-

tematic of the peak patterns, the low frequency of adducts and the lack of agglomerates 

indicate a certain degree of stability of the coronate including the central guest ion. An 

evaluation from a chemical point of view on the composition of the obtained fragments 

hints at the ionization process as the major source of the fragmentation although a pre-

vious partial substitution of the secondary and bridging ligand by labile solvent mole-

cules cannot be excluded.  

  

3.5.6 1H-NMR Spectroscopy 

The 1H-NMR spectra of the diamagnetic complexes 1 and 2 reveal signals of the same 

integral and multiplicity for a respective ligand type which are shifted against each other 

depending on the individual environments at the binding site.[126] Concerning the aro-

matic systems, the peak sets of the same ligand species could be subdivided into dis-

crete groups of correlated signals which represent singly distinguishable ligands via two 

dimensional 1H-1H COSY spectra. The low field region of the 1H-spectrum of 1 con-

tains five distinctive signals of similar integral which correspond to the same number of 

attached pivalate ligands (δ = 0.48 (s), 0.64 (s), 0.99 (s), 1.16 (s), 1.29 (s) ppm). Moreo-

ver, several multiplets in the range between 0.75 and 4.00 ppm arise from the methylene 

protons of the piperidine ligands (Fig. S21). In the aromatic region a set of partially su-

perimposed doublets and triplets can be observed and can be grouped with the help of 

the cross-peaks of the two-dimensional NMR experiment into three subsets (δ = 6.46-

6.49 (t), 7.00-7.08 (m), 7.11-7.13 (d), 7.45-7.47 (d) ppm), (δ = 6.63-6.68 (m), 6.75-6.77 

(d), 6.91-6.96 (m), 7.85-7.87 (d) ppm) and (δ = 6.63-6.68 (m), 6.91-6.96 (m), 7.00-7.08 

(m) 8.27-8.29 (m) ppm) for the distinguishable salicylhydroximate ligands (Fig. S22). 

Signals for the water, hydroxyl and the nitrogen bond hydrogen atom could not be as-
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signed unambiguously. Furthermore, the present of few additional peaks with weak in-

tensity in the aromatic region and in proximity to the pivalate signals might indicate 

minor proton exchange processes. By contrast, the high field region in the spectra of 2 

features doublet and triplets for the aromatic protons of the salicylhydroximate ligand as 

well as for the attached pyridine molecules (Fig. 14; Tab. S46).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14 1H-NMR (top) and 1H-1H COSY (down) spectrum of 2 in chloroform; col-

ored numbers represents assignment of the signal; different colors encode distinguisha-

ble ligands, different numbers encode different H-positions 

 

Here, the signals of the pyridine ligands can be easily identified because the protons in 

ortho- and para-position cause peaks of double intensity indicating a free rotation of this 
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moiety. Counting the numbers of different signals, only the half amount of protons 

which might be expected from the crystal structure can be observed at the first sight. 

However, this finding simply arises from the transfer from pseudo-C2 symmetry in the 

solid into a real C2-symmetry in solution. Hence, four signal groups (δ = 6.75-6.80 (m), 

7.37-7.41 (t), 7.90-7.91 (d) ppm), (δ = 6.85-6.89 (t), 7.26-7.30 (m), 8.62-8.63 (d) ppm), 

(δ = 7.05-7.08 (t), 7.53-7.57 (t), 8.66-8.68 (d) ppm) and (δ = 7.31-7.35 (t), 7.75-7.78 (t), 

8.52-8.53 (d) ppm) can be assigned to the four distinguishable pyridine ligands via the 
1H-1H COSY spectrum whereas two subsets of peaks (δ = 6.44-6.48 (t), 6.94-6.98 (t), 

7.10-7.12 (d), 8.02-8.04 (d) ppm) and (6.75-6.80 (m), 7.26-7.30 (m), 7.26-7.30 (m), 

8.36-8.38 (d) ppm) represent the salicylhydroximate main ligands in deuterated chloro-

form. A complementary 1H spectrum was recorded for a solution in dichlormethane to 

resolve the multiplet below the signal of the solvent chloroform and is available from 

the supplementary information (Fig. S23; Tab S47). In summary, the occurrence of dis-

tinguishable peak sets and their correlation with the number of ligands clearly prove the 

integrity of both complexes 1 and 2 in chloroform and dichlormethane respectively. 

3.5.7 Magnetic properties 

Static magnetism 

The temperature dependence of the molar static (dc) susceptibility χ of 4, 5 and 8 re-

veals the typical features of samples which are comprised of mononuclear Co(II) high-

spin complexes. Due to the partially unquenched orbital moment, the values of the χT 

product significantly exceed the spin-only value of 1.876 cm3K/mol for a spin of S = 

3/2 with a g-factor of g = 2 at room temperature. Moreover, the spin-orbit coupling in 

combination with the shape of the ligand field can give rise to a strong magnetic anisot-

ropy which causes a deviation from a simple paramagnetic Curie law and is in general 

observed as a monotonic decrease of the χT product in the course of the cooling of the 

sample. (Fig. 15) 

The χT value of 3.15 cm3K/mol for 4 resembles the reference of 3.37 cm3K/mol for an 

independent spin and orbital momentum of a 4F ground term.[127] Decreasing with con-

tinuously increasing slope in the course of the cooling, the χT curve shape reveals the 

characteristic behaviour of an isolated six-coordinated Co(II) ion with significant con-

tribution of spin-orbit coupling to the splitting of the 4T1g state.[128–130] At 2 K, lowest 

temperature of the measurement, the χT product is 2.18 cm3K/mol. The corresponding 

plot of the χT product versus the temperature T for 5 features a very similar curve shape 

with benchmark values of 3.03 and 2.26 cm3K/mol at 300 and 2 K, respectively. By 

contrast, the sample of 8 shows a linear decrease from 3.23 cm3K/mol at room tempera-

ture to a value of 2.79 cm3K/mol at 95 K. For lower temperatures, the slope of the χT 

curve increases continuously and reaches a value of 1.97 cm3K/mol at 2 K. The latter 
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shape is quite similar to other examples of isolated Co(II) ions with distorted trigonal 

prismatic coordination sphere.[48]  

 

 

Figure 15 plot of the χMT product versus temperature for 4, 5 and 8; solid lines repre-

sent guidelines for the eyes 

The fitting of temperature dependent susceptibility data of Co(II) is challenging due to 

the incomplete quenching of the contributions of the orbital momentum. Expressions for 

six-fold coordinated metal centres have been derived for the model case of an octahe-

dral coordination sphere and have also been adapted for a symmetric tetragonal or trig-

onal distortion of this reference shape. However, these equations contain an intensive 

amount of variable parameters and hence can easily cause overparametrization and use-

less fit results. The coordination spheres of central guest ions at the core of the com-

plexes 4, 5 and 8 feature pronounced deviations from a perfect regular reference poly-

hedron. A careful analysis of bond lengths and angles as well as the determination of 

their position on the shape map of the octahedral and tetragonal shape measures clearly 

yield that these distortions can neither be projected on a trigonal nor a tetragonal axis of 

the octahedron. Therefore, the detailed interpretation of the temperature dependent sus-

ceptibility of the introduced cobalt metallacrowns is an interesting task of the present 

and future work and are supported by ab initio calculations as well as experimental in-
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vestigations of the electronic structure via complimentary methods like EPR spectros-

copy which are already in progress. 

The high magnetic anisotropy is also reflected by the recorded magnetization data of all 

three complexes at low temperatures (Fig. S24, S26, 16). A plot of the reduced magneti-

zation values M/NAµB versus the ratio of field and temperature H/T does not result in a 

common master curve for the single measurement series at different temperatures (Fig. 

S25, S27, S29). Moreover, the corresponding M/NAµB values of 2.28, 2.23 and 2.17 for 

4, 5 and 8 at a temperature of 2 K and an applied field of 7T come significantly below 

the saturation magnetization of an isolated S = 3/2 sate with a g-factor of g = 2 accord-

ing to the Brilloin function but are in good agreement with reported values in litera-

ture.[44,46,127]  

 

Figure 16 plot of the reduced magnetization versus the applied field for 8; solid lines 

represent the best fit results according to an effective spin Hamiltonian with zero-field 

splitting parameter 

 

The experimental data of 8 could be fitted via an effective spin Hamiltonian which in-

cludes a zero field splitting parameter D and an isotropic g-factor (Formula S4). The 

resultant values of D = -64 cm-1 and g = 2.66 did not change significantly when an addi-
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tional rhombicity E was introduced into the model (D = -68 cm-1, |E| = 4.3cm-1, g = 

2.67) and match the expectations based on magneto-structural correlations (Fig. 16). 

While Co(II) ions with an octahedral coordination sphere are restricted to a positive sign 

of the D values, trigonal prismatic divalent cobalt complexes can feature large negative 

zero field splitting parameters.[48] Corresponding attempts to fit the experimental data of 

4 and 5 yielded even higher negative zero field splitting parameters which most likely 

indicate an inappropriate description of the lowest lying energy levels by the applied 

model and therefore no relevance is ascribed to without further validation by the ongo-

ing complementary investigations. In summary, a significant amount of magnetic ani-

sotropy has been observed for all three clusters but could only be quantified for complex 

8.  

Considering the current findings of mononuclear cobalt compounds with single-

molecule magnetic behaviour for both signs of the zero-field splitting parameter, this 

general observation implies the presence of a possible source for a slow relaxation of 

magnetization. A detailed model for the order of the different energy levels demands for 

further elaborate theoretical calculations because Co(II) high-spin ions feature a high 

sensitivity in their magneto-structural correlations and the corresponding shapes of the 

coordination spheres in the present cobalt metallacrowns strongly and asymmetrically 

deviate from simple reference polyhedra which can be descript via less differentiated 

models. However, these first examples of versatile cobalt coronates represent the prom-

ising foundation for a framework which provides a synthetic access for a systematic 

investigation of the complex dynamic and static magnetism of Co(II) high spin ions. 

From a static point of view, the detailed understanding of the interplay between static 

and dynamic phenomena might develope the ac susceptibility measurements as a valua-

ble complementary method to acquire information concerning the lowest lying energy 

states. 

Dynamic magnetism 

When a dynamic magnetic field was applied to the sample of 4 no out-of-phase reso-

nance signal could be detected in the absence of an additional static field. By contrast, a 

corresponding response was obtained for 5 and 8 under zero static field (Fig. S30, S31). 

However, the height of the causal effective energy barrier to magnetization reversal 

could not be determined as the measured range of frequencies yielded no maximum for 

the imaginary component of the susceptibility. In analogy to similar cases of mononu-

clear single-molecule magnets of cobalt,[38-40,42,44,46] other transition metals[29,31,34] and 

lanthanides,[131–133] an additional static field of 1500 Oe was applied to all three samples 

in order to diminish the contributions of quantum tunnelling processes to the relaxation 

of the magnetization. Indeed, 4, 5 and 8 reveal frequency-dependent out-of-phase sus-

ceptibility signals as characteristic behaviour of single-molecule magnets with peaks at 
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4.5, 7 and 8.5 K at 1000 Hz (Fig. S34, S35, 17). For all three samples the relaxation 

times at various temperatures have been analyzed via a generalized Debye model ac-

cording to the Cole-Cole formalism.[134–137] Here, the isothermal (χ0) and adiabatic (χs) 

susceptibility as well as the parameter α were obtained by fitting of the experimental 

data in a Cole-Cole-plot (Fig. S39-S44) of the out-of-phase versus the in-phase-

susceptibility (χ’’ vs. χ’) utilizing formula S5. The corresponding values for α of 0.02-

0.15 at 6.1-2.0 K for 4, 0.02-0.28 at 7.0-2.0 K for 5 and 0.05-0.28 at 9.0-2.0 K for 8 are 

in good agreement with other cobalt SMMs and simultaneous differentiates the ob-

served phenomena from spin glass behaviour.[44,46,48] Moreover, their proceeding marks 

the development from an almost exclusive dominance of the thermal relaxation at high 

temperatures towards an increasing influence of quantum tunnelling processes for the 

relaxation of the magnetization at low temperatures. Taking the obtained parameters of 

the Cole-Cole-plot, the temperature dependent relaxation times τ were extracted by fit-

ting the plot of the in-phase susceptibility data versus the frequency (Fig. S47-S49) via 

formula S6.[136,138]  

 

Figure 17 plot of the out-of-phase susceptibility versus temperature under an applied 

static field of 1500Oe for 8; solid lines represent guidelines for the eyes 

A similar procedure using the out-of-phase susceptibility was checked to yield corre-

sponding results (Fig. 18, S45, S46). The height of the respective energy barriers Ueff 

and the attempt relaxation time τ0 were than determined via a linear regression of an 

Arrhenius plot which correlates the natural logarithm of the relaxation time ln(τ) with 

the reciprocal temperature T-1. However, the gradual decline of the signals in the plot of 

the out-of-phase susceptibility versus the temperature at lower temperatures already 
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indicates that the corresponding Orbach process by a thermal activated overcoming of 

the reversal barrier does not represent the only active relaxation mechanism. Hence, 

only the high temperature range was taken into account for the fitting according to the 

Arrhenius equation S7 as the corresponding assumption of a dominant relaxation of the 

magnetization via the Orbach pathway is most likely fulfilled in this region.[139] The 

procedure yielded values of 14, 35 and 79 K for the effective energy barrier to magneti-

zation reversal, Ueff, and 1.45·10-5, 1.21·10-6 and 1.75·10-8 s for the attempt relaxation 

time, τ0, of 4, 5 and 8 (Fig. 20, S50-S52). Nevertheless, the curvature of the Arrhenius 

plots already suggests that more types of relaxation processes are involved as the expo-

nential increase of the Orbach relaxation rate with decreasing reciprocal temperature 

would cause a more sudden angular drop from the temperature independent quantum 

tunnelling regime. 

 

Figure 18 plot of out-of-phase susceptibility versus frequency under an applied static 

field of 1500Oe for 8; solid lines represent the best fit results according to a generalized 

Debye model; color code: red - 2 K, violet - 9 K 

 

In order to obtain more information about the nature of these additional processes, the 

field dependence of the relaxation time was investigated. For all three complexes an 

increase of the relaxation time is observed at low field strength which is attributed to the 

partial suppression of the quantum tunnelling by the lifting of the degeneracy of the 

coupled states. Moreover, a coexistence and transfer of a fast field suppressed and a 

slower field induced relaxation can be recognized in the plot of the out-of-phase suscep-
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tibility versus the wave frequency of 5 and 8 for low static magnetic fields. Reaching a 

maximum relaxation time of 0.0014 (1250 Oe), 0.0195 (2500 Oe) and 0.0636 (1500 Oe) 

at 2 K, the plots of τ versus HDC decline again more slowly at higher fields (Fig. 19, 

S63, S64). The latter curve shape is assigned to the relaxation via the so-called direct 

process.[27] This type of spin-lattice relaxation process means a flipping of a magnetic 

ion by absorption or emission of a phonon which matches the energy difference of the 

two involved states.[140] The field dependence of its relaxation rate is commonly de-

scribed with a power factor of 2 for even spins whereas the present Kramer’s ions in 

general feature a H4 dependence.[141] However, the attempts to fit the field dependent 

relaxation time at 2 K via combined formula for the quantum tunnelling mechanism and 

the direct process did not give suitable results. By contrast, a fitting with a power factor 

of 2 revealed to be suitable to reproduce the curve shape for 8. Although this abnormal 

behaviour of Kramer’s ions has been reported occasionally in literature,[142] a compre-

hensive fitting of the temperature dependence of the relaxation time for the whole tem-

perature range on this basis seemed to be too inconclusively. 

 

Figure 19 plot of the relaxation time versus the applied magnetic field at a temperature 

of 2K for 8 

 

Nevertheless, a significant contribution of the direct process to the curvature of 8 at high 

temperatures can be excluded by a simple estimation. Even if the full amount of the 

relaxation rate at 2 K is exclusively attributed to the direct process, its contribution to 

the experimental relaxation time above 7 K is less than 10% due to the linear depend-
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ence from temperature. As the quantum tunnelling mechanism between the ground 

states is not affected by the temperature, its significance can also be neglected in first 

approximation for this region. Therefore, the occurrence of another spin-lattice relaxa-

tion process to which a high significance is ascribed to in the recent discussion about 

mononuclear transition metal single-molecule magnets is suggested. The Raman process 

involves the promotion of the magnetic ion into a virtual excited state by the absorption 

of a phonon and an immediate decay via the emission of another phonon.[140] Because 

the abovementioned estimation yields a sufficient separation of the dominant scope of 

the direct process and quantum tunnelling mechanism at low temperature from the Ra-

man and Arrhenius relaxation regime at high temperatures for 8, the latter region was 

fitted between 7 and 9 K by a corresponding two-process model (Formula S11). The 

results of the fit should be taken carefully as the power factor of the Raman term is only 

slightly restricted by the present theory and has a strong influence on the final optimized 

parameters. However, a convincing set of values was obtained for the common T5 de-

pendence of the Raman relaxation rate.[27,45,48,141] The corresponding constant C of the 

Raman term accounts for 0.1008 K5s-1 whereas the attempt relaxation time and the en-

ergy barrier of the Orbach process amount to 7,38·10-13 s and 179 K.  

 

Figure 20 Arrhenius plot of the natural logarithm of the relaxation time versus the re-

ciprocal temperature under an applied static field of 1500Oe for 8; solid blue line repre-

sents the fit result of the high temperature range according to the Arrhenius equation; 

solid green line represents the fit result of the high temperature range according to a 

model regarding Orbach and Raman relaxation process 
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The new value for the energy barrier is significantly higher than the obtained parameter 

for the simple Arrhenius plot. However, it should be mentioned that the arrangement of 

the captured data points for the latter processing still indicated curvature and therefore 

would have yielded even higher energy barriers for a further constrain of the regression 

range. Moreover, the obtained energy barrier for the two-process model resembles the 

estimated value for a Kramer’s ion based on the determined zero-field splitting parame-

ter 184 K. The fit result furthermore implies a nearly exclusive relaxation via the Raman 

effect in the temperature range around 7 K. At 2 K its contribution to the sum of relaxa-

tion rates still amounts to 21% (Fig. S53, S54). A corresponding implementation of this 

effect into the aforementioned model for the field dependence at 2 K was applied but 

did not significantly improve the goodness of the fit result. The Orbach process takes 

over as dominant relaxation process above 9.4 K according to the parameters of the 

two-process model of the high temperature regime. It was desisted from a correspond-

ing procedure for the samples of 4 and 5 as the separation of both regimes could not be 

ensured. 

 

Figure 21 plot of out-of-phase susceptibility versus frequency at a temperature of 2K 

under different applied magnetic fields for 4; solid lines represent the best fit results 

according to a generalized Debye model 

 

A measurement series for the investigation of the field dependence at 5 K for complex 5 

however reflects the general presence of the different discussed relaxation processes 

(Fig. S65-S68). So, the relative influence of the static field on the relaxation rate de-
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creases with increasing temperature as quantum tunnelling does not change its rate and 

the gain of the direct process is overcompensated by Orbach and Raman relaxation. The 

difference in the temperature dependence of quantum tunnelling and direct process can 

be recognized from a shift of the magnetic field with maximum relaxation time towards 

lower values. 

The field dependence of the out-of-phase susceptibility of 4 moreover reveals a second 

peak above 4000 Oe which is already indicated by an offset for lower fields (Fig. 21). 

Therefore, the frequency dependent in- and out-of-phase susceptibility data were ana-

lysed via a concerted fit according to the sum of two generalized Debye functions (For-

mula S12).[143] The resultant relaxation times for the field enforced second process are 

more than two magnitudes higher than the corresponding values of the field suppressed 

case. Similar transfers have been reported previously for mononuclear cobalt[41] and 

lanthanide complexes.[144] Detailed investigations on the field and temperature depend-

ence of this dualism are in progress and might unveil more information concerning the 

nature of the respectively involved relaxation mechanisms. 

The host of the novel class of cobalt metallacrowns obviously holds a great potential to 

equip the encapsulated Co(II) guest ion with the feature of single-molecule magnetism. 

In accordance with similar findings in literature, the shielding effect of the diamagnetic 

scaffold against magnetic exchange interactions benefits the slow relaxation of the 

magnetization.[44,48] However, a more unique characteristic of the cobalt coronates is 

based on their versatility concerning the creation of different coordination spheres of the 

central divalent cobalt ion. The most singular dualism of preorganization and flexibility 

creates them a powerful frame to systematically explore the interesting current issue of 

the static and dynamic magnetism of single Co(II) high spin ions. Here, bridging and 

secondary ligands as well as attached cations at the periphery represent suitable synthet-

ic tools to tune the magnetic properties via the modification of the overall molecular 

configuration of the metallacrown. As a first yield of this systematic interface, a series 

of three novel single-molecule magnets have been obtained which span a large range of 

the distortion pathway from an octahedral to a trigonal prismatic coordination polyhe-

dron. In the same direction the complexes 4, 5 and 8 rank with 14, 35 and 79 K in the 

lower, middle and upper class concerning their height of the energy barrier to magneti-

zation reversal in the context of the present examples of SMMs based on a single Co(II) 

ion in literature.[35-48,145] Hence, they simultaneously reinforce the promising potential of 

the trigonal prismatic coordination sphere to yield remarkable energy barriers in a very 

vivid way (Fig. S69, S70). Moreover, the important influence of the Raman process for 

the magnetic relaxation could be extracted from the analysis of the dynamic magnetism 

of 8. The field induced transfer between different relaxation pathways in 4 furthermore 

reveals the versatility of the dynamic single-ion magnetism of divalent cobalt which can 
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be faced with the help of the versatile novel cobalt metallacrowns as systematic molecu-

lar interface to the SMM features. 

3.6 Conclusions 

We here report the synthetic realization and characterization of the first examples of the 

long-awaited cobalt metallacrowns based on salicylhydroxamic acid. Besides the gen-

eral rareness of cobalt metallacrowns and the complete absence of cobalt complexes of 

this ligand, the scope of metallacrown chemistry significantly enlarged as the novel cor-

onates add scarce and completely unprecedented structural features like central vacancy, 

reverse of the succession of the repetition unit, (semi-) perpendicular out-of-plane tilting 

of salicylhydroximate and peripheral complexation of additional cations to the repertory 

of the 12-MC-4 clusters of the mother of all metallacrown ligands. The observed flexi-

bility of the configuration of the cyclic host results in the possibility to create various 

shapes of coordination polyhedra for the central Co(II) guest ion. This latter feature 

gains even more functional relevance as the coronates reveal single-molecule magnetic 

behaviour based on single Co(II) ion at the core of the complexes. Hence, the estab-

lishment of three novel magnetic-mononuclear Co(II) SMMs along the distortion path-

way from the octahedron to the trigonal prism with low to high energy barriers of 14, 35 

and 79 K reinforces the capability of the latter geometry for the achievement of a re-

markable extent of this effect and displays the promising potential of the novel cobalt 

metallacrowns concerning this hot topic of current research. The dualism of preorgani-

zation and flexibility of the molecular configuration distinguishes the 

Co(II)[12MCCo(III)N(Shi)-4] compounds as a molecular interface for the systematic inves-

tigation and targeted modification of the magnetic properties of single Co(II) ions via 

the versatile adjustment of their coordination sphere. Here, the bridging and secondary 

ligands as well as peripherally attached cations have been developed as suitable tools to 

perform a purposeful shaping of the metallacoronates. Gaining precision in the handling 

of these tools, the cobalt metallacrowns of salicylhydroxamic acid provide a perfect 

synthetic access to decode the still challenging issues of the static and dynamic mag-

netism of Co(II) high-spin ions in cooperation with analytical methods and theoretical 

calculations. 
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3.9 Supplementary Information 

3.9.1 Synthesis 

 

Figure S1 Representation of the numerical correlations between the amounts of added 

salicylhydroxamic acid to the reaction mixture and the incorporation of pivalate and 

salicylhydroximate and its rearrangement product 2-benzoxazolinone for the complexe 

1, 4 and 3 
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3.9.2 X-Ray Crystallography 

Compound 1 2 3 4 

Formula C72H113Co5N10O21 C217H188Co12N36O42 C86H111Co5N19O16 C152H228Co10Li 2N22O39 

Formula 

weight 
1749.40 4679.23 1961.59 3590.77 

T/K  173  193 173 173 

Wavelength/Å 0.71073 0.71073 0.71073 0.71073 

Crystal system triclinic orthorhombic monoclinic monoclinic 

Space group P-1 Pna21 P21/c P21/c 

a/Å 13.5360 (14) 33.3846(6) 12.4556(8) 16.4058(13) 

b/Å 14.4649 (15) 20.5408(4) 14.1543(10) 13.8683(12) 

c/Å 22.118 (2) 44.7938(11) 27.0878(18) 37.422(3) 

α/° 90.036 (4) 90 90 90 

β/° 91.929 (4) 90 95.660(2) 93.758(3) 

γ/° 89.563 (4) 90 90 90 

V/Å3 4328.2 (8) 30717.2(11) 4752.3(6) 8495.9(12) 

Z 2 4 2 2 

δcalcd/gcm-3 1.342 1.012 1.371 1.404 

µ/mm-1 1.01 0.688 0.926 1.029 

Crystal 

size/mm 

0.68 × 0.21 × 

0.03 0.55 × 0.36 × 0.15 
0.67 × 0.32 × 

0.17 
0.58 × 0.37 × 0.02 

θmax/° 28.251 28.090 28.182 28.084 

Reflns. collect-

ed 
74478 144482 55742 87482 

Indep. Reflns 

(Rint)  
20956 (0.1213) 63935 (0.0901) 11526 (0.0574) 20523 (0.1180) 

Data/restrains/ 

parameters 
20956/1029/1330 63935/1542/2945 11526/65/625 20523/693/1270 

Goof on F2 1.004 0.899 1.019 1.037 

R1, wR2 

(I>2σ(I))  

 

0.0692 

0.1601 

0.0747 

0.1896 

0.0414 

0.1237 

0.0579 

0.1087 

R1, wR2 (all 

data) 

 

0.1672 

0.2104 

0.1399 

0.2414 

0.0629 

0.1320 

0.1341 

0.1306 

Largest diff. 

peak 

 and hole/e Å-3 

0.857/-0.749 0.424/-0.662 0.858/-0.385 0.654/-0.442 

Table 1 Crystallographic data and refinement parameter for 1, 2, 3 and 4 
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Compound 5 6 7 8 

Formula C64.50H94Co5N10O26.50 C70.75H75Co5N10O18.75 C90.50H106Co7N13O29.50 C74.75H90Co5N11O21.75 

Formula 

weight 1728.16 1660.08 2260.42 1785.25 

T/K  173 173 173 173 

Wavelength/Å 0.71073 0.71073 0.71073 0.71073 

Crystal system monoclinic monoclinic monoclinic Triclinic 

Space group Cc P21/n P21/c P-1 

a/Å 23.7782(15) 11.9059(3) 14.6249(7) 13.0028(5) 

b/Å 14.1935(10) 15.7265(3) 45.079(2) 14.3466(5) 

c/Å 24.8771(16) 39.7489(9) 16.3199(8) 22.4090(8) 

α/° 90 90 90 85.7340(11) 

β/° 118.027(2) 93.1140(10) 95.577(2) 81.0565(11) 

γ/° 90 90 90 89.7543(11) 

V/Å3 7411.3(9) 7431.5(3) 10708.3(9) 4118.0(4) 

Z 4 4 4 2 

δcalcd/gcm-3 1.549 1.484 1.402 1.440 

µ/mm-1 1.182 1.169 1.135 1.063 

Crystal 

size/mm 0.55 × 0.42 × 0.20 0.25 × 0.25 × 0.21 0.74 × 0.67 × 0.61 0.57 × 0.37 × 0.09 

θmax/° 28.002 26.427 27.922 28.100 

Reflns. collect-

ed 63989 64992 154596 74525 

Indep. Reflns 

(Rint)  16286(0.0540) 15223(0.0873) 25610(0.0607) 19900(0.0532) 

Data/restrains/ 

parameters 16286/303/1049 15223/549/1177 25610/792/1661 19900/556/1325 

Goof on F2 1.021 0.933 1.068 1.042 

R1, wR2 

(I>2σ(I))  

 

0.0329 

0.0784 

0.0513 

0.1145 

0.0507 

0.1406 

0.0437 

0.1182 

R1, wR2 (all 

data) 

 

0.0361 

0.0796 

0.1184 

0.1280 

0.0743 

0.1509 

0.0764 

0.1367 

Largest diff. 

peak 

 and hole/e Å-3 
0.741/-0.488 0.839/-0.523 0.906/-0.559 0.827/-0.364 

Table 2 Crystallographic data and refinement parameter for 5, 6, 7 and 8 
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Figure S2 Definition of the functional components of a metallacrown using the example 

of the molecular structure of 3; color code: green - Co(III), light blue - Co(II), red - O, 

dark blue - N, black -C 
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Figure S3 Molecular structure of 1 with numbering scheme and thermal ellipsoids at 50% 

probability level; color scheme: green - Co(III), red - O, dark blue - N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 1 

Co1‒O1 1.904 (4)  Co4‒O1 1.908 (4)  Co1···Co2 4.5285(12) 

Co1‒O2 1.898 (5)  Co4‒O4 1.961 (4)  Co1···Co3 5.3437(11) 

Co1‒O7 1.934 (4)  Co4‒O9 1.902 (4)  Co1···Co4 3.2773(12) 

Co1‒O12 1.927 (4)  Co4‒O10 1.938 (5)  Co1···Co5 3.2706(12) 

Co1‒O14 1.913 (4)  Co4‒O20 1.907 (3)    

Co1‒N4 2.010 (5)  Co4‒N3 1.883 (5)  Co2···Co3 4.5069(13) 

      Co2···Co4 3.1555(13) 

Co2‒O3 1.881 (5)  Co5‒O7 1.895 (4)  Co2···Co5 6.8881(14) 

Co2‒O4 1.911 (4)  Co5‒O8 1.876 (5)    

Co2‒O5 1.885 (4)  Co5‒O13 1.911 (5)  Co3···Co4 3.2494(10) 

Co2‒O11 1.893 (4)  Co5‒O15 1.958 (5)  Co3···Co5 6.9603(13) 

Co2‒N1 1.883 (5)  Co5‒O18 1.905 (5)    

Co2‒N5 1.979 (5)  Co5‒N7 1.943 (7)  Co4···Co5 4.4958(13) 

        

Co3‒O6 1.887 (4)       

Co3‒O16 1.915 (4)       

Co3‒O20 1.9283 (12)       

Co3‒O21 1.943 (4)       

Co3‒N2 1.883 (5)       

Co3‒N6 2.005 (6)       

Table S3 Selected interatomic distances in the crystal structure of 1 
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Selected Angles (°) in the Crystal Structure of 1 

O1‒Co1‒O2 84.09 (18)  O6‒Co3‒O16 88.58 (17)  O7‒Co5‒O8 85.48 (19) 

O1‒Co1‒O7 87.85 (17)  O6‒Co3‒O20 89.75 (12)  O7‒Co5‒O13 97.52 (19) 

O1‒Co1‒O12 170.71 (19)  O6‒Co3‒O21 175.76 (19)  O7‒Co5‒O15 89.50 (18) 

O1‒Co1‒O14 92.88 (13)  O6‒Co3‒ N2 91.50 (19)  O7‒Co5‒O18 173.3 (2) 

O1‒Co1‒N4 91.69 (19)  O6‒Co3‒N6 84.1 (2)  O7‒Co5‒N7 92.4 (2) 

O2‒Co1‒O7 91.54 (19)  O16‒Co3‒O20 176.81 (17)  O8‒Co5‒O13 176.84 (19) 

O2‒Co1‒O12 89.8 (2)  O16‒Co3‒O21 90.36 (17)  O8‒Co5‒O15 87.1 (2) 

O2‒Co1‒O14 176.96 (14)  O16‒Co3‒ N2 92.37 (19)  O8‒Co5‒O18 89.0 (2) 

O2‒Co1‒N4 93.1 (2)  O16‒Co3‒N6 92.2 (2)  O8‒Co5‒N7 94.2 (2) 

O7‒Co1‒O12 99.33 (17)  O20‒Co3‒O21 91.50 (12)  O13‒Co5‒O15 93.9 (2) 

O7‒Co1‒O14 88.48 (17)  O20‒Co3‒ N2 84.95 (18)  O13‒Co5‒O18 88.1 (2) 

O7‒Co1‒N4 175.3 (2)  O20‒Co3‒N6 90.35 (19)  O13‒Co5‒N7 84.7 (2) 

O12‒Co1‒O14 93.19 (15)  O21‒Co3‒N2 92.6 (2)  O15‒Co5‒O18 86.4 (2) 

O12‒Co1‒N4 81.63 (19)  O21‒Co3‒N6 91.9 (2)  O15‒Co5‒N7 177.8 (2) 

O14‒Co1‒N4 86.82 (19)  N2‒Co3‒N6 173.6 (2)  O18‒Co5‒N7 91.8 (2) 

        

O3‒Co2‒O4 178.29 (17)  O1‒Co4‒O4 84.96 (16)  Co1‒O1‒Co4 118.6 (2) 

O3‒Co2‒O5 92.25 (19)  O1‒Co4‒O9 177.45 (17)  Co1‒O7‒Co5 117.4 (2) 

O3‒Co2‒O11 89.1 (2)  O1‒Co4‒O10 96.59 (19)    

O3‒Co2‒N1 90.4 (2)  O1‒Co4‒O20 90.36 (14)  Co2‒O4‒Co4 109.2 (2) 

O3‒Co2‒N5 86.2 (2)  O1‒Co4‒ N3 89.40 (19)    

O4‒Co2‒O5 86.09 (18)  O4‒Co4‒O9 92.53 (17)  Co3‒O20‒Co4 115.82 (15) 

O4‒Co2‒O11 92.49 (19)  O4‒Co4‒O10 93.04 (18)    

O4‒Co2‒ N1 90.0 (2)  O4‒Co4‒O20 91.15 (15)    

O4‒Co2‒N5 93.5 (2)  O4‒Co4‒ N3 173.7 (2)    

O5‒Co2‒O11 176.06 (19)  O9‒Co4‒O10 84.02 (19)    

O5‒Co2‒N1 90.07 (19)  O9‒Co4‒O20 89.20 (15)    

O5‒Co2‒N5 92.4 (2)  O9‒Co4‒ N3 93.1 (2)    

O11‒Co2‒ N1 93.6 (2)  O10‒Co4‒O20 172.18 (16)    

O11‒Co2‒N5 84.0 (2)  O10‒Co4‒ N3 84.7 (2)    

N1‒Co2‒N5 175.9 (2)  O20‒Co4‒ N3 91.80 (19)    

Table S4 Selected angles in the crystal structure of 1 

 

 



3 Heterovalent Cobalt Metallacrowns 131 

 

Figure S4 Molecular structure of the first molecule in the asymmetric unit of 2 with 

numbering scheme and thermal ellipsoids at 50% probability level; color scheme: green - 

Co(III), red - O, dark blue - N, grey - C 
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Figure S5 Molecular structure of the second molecule in the asymmetric unit of 2 with 

numbering scheme and thermal ellipsoids at 50% probability level; color scheme: green - 

Co(III), red - O, dark blue - N, grey - C 
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Figure S6 Molecular structure of the third molecule in the asymmetric unit of 2 with 

numbering scheme and thermal ellipsoids at 50% probability level; color scheme: green - 

Co(III), red - O, dark blue - N, grey - C 
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Selected Interatomic Distances (Å) of the first molecule in the Crystal Structure of 2 

Co1‒O1 1.915 (8)  Co3‒O4 1.935 (7)  Co1···Co2 4.600(4) 

Co1‒O2 1.866 (8)  Co3‒O5 1.896 (8)  Co1···Co4 4.442(4) 

Co1‒O10 1.858 (8)  Co3‒O7 1.805 (8)  Co2···Co3 4.595(4) 

Co1‒O11 1.864 (9)  Co3‒O8 1.869 (8)  Co3···Co4 4.441(4) 

Co1‒N13 1.914 (10)  Co3‒N17 1.916 (11)    

Co1‒N14 1.960 (11)  Co3‒N18 1.930 (11)  Co1···Co3 5.314(6) 

      Co2···Co4 7.3109(17) 

Co2‒O3 1.892 (6)  Co4‒O9 1.885 (8)    

Co2‒O6 1.887 (6)  Co4‒O12 1.889 (8)    

Co2‒N1 1.918 (9)  Co4‒N3 1.913 (10)    

Co2‒N2 1.920 (9)  Co4‒N4 1.878 (9)    

Co2‒N15 1.977 (10)  Co4‒N19 1.992 (10)    

Co2‒N16 1.955 (11)  Co4‒N20 1.993 (10)    

Table S5 Selected interatomic distances of the first molecule in the crystal structure of 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S6 Selected interatomic distances of the second molecule in the crystal structure 

of 2 

 

Selected Interatomic Distances (Å) of the second molecule in the Crystal Structure of 2 

Co5‒O13 1.938 (8)  Co7‒O16 1.932 (8)  Co5···Co6 4.609(2) 

Co5‒O14 1.857 (8)  Co7‒O17 1.865 (8)  Co5···Co8 4.4.51(5) 

Co5‒O22 1.868 (8)  Co7‒O19 1.844 (9)  Co6···Co7 4.581(5) 

Co5‒O23 1.839 (9)  Co7‒O20 1.875 (9)  Co7···Co8 4.446(3) 

Co5‒N21 1.912 (11)  Co7‒N25 1.931 (10)    

Co5‒N22 1.942 (10)  Co7‒N26 1.936 (11)  Co5···Co7 5.404(4) 

      Co6···Co8 7.250(4) 

Co6‒O15 1.856 (6)  Co8‒O21 1.852 (10)    

Co6‒O18 1.869 (6)  Co8‒O24 1.889 (10)    

Co6‒N5 1.919 (9)  Co8‒N7 1.863 (10)    

Co6‒N6 1.922 (9)  Co8‒N8 1.905 (10)    

Co6‒N23 1.960 (10)  Co8‒N27 1.998 (11)    

Co6‒N24 1.948 (10)  Co8‒N28 2.022 (10)    
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Table S7 Selected interatomic distances of the third molecule in the crystal structure of 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Selected Interatomic Distances (Å) of the third molecule in the Crystal Structure of 2 

Co9‒O25 1.950 (7)  Co11‒O28 1.919 (8)  Co9···Co10 4.593(5) 

Co9‒O26 1.883 (8)  Co11‒O29 1.879 (8)  Co9···Co12 4.454(3) 

Co9‒O34 1.836 (8)  Co11‒O31 1.830 (8)  Co10···Co11 4.605(3) 

Co9‒O35 1.848 (8)  Co11‒O32 1.861 (9)  Co11···Co12 4.459(6) 

Co9‒N29 1.893 (10)  Co11‒N33 1.916 (10)    

Co9‒N30 1.946 (10)  Co11‒N34 1.955 (11)  Co9···Co11 5.419(4) 

      Co10···Co12 7.253(4) 

Co10‒O27 1.902 (7)  Co12‒O33 1.862 (9)    

Co10‒O30 1.882 (8)  Co12‒O36 1.868 (9)    

Co10‒N9 1.903 (10)  Co12‒N11 1.925 (10)    

Co10‒N10 1.900 (9)  Co12‒N12 1.915 (10)    

Co10‒N31 1.970 (10)  Co12‒N35 1.960 (11)    

Co10‒N32 1.972 (10)  Co12‒N36 2.008 (10)    
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Table S8 Selected angles of the first molecule in the crystal structure of 2 

 

Selected Angles (°) of the first molecule  

in the Crystal Structure of 2 

O1‒Co1‒O2 83.9(3)  O4‒Co3‒O5 84.6(3) 

O1‒Co1‒O10 93.2(3)  O4‒Co3‒O7 93.3(3) 

O1‒Co1‒O11 88.1(3)  O4‒Co3‒O8 89.0(3) 

O1‒Co1‒N13 175.2(4)  O4‒Co3‒N17 175.3(4) 

O1‒Co1‒N14 91.1(4)  O4‒Co3‒N18 90.1(4) 

O2‒Co1‒O10  177.1(4)  O5‒Co3‒O7 177.9(4) 

O2‒Co1‒O11 93.3(3)  O5‒Co3‒O8 92.7(3) 

O2‒Co1‒N13 93.0(4)  O5‒Co3‒N17 91.3(3) 

O2‒Co1‒N14 89.8(4)  O5‒Co3‒N18 88.9(4) 

O10‒Co1‒O11 86.7(3)  O7‒Co3‒O8 87.1(3) 

O10‒Co1‒N13 89.9(4)  O7‒Co3‒N17 90.7(4) 

O10‒Co1‒N14 90.1(4)  O7‒Co3‒N18 91.3(4) 

O11‒Co1‒N13 88.5(4)  O8‒Co3‒N17 88.9(3) 

O11‒Co1‒N14  176.7(4)  O8‒Co3‒N18 178.1(4) 

N13‒Co1‒N14 92.5(4)  N17‒Co3‒N18 92.1(4) 

     

O3‒Co2‒O6 82.20(12)  O9‒Co4‒O12 170.5(3) 

O3‒Co2‒N1 91.1(3)  O9‒Co4‒N3 93.5(4) 

O3‒Co2‒N2  172.6(3)  O9‒Co4‒ N4  94.2(4) 

O3‒Co2‒N15 89.7(4)  O9‒Co4‒N19 88.4(3) 

O3‒Co2‒N16 89.8(4)  O9‒Co4‒N20 85.0(4) 

O6‒Co2‒N1 173.3(3)  O12‒Co4‒N3 93.5(4) 

O6‒Co2‒N2 90.4(3)  O12‒Co4‒ N4 92.7(4) 

O6‒Co2‒N15 89.3(4)  O12‒Co4‒N19 85.1(3) 

O6‒Co2‒N16  89.1(4)  O12‒Co4‒N20 88.3(4) 

N1‒Co2‒N2 96.3(3)  N3‒Co4‒N4 85.4(3) 

N1‒Co2‒N15  90.7(4)  N3‒Co4‒N19 91.5(4) 

N1‒Co2‒N16  90.9(4)  N3‒Co4‒N20 176.5(4) 

N2‒Co2‒N15 90.4(4)  N4‒Co4‒N19 176.1(4) 

N2‒Co2‒N16 89.8(4)  N4‒Co4‒N20 91.5(4) 

N15‒Co2‒N16  178.3(4)  N19‒Co4‒N20 91.6(3) 
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Selected Angles (°) of the second molecule 

 in the Crystal Structure of 2 

O13‒Co5‒O14 83.2(3)  O16‒Co7‒O17 83.9(3) 

O13‒Co5‒O22 93.3(3)  O16‒Co7‒O19 92.4(3) 

O13‒Co5‒O23 89.3(4)  O16‒Co7‒O20 89.0(4) 

O13‒Co5‒N21 176.2(3)  O16‒Co7‒N25 175.3(4) 

O13‒Co5‒N22 88.5(4)  O16‒Co7‒N26 91.0(4) 

O14‒Co5‒O22 176.3(4)  O17‒Co7‒O19 176.2(4) 

O14‒Co5‒O23 92.6(4)  O17‒Co7‒O20 92.5(4) 

O14‒Co5‒N21 93.0(3)  O17‒Co7‒N25 91.6(4) 

O14‒Co5‒N22 89.6(4)  O17‒Co7‒N26 89.0(4) 

O22‒Co5‒O23 86.2(4)  O19‒Co7‒O20 86.8(4) 

O22‒Co5‒N21 90.5(3)  O19‒Co7‒N25 92.1(4) 

O22‒Co5‒N22 91.5(4)  O19‒Co7‒N26 91.8(4) 

O23‒Co5‒N21 90.4(4)  O20‒Co7‒N25 90.1(4) 

O23‒Co5‒N22 176.7(4)  O20‒Co7‒N26 178.6(4) 

N21‒Co5‒N22 92.0(4)  N25‒Co7‒N26 90.1(4) 

     

O15‒Co6‒O18 82.22(19)  O21‒Co8‒O24 170.3(4) 

O15‒Co6‒N5 90.8(3)  O21‒Co8‒N7 93.4(4) 

O15‒Co6‒N6 171.3(3)  O21‒Co8‒N8 93.9(4) 

O15‒Co6‒N23 90.9(4)  O21‒Co8‒N27 88.4(4) 

O15‒Co6‒N24 87.9(3)  O21‒Co8‒N28 84.9(4) 

O18‒Co6‒N5 172.6(3)  O24‒Co8‒N7 94.0(4) 

O18‒Co6‒N6 89.8(3)  O24‒Co8‒N8 93.0(4) 

O18‒Co6‒N23 87.3(3)  O24‒Co8‒N27 85.2(4) 

O18‒Co6‒N24 90.5(3)  O24‒Co8‒N28 88.1(4) 

N5‒Co6‒N6 97.3(4)  N7‒Co8‒N8 86.2(4) 

N5‒Co6‒N23 90.3(4)  N7‒Co8‒N27 90.3(4) 

N5‒Co6‒N24 91.7(4)  N7‒Co8‒N28 176.8(4) 

N6‒Co6‒N23 92.1(4)  N8‒Co8‒N27 175.9(4) 

N6‒Co6‒N24 88.9(4)  N8‒Co8‒N28 91.3(4) 

N23‒Co6‒N24 177.6(4)  N27‒Co8‒N28 92.3(4) 

Table S9 Selected angles of the second molecule in the crystal structure of 2 
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Selected Angles (°) of the third molecule 

 in the Crystal Structure of 2 

O25‒Co9‒O26 84.0(3)  O28‒Co11‒O29 83.2(3) 

O25‒Co9‒O34 92.4(3)  O28‒Co11‒O31 94.0(3) 

O25‒Co9‒O35 88.8(4)  O28‒Co11‒O32 89.8(3) 

O25‒Co9‒N29 175.0(4)  O28‒Co11‒N33 175.9(4) 

O25‒Co9‒N30 88.5(4)  O28‒Co11‒N34 88.9(3) 

O26‒Co9‒O34 176.4(4)  O29‒Co11‒O31 176.3(4) 

O26‒Co9‒O35 91.9(4)  O29‒Co11‒O32 91.6(4) 

O26‒Co9‒N29 91.0(4)  O29‒Co11‒N33 92.8(4) 

O26‒Co9‒N30 88.9(4)  O29‒Co11‒N34 90.0(4) 

O34‒Co9‒O35 87.2(4)  O31‒Co11‒O32 85.9(4) 

O34‒Co9‒N29 92.5(4)  O31‒Co11‒N33 90.0(4) 

O34‒Co9‒N30 91.8(4)  O31‒Co11‒N34 92.4(4) 

O35‒Co9‒N29 90.5(4)  O32‒Co11‒N33 91.3(4) 

O35‒Co9‒N30 177.1(4)  O32‒Co11‒N34 177.8(4) 

N29‒Co9‒N30 92.3(4)  N33‒Co11‒N34 90.1(4) 

     

O27‒Co10‒O30 83.2(3)  O33‒Co12‒O36 170.9(4) 

O27‒Co10‒N9 91.7(3)  O33‒Co12‒N11 92.1(4) 

O27‒Co10‒N10 171.4(3)  O33‒Co12‒N12 94.5(4) 

O27‒Co10‒N31 90.2(3)  O33‒Co12‒N35 87.7(4) 

O27‒Co10‒N32 88.0(4)  O33‒Co12‒N36 85.7(4) 

O30‒Co10‒N9 173.9(3)  O36‒Co12‒N11 94.6(4) 

O30‒Co10‒N10 89.1(4)  O36‒Co12‒N12 92.1(4) 

O30‒Co10‒N31 87.0(3)  O36‒Co12‒N35 86.1(4) 

O30‒Co10‒N32 90.5(4)  O36‒Co12‒N36 87.9(4) 

N9‒Co10‒N10 96.2(4)  N11‒Co12‒N12 85.2(4) 

N9‒Co10‒N31 89.7(4)  N11‒Co12‒N35 91.5(4) 

N9‒Co10‒N32 92.7(4)  N12‒Co12‒N35 176.1(4) 

N10‒Co10‒N31 93.2(4)  N11‒Co12‒N36 176.3(4) 

N10‒Co10‒N32 88.2(4)  N12‒Co12‒N36 92.0(4) 

N31‒Co10‒N32 177.0(4)  N35‒Co12‒N36 91.4(4) 

Table S10 Selected angles of the third molecule in the crystal structure of 2 
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Figure S7 Molecular structure of 3 with numbering scheme and thermal ellipsoids at 50% 

probability level; color scheme: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

grey - C 
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Figure 8 Coordination polyhedron (left) and coordination sphere (right) of the central 

Co(II) guest ion in 3; color code: green - Co(III), light blue - Co(II), red - O, dark blue - N, 

black - C 

 

 

 

 

Figure 9 Coordination polyhedron (left) and coordination sphere (right) of the Co(III) 

ion Co2 in 3; color code: green - Co(III), red - O, dark blue - N, black - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 3 

Co1‒O1 1.8901 (17)  Co3‒O1 1.9609 (17) 

Co1‒O2 1.9618 (18)  Co3‒O1* 1.9609 (17) 

Co1‒O6* 1.8763 (18)  Co3‒O4 1.9409 (17) 

Co1‒N2* 1.930 (2)  Co3‒O4* 1.9410 (17) 

Co1‒N3 1.945 (2)  Co3‒O7 2.1771 (18) 

Co1‒N4 1.998 (2)  Co3‒O7* 2.1771 (18) 

     

Co2‒O3 1.8839 (18)  Co1···Co2 4.5521(6) 

Co2‒O4 1.8979 (17)  Co1···Co2* 4.5978(7) 

Co2‒O5 1.9523 (17)    

Co2‒N1 1.920 (2)  Co1···Co3 3.1956(4) 

Co2‒N5 2.014 (2)  Co2···Co3 3.2739(6) 

Co2‒N6 2.064 (2)    

Table S11 Selected interatomic distances in the crystal structure of 3 

 

Table S12 Selected angles in the crystal structure of 3 

 

Selected Angles (°) in the Crystal Structure of 3 

O1‒Co1‒O2 79.85 (7)  O3‒Co2‒O4 172.72 (8)  O1‒Co3‒O1* 180.0 

O1‒Co1‒ O6* 174.06 (8)  O3‒Co2‒O5 100.29 (8)  O1‒Co3‒O4* 90.01 (7) 

O1‒Co1‒N2* 93.81 (8)  O3‒Co2‒N1 90.33 (8)  O1‒Co3‒O4 89.99 (7) 

O1‒Co1‒N3 92.91 (8)  O3‒Co2‒N5 89.03 (9)  O1‒Co3‒O7 91.64 (7) 

O1‒Co1‒N4 91.35 (8)  O3‒Co2‒N6 89.27 (9)  O1‒Co3‒O7* 88.36 (7) 

O2‒Co1‒ O6* 95.82 (7)  O4‒Co2‒O5 80.19 (7)  O4‒Co3‒O4* 180.0 

O2‒Co1‒ N2* 172.78 (8)  O4‒Co2‒N1 89.71 (8)  O4‒Co3‒O7 92.28 (7) 

O2‒Co1‒ N3 85.64 (8)  O4‒Co2‒N5 83.76 (9)  O7‒Co3‒O7* 180.00 (14) 

O2‒Co1‒N4 94.46 (8)  O4‒Co2‒N6 98.00 (8)    

O6*‒Co1‒N2* 90.74 (8)  O5‒Co2‒ N1 168.83 (8)  Co1‒O1‒Co3 112.15 (9) 

O6*‒Co1‒N3 90.80 (8)  O5‒Co2‒N5 85.48 (9)  Co2‒O4‒Co3 117.05 (9) 

O6*‒Co1‒N4 84.91 (9)  O5‒Co2‒N6 90.20 (8)    

N2*‒Co1‒N3 91.27 (9)  N1‒Co2‒N5 98.25 (9)    

N2*‒Co1‒N4 89.12 (9)  N1‒Co2‒N6 86.46 (9)    

N3‒Co1‒N4 175.69 (9)  N5‒Co2‒N6 175.00 (9)    
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Figure S10 Molecular structure of 4; color code: green - Co(III), light blue - Co(II), red - 

O, dark blue - N, black – C, violet - Li 
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Figure S11 Metallacrown subunit in the molecular structure of 4 with numbering scheme 

and thermal ellipsoids at 50% probability level; color scheme: green - Co(III), light blue - 

Co(II), red - O, dark blue - N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 4 

Co1‒O1 1.899 (2)  Co4‒O9 1.914 (3)  Co1···Co2 4.5372(8) 

Co1‒O2 1.898 (2)  Co4‒O10 1.869 (2)  Co1···Co4 4.5566(11) 

Co1‒O12 1.893 (2)  Co4‒O11 1.919 (3)  Co2···Co3 4.5824(11) 

Co1‒O13 1.922 (2)  Co4‒N3 1.887 (3)  Co3···Co4 4.5228(8) 

Co1‒N4 1.916 (3)  Co4‒N8 2.039 (4)    

Co1‒N5 2.000 (3)  Co4‒N9 2.017 (3)  Co1···Co3 6.6367(10) 

      Co2···Co4 5.6862(10) 

Co2‒O3 1.893 (3)  Co5‒O1 2.065 (2)    

Co2‒O4 1.902 (2)  Co5‒O4 2.040 (2)  Co1···Co5 3.2776(9) 

Co2‒O5 1.895 (2)  Co5‒O7 2.185 (2)  Co2···Co5 3.2535(9) 

Co2‒O15 1.941 (3)  Co5‒O10 2.024 (2)  Co3···Co5 3.4401(9) 

Co2‒N1 1.908 (3)  Co5‒O14 2.085 (3)  Co4···Co5 3.4481(9) 

Co2‒N6 1.996 (3)  Co5‒O16 2.113 (3)    

      Co3···Li1 2.819 (7) 

Co3‒O6 1.894 (2)  Li1‒O6 2.000 (8)    

Co3‒O7 1.910 (2)  Li1‒O8 1.981 (7)  Li1···Li1* 5.822(10) 

Co3‒O8 1.918 (2)  Li1‒O18 1.865 (8)    

Co3‒O17 1.950 (3)  Li1‒O19 1.818 (13)    

Co3‒N2 1.931 (3)       

Co3‒N7 2.004 (3)       

Table S13 Selected interatomic distances in the crystal structure of 4 
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Table S14 Selected angles in the crystal structure of 4 

 

Selected Angles (°) in the Crystal Structure of 4 

O1‒Co1‒O2 84.69 (10)  O6‒Co3‒O7 171.45 (11)  O1‒Co5‒O4 89.80 (9) 

O1‒Co1‒O12 173.63 (11)  O6‒Co3‒O8 86.33 (11)  O1‒Co5‒O7 159.92 (9) 

O1‒Co1‒O13 93.80 (10)  O6‒Co3‒O17 90.50 (11)  O1‒Co5‒O10 84.83 (9) 

O1‒Co1‒N4 94.01 (11)  O6‒Co3‒N2 91.28 (12)  O1‒Co5‒O14 92.62 (9) 

O1‒Co1‒N5 90.14 (12)  O6‒Co3‒N7 96.12 (12)  O1‒Co5‒O16 88.64 (9) 

O2‒Co1‒ O12 93.44 (11)  O7‒Co3‒O8 85.11 (10)  O4‒Co5‒O7 77.73 (9) 

O2‒Co1‒O13 177.07 (11)  O7‒Co3‒O17 89.25 (10)  O4‒Co5‒O10 98.65 (10) 

O2‒Co1‒N4 91.65 (12)  O7‒Co3‒N2 89.33 (11)  O4‒Co5‒O14 173.47 (10) 

O2‒Co1‒N5 93.85 (12)  O7‒Co3‒N7 92.37 (11)  O4‒Co5‒O16 87.18 (10) 

O12‒Co1‒O13 87.79 (11)  O8‒Co3‒O17 88.39 (11)  O7‒Co5‒O10 81.63 (9) 

O12‒Co1‒N4 92.13 (12)  O8‒Co3‒N2 94.01 (11)  O7‒Co5‒O14 101.51 (9) 

O12‒Co1‒N5 83.90 (12)  O8‒Co3‒N7 172.74 (12)  O7‒Co5‒O16 106.16 (9) 

O13‒Co1‒ N4 90.96 (12)  O17‒Co3‒ N2 177.10 (11)  O10‒Co5‒O14 87.61 (11) 

O13‒Co1‒N5 83.63 (12)  O17‒Co3‒N7 84.77 (12)  O10‒Co5‒O16 171.21 (9) 

N4‒Co1‒N5 173.39 (13)  N2‒Co3‒N7 92.77 (13)  O14‒Co5‒O16 86.81 (10) 

        

O3‒Co2‒O4 91.23 (11)  O9‒Co4‒O10 175.43 (12)  Co1‒O1‒Co5 111.50 (12) 

O3‒Co2‒O5 89.70 (11)  O9‒Co4‒O11 99.30 (12)  Co2‒O4‒Co5 111.21 (11) 

O3‒Co2‒O15 173.37 (12)  O9‒Co4‒ N3 89.26 (12)  Co3‒O7‒Co5 114.13 (12) 

O3‒Co2‒N1 90.48 (12)  O9‒Co4‒N8 89.96 (14)  Co4‒O10‒Co5 124.64 (12) 

O3‒Co2‒N6 92.56 (13)  O9‒Co4‒N9 85.95 (13)    

O4‒Co2‒O5 83.91 (10)  O10‒Co4‒O11 83.92 (11)  O6‒Li1‒O8 81.9 (3) 

O4‒Co2‒O15 95.14 (10)  O10‒Co4‒N3 87.59 (11)  O6‒Li1‒O18 96.2 (3) 

O4‒Co2‒N1 87.65 (11)  O10‒Co4‒N8 93.19 (13)  O6‒Li1‒O19 136.2 (7) 

O4‒Co2‒N6 170.45 (12)  O10‒Co4‒N9 90.97 (12)  O8‒Li1‒O18 99.4 (4) 

O5‒Co2‒O15 89.14 (11)  O11‒Co4‒ N3 171.39 (12)  O8‒Li1‒O19 116.1 (7) 

O5‒Co2‒N1 171.55 (12)  O11‒Co4‒N8 91.65 (13)  O18‒Li1‒O19 117.5 (6) 

O5‒Co2‒N6 87.35 (13)  O11‒Co4‒N9 87.69 (13)    

O15‒Co2‒ N1 91.63 (12)  N3‒Co4‒N8 87.37 (13)  Co3‒O8‒Li1 92.6 (2) 

O15‒Co2‒N6 80.87 (13)  N3‒Co4‒N9 93.91 (13)  Co3‒O6‒Li1 92.7 (2) 

N1‒Co2‒N6 101.07 (13)  N8‒Co4‒N9 175.70 (14)    
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Figure S12 Molecular structure of 5 with numbering scheme and thermal ellipsoids at 

50% probability level; color scheme: green - Co(III), light blue - Co(II), red - O, dark blue - 

N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 5 

Co1‒O1 1.919 (2)  Co4‒O9 1.881 (3)  Co1···Co2 4.5806(7) 

Co1‒O2 1.886 (2)  Co4‒O10 1.894 (2)  Co1···Co4 4.5804(8) 

Co1‒O12 1.875 (2)  Co4‒O11 1.911 (3)  Co2···Co3 4.4552(8) 

Co1‒N4 1.924 (3)  Co4‒N3 1.890 (3)  Co3···Co4 4.3647(7) 

Co1‒N5 1.947 (3)  Co4‒N9 2.013 (4)    

Co1‒N6 2.012 (3)  Co4‒N10 2.007 (4)  Co1···Co3 6.5371(7) 

      Co2···Co4 6.0274(9) 

Co2‒O3 1.885 (2)  Co5‒O1 2.062 (2)    

Co2‒O4 1.869 (2)  Co5‒O4 2.094 (2)    

Co2‒O5 1.910 (2)  Co5‒O7 2.056 (2)  Co1···Co5 3.3124(6) 

Co2‒O15 1.925 (2)  Co5‒O10 2.008 (3)  Co2···Co5 3.2632(8) 

Co2‒N1 1.935 (3)  Co5‒O13 2.112 (3)  Co3···Co5 3.4276(6) 

Co2‒N7 1.986 (3)  Co5‒O16 2.066 (3)  Co4···Co5 3.4513(8) 

        

Co3‒O6 1.879 (3)       

Co3‒O7 1.864 (2)       

Co3‒O8 1.927 (3)       

Co3‒O22 1.996 (3)       

Co3‒N2 1.872 (3)       

Co3‒N8 1.982 (3)       

Table S15 Selected interatomic distances in the crystal structure of 5 
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Selected Angles (°) in the Crystal Structure of 5 

O1‒Co1‒ O2 83.41 (10)  O6‒Co3‒ O7 176.98 (11)  O1‒Co5‒O4 88.04 (9) 

O1‒Co1‒ O12 171.20 (10)  O6‒Co3‒O8 94.16 (11)  O1‒Co5‒ O7 155.51 (10) 

O1‒Co1‒N4 95.20 (11)  O6‒Co3‒O22 89.48 (12)  O1‒Co5‒ O10 87.32 (9) 

O1‒Co1‒N5 93.49 (11)  O6‒Co3‒ N2 93.25 (12)  O1‒Co5‒O13 86.10 (9) 

O1‒Co1‒N6 88.53 (12)  O6‒Co3‒N8 93.50 (13)  O1‒Co5‒O16 98.40 (10) 

O2‒Co1‒ O12 91.21 (10)  O7‒Co3‒O8 82.84 (10)  O4‒Co5‒ O7 76.11 (9) 

O2‒Co1‒N4 89.78 (12)  O7‒Co3‒O22 90.62 (11)  O4‒Co5‒ O10 106.11 (10) 

O2‒Co1‒N5 176.75 (11)  O7‒Co3‒N2 89.78 (11)  O4‒Co5‒O13 166.08 (10) 

O2‒Co1‒N6 89.52 (11)  O7‒Co3‒N8 86.39 (12)  O4‒Co5‒ O16 84.14 (10) 

O12‒Co1‒N4 91.73 (11)  O8‒Co3‒O22 85.57 (12)  O7‒Co5‒O10 79.49 (10) 

O12‒Co1‒N5 91.98 (11)  O8‒Co3‒ N2 169.82 (12)  O7‒Co5‒O13 113.23 (10) 

O12‒Co1‒N6 84.44 (12)  O8‒Co3‒N8 93.88 (12)  O7‒Co5‒O16 98.41 (10) 

N4‒Co1‒N5 89.55 (13)  O22‒Co3‒ N2 87.53 (12)  O10‒Co5‒O13 86.24 (11) 

N4‒Co1‒N6 176.10 (12)  O22‒Co3‒ N8 177.00 (12)  O10‒Co5‒O16 168.52 (11) 

N5‒Co1‒N6 91.36 (12)  N2‒Co3‒N8 92.63 (13)  O13‒Co5‒O16 84.24 (11) 

        

O3‒Co2‒ O4 91.01 (11)  O9‒Co4‒O10 177.12 (13)  Co1‒O1‒Co5 112.59 (11) 

O3‒Co2‒O5 86.31 (11)  O9‒Co4‒O11 95.02 (11)  Co2‒O4‒Co5 110.76 (11) 

O3‒Co2‒O15 172.92 (10)  O9‒Co4‒N3 91.44 (12)  Co3‒O7‒Co5 121.89 (12) 

O3‒Co2‒N1 91.29 (11)  O9‒Co4‒N9 90.09 (14)  Co4‒O10‒Co5 124.39 (12) 

O3‒Co2‒N7 92.86 (11)  O9‒Co4‒N10 88.05 (14)    

O4‒Co2‒O5 85.11 (10)  O10‒Co4‒O11 82.62 (11)    

O4‒Co2‒O15 94.49 (10)  O10‒Co4‒ N3 90.97 (11)    

O4‒Co2‒N1 84.68 (10)  O10‒Co4‒N9 91.37 (13)    

O4‒Co2‒N7 172.38 (11)  O10‒Co4‒N10 90.32 (13)    

O5‒Co2‒O15 89.72 (11)  O11‒Co4‒ N3 173.39 (12)    

O5‒Co2‒N1 169.46 (11)  O11‒Co4‒N9 85.65 (13)    

O5‒Co2‒N7 88.60 (11)  O11‒Co4‒N10 90.57 (13)    

O15‒Co2‒N1 93.66 (11)  N3‒Co4‒N9 92.94 (13)    

O15‒Co2‒N7 81.17 (11)  N3‒Co4‒N10 91.06 (14)    

N1‒Co2‒N7 101.78 (12)  N9‒Co4‒ N10 175.63 (14)    

Table S16 Selected angles in the crystal structure of 5 
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Figure S13 Molecular structure of 6 with numbering scheme and thermal ellipsoids at 

50% probability level; color scheme: green - Co(III), light blue - Co(II), red - O, dark blue - 

N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 6 

Co1‒O1 1.880 (3)  Co4‒O9 1.886 (3)  Co1···Co2 4.5381(9) 

Co1‒O2 1.902 (3)  Co4‒O10 1.848 (3)  Co1···Co4 4.4420(9) 

Co1‒O12 1.890 (3)  Co4‒O11 1.952 (3)  Co2···Co3 4.5576(10) 

Co1‒O13 1.901 (3)  Co4‒N3 1.872 (4)  Co3···Co4 4.4230(9) 

Co1‒N4 1.870 (4)  Co4‒N9 1.988 (4)    

Co1‒N5 1.970 (4)  Co4‒N10 1.946 (4)  Co1···Co3 6.0121(9) 

      Co2···Co4 6.6048(9) 

Co2‒O3 1.885 (3)  Co5‒O1 2.059 (3)    

Co2‒O4 1.916 (3)  Co5‒O4 2.174 (3)    

Co2‒O5 1.882 (3)  Co5‒O7 2.051 (3)    

Co2‒N1 1.911 (3)  Co5‒O10 2.096 (3)  Co1···Co5 3.3412(9) 

Co2‒N6 1.953 (4)  Co5‒O14 2.058 (3)  Co2···Co5 3.4892(9) 

Co2‒N7 1.973 (4)  Co5‒O16 2.035 (3)  Co3···Co5 3.317(1) 

      Co4···Co5 3.3919(10) 

Co3‒O6 1.875 (3)       

Co3‒O7 1.831 (3)       

Co3‒O8 1.930 (3)       

Co3‒O15 1.924 (3)       

Co3‒N2 1.921 (4)       

Co3‒N8 1.942 (4)       

Table S17 Selected interatomic distances in the crystal structure of 6 
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Selected Angles (°) in the Crystal Structure of 6 

O1‒Co1‒O2 83.81 (12)  O6‒Co3‒O7 90.58 (13)  O1‒Co5‒O4 80.12 (10) 

O1‒Co1‒O12 176.30 (13)  O6‒Co3‒O8 85.12 (13)  O1‒Co5‒ O7 108.35 (11) 

O1‒Co1‒O13 93.84 (12)  O6‒Co3‒O15 172.75 (13)  O1‒Co5‒O10 75.70 (11) 

O1‒Co1‒ N4 92.64 (14)  O6‒Co3‒N2 93.51 (14)  O1‒Co5‒ O14 87.26 (12) 

O1‒Co1‒N5 89.00 (14)  O6‒Co3‒N8 88.50 (14)  O1‒Co5‒O16 158.26 (12) 

O2‒Co1‒ O12 92.76 (13)  O7‒Co3‒O8 84.31 (13)  O4‒Co5‒O7 85.68 (11) 

O2‒Co1‒ O13 86.75 (12)  O7‒Co3‒O15 93.26 (13)  O4‒Co5‒O10 137.19 (11) 

O2‒Co1‒ N4 175.63 (14)  O7‒Co3‒N2 84.71 (14)  O4‒Co5‒O14 118.62 (12) 

O2‒Co1‒N5 92.57 (14)  O7‒Co3‒N8 178.64 (15)  O4‒Co5‒O16 85.27 (11) 

O12‒Co1‒O13 87.32 (13)  O8‒Co3‒O15 89.15 (13)  O7‒Co5‒O10 69.55 (11) 

O12‒Co1‒N4 90.85 (15)  O8‒Co3‒N2 168.92 (14)  O7‒Co5‒O14 153.61 (13) 

O12‒Co1‒N5 89.77 (14)  O8‒Co3‒N8 94.61 (15)  O7‒Co5‒O16 86.34 (12) 

O13‒Co1‒N4 90.97 (14)  O15‒Co3‒N2 92.96 (14)  O10‒Co5‒O14 95.08 (12) 

O13‒Co1‒N5 176.98 (14)  O15‒Co3‒N8 87.54 (14)  O10‒Co5‒O16 125.40 (12) 

N4‒Co1‒N5 89.90 (15)  N2‒Co3‒N8 96.35 (16)  O14‒Co5‒O16 85.71 (13) 

        

O3‒Co2‒O4 173.11 (13)  O9‒Co4‒O10 179.15 (14)  Co1‒O1‒Co5 116.00 (14) 

O3‒Co2‒ O5 89.32 (13)  O9‒Co4‒O11 97.30 (13)  Co2‒O4‒Co5 116.97 (13) 

O3‒Co2‒N1 91.75 (14)  O9‒Co4‒N3 92.75 (15)  Co3‒O7‒Co5 117.30 (14) 

O3‒Co2‒N6 90.54 (14)  O9‒Co4‒N9 86.99 (14)  Co4‒O10‒Co5 118.51 (14) 

O3‒Co2‒N7 88.23 (14)  O9‒Co4‒N10 89.54 (15)    

O4‒Co2‒ O5 84.52 (12)  O10‒Co4‒O11 83.36 (12)    

O4‒Co2‒ N1 91.35 (13)  O10‒Co4‒N3 86.61 (14)    

O4‒Co2‒N6 95.45 (13)  O10‒Co4‒N9 92.47 (13)    

O4‒Co2‒N7 88.50 (14)  O10‒Co4‒N10 91.01 (14)    

O5‒Co2‒N1 90.21 (13)  O11‒Co4‒N3 169.74 (15)    

O5‒Co2‒N6 176.91 (13)  O11‒Co4‒N9 90.31 (14)    

O5‒Co2‒N7 88.15 (15)  O11‒Co4‒N10 89.55 (14)    

N1‒Co2‒N6 92.88 (14)  N3‒Co4‒N9 92.28 (15)    

N1‒Co2‒N7 178.36 (16)  N3‒Co4‒N10 88.46 (15)    

N6‒Co2‒N7 88.76 (15)  N9‒Co4‒N10 176.48 (15)    

Table S18 Selected angles in the crystal structure of 6 
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Figure S14 Molecular structure of 7 with numbering scheme and thermal ellipsoids at 

50% probability level; color scheme: green - Co(III), light blue - Co(II), red - O, dark blue - 

N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 7 

Co1‒O1 1.881 (2)  Co5‒O1 2.168 (2)  Co1···Co2 4.4596(10) 

Co1‒O2 1.926 (2)  Co5‒O4 2.074 (2)  Co1···Co4 4.4782(8) 

Co1‒O12 1.8706 (7)  Co5‒O7 2.055 (2)  Co2···Co3 4.4774(10) 

Co1‒N4 1.912 (3)  Co5‒O10 2.104 (2)  Co3···Co4 4.4761(8) 

Co1‒N6 1.901 (3)  Co5‒O16 2.183 (3)    

Co1‒N7 1.982 (3)  Co5‒O19 2.092 (2)  Co1···Co3 6.5426(7) 

   Co5···O15 2.642(2)  Co2···Co4 5.6555(12) 

Co2‒O3 1.903 (2)       

Co2‒O4 1.862 (2)  Co6‒O9 2.181 (2)  Co1···Co5 3.3057(6) 

Co2‒O5 1.898 (2)  Co6‒O11 2.248 (3)  Co2···Co5 3.5292(13) 

Co2‒N1 1.873 (3)  Co6‒O13 2.019 (2)  Co3···Co5 3.3733(7) 

Co2‒N9 1.953 (3)  Co6‒O20 2.003 (3)  Co4···Co5 3.1526(8) 

Co2‒N8 1.979 (3)  Co6‒O22 2.128 (3)    

   Co6‒N11 2.066 (3)  Co4···Co6 2.9901(6) 

Co3‒O6 1.880 (2)       

Co3‒O7 1.881 (2)  Co7‒O13 1.855 (2)  Co6···Co7 3.4252(10) 

Co3‒O8 1.892 (2)  Co7‒O14 1.891 (3)    

Co3‒O18 1.919 (2)  Co7‒O21 1.923 (3)  Co1···Co6 6.0473(8) 

Co3‒N2 1.897 (3)  Co7‒O23 1.906 (3)  Co2···Co6 7.8318(10) 

Co3‒N10 1.975 (3)  Co7‒N12 1.943 (3)  Co3···Co6 7.1736(8) 

   Co7‒N13 1.955 (3)  Co5···Co6 5.9701(8) 

Co4‒O9 1.931 (2)       

Co4‒O10 1.887 (2)     Co1···Co7 8.5956(10) 

Co4‒O11 1.918 (2)     Co2···Co7 9.9343(11) 

Co4‒O15 1.880 (2)     Co3···Co7 7.6305(10) 

Co4‒N3 1.886 (3)     Co4···Co7 4.4601(10) 

Co4‒N5 1.894 (3)     Co5···Co7 7.4568(10) 

Table S19 Selected interatomic distances in the crystal structure of 7 
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Selected Angles (°) in the Crystal Structure of 7 

O1‒Co1‒O2 85.60 (7)  O6‒Co3‒O7 173.75 (10)  O1‒Co5‒O4 76.48 (8) 

O1‒Co1‒ O12 175.62 (8)  O6‒Co3‒O8 91.01 (10)  O1‒Co5‒O7 150.82 (8) 

O1‒Co1‒N4 91.71 (10)  O6‒Co3‒O18 91.67 (10)  O1‒Co5‒O10 76.37 (8) 

O1‒Co1‒N6 87.56 (12)  O6‒Co3‒N2 91.58 (10)  O1‒Co5‒O16 74.11 (9) 

O1‒Co1‒N7 88.84 (11)  O6‒Co3‒N10 86.76 (11)  O1‒Co5‒O19 116.39 (9) 

O2‒Co1‒O12 91.33 (4)  O7‒Co3‒O8 85.14 (9)  O4‒Co5‒O7 81.41 (8) 

O2‒Co1‒ N4 93.72 (10)  O7‒Co3‒O18 91.84 (9)  O4‒Co5‒O10 100.13 (8) 

O2‒Co1‒ N6 172.79 (11)  O7‒Co3‒N2 93.50 (10)  O4‒Co5‒O16 141.03 (10) 

O2‒Co1‒N7 87.22 (11)  O7‒Co3‒N10 88.17 (11)  O4‒Co5‒O19 89.09 (9) 

O12‒Co1‒N4 91.61 (9)  O8‒Co3‒O18 175.19 (10)  O7‒Co5‒O10 89.20 (8) 

O12‒Co1‒N6 95.38 (10)  O8‒Co3‒N2 92.51 (10)  O7‒Co5‒O16 133.63 (9) 

O12‒Co1‒N7 87.88 (9)  O8‒Co3‒N10 87.75 (11)  O7‒Co5‒O19 81.68 (9) 

N4‒Co1‒N6 88.74 (13)  O18‒Co3‒ N2 91.41 (11)  O10‒Co5‒O16 97.19 (9) 

N4‒Co1‒N7 178.94 (12)  O18‒Co3‒N10 88.41 (11)  O10‒Co5‒O19 165.96 (9) 

N6‒Co1‒N7 90.38 (14)  N2‒Co3‒N10 178.32 (11)  O16‒Co5‒O19 81.73 (10) 

        

O3‒Co2‒O4 175.61 (10)  O9‒Co4‒ O10 92.95 (9)  Co1‒O1‒Co5 109.29 (10) 

O3‒Co2‒O5 96.76 (9)  O9‒Co4‒ O11 84.38 (9)  Co2‒O4‒Co5 127.35 (11) 

O3‒Co2‒ N1 89.49 (10)  O9‒Co4‒ O15 174.80 (10)  Co3‒O7‒Co5 117.88 (10) 

O3‒Co2‒N8 91.48 (10)  O9‒Co4‒ N3 92.04 (10)  Co4‒O10‒Co5 104.21 (9) 

O3‒Co2‒N9 86.32 (10)  O9‒Co4‒ N5 90.26 (10)  Co4‒O15···Co5 86.675 

O4‒Co2‒O5 84.98 (9)  O10‒Co4‒O11 84.03 (10)    

O4‒Co2‒N1 88.93 (10)  O10‒Co4‒O15 84.24 (10)    

O4‒Co2‒N8 92.65 (10)  O10‒Co4‒ N3 88.22 (10)    

O4‒Co2‒N9 89.69 (10)  O10‒Co4‒N5 173.09 (11)    

O5‒Co2‒N1 173.44 (10)  O11‒Co4‒O15 90.97 (10)    

O5‒Co2‒N8 86.75 (10)  O11‒Co4‒ N3 171.27 (10)    

O5‒Co2‒N9 88.77 (10)  O11‒Co4‒ N5 90.21 (11)    

N1‒Co2‒N8 91.11 (11)  O15‒Co4‒N3 92.24 (10)    

N1‒Co2‒N9 93.63 (11)  O15‒Co4‒N5 92.08 (11)    

N8‒Co2‒N9 174.75 (11)  N3‒Co4‒N5 97.78 (11)    

Table S20 Selected angles in the crystal structure of 7 

 

 



3 Heterovalent Cobalt Metallacrowns 155 

 

Figure S15 Molecular structure of 8 with numbering scheme and thermal ellipsoids at 

50% probability level; color scheme: green - Co(III), light blue - Co(II), red - O, dark blue - 

N, grey - C 
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Selected Interatomic Distances (Å) in the Crystal Structure of 8 

Co1‒O1 1.889 (2)  Co4‒O9 1.890 (2)  Co1···Co2 4.5355(6) 

Co1‒O2 1.914 (2)  Co4‒O10 1.862 (2)  Co1···Co4 4.4881(6) 

Co1‒O12 1.883 (2)  Co4‒O11 1.942 (2)  Co2···Co3 4.5257(6) 

Co1‒N4 1.888 (2)  Co4‒N3 1.880 (2)  Co3···Co4 4.4380(6) 

Co1‒N5 1.933 (3)  Co4‒N10 1.992 (3)    

Co1‒N6 1.963 (3)  Co4‒N11 1.948 (3)  Co1···Co3 6.1305(6) 

      Co2···Co4 6.5649(6) 

Co2‒O3 1.881 (2)  Co5‒O1 2.068 (2)    

Co2‒O4 1.904 (2)  Co5‒O4 2.137 (2)  Co1···Co5 3.2559(6) 

Co2‒O5 1.892 (2)  Co5‒O7 2.073 (2)  Co2···Co5 3.4412(6) 

Co2‒N1 1.908 (2)  Co5‒O10 2.028 (2)  Co3···Co5 3.2900(6) 

Co2‒N7 1.956 (3)  Co5‒O13 2.175 (2)  Co4···Co5 3.3795(6) 

Co2‒N8 1.970 (3)  Co5‒O16 2.008 (2)    

        

Co3‒O6 1.885 (2)       

Co3‒O7 1.8326 (19)       

Co3‒O8 1.928 (2)       

Co3‒O15 1.932 (2)       

Co3‒N2 1.914 (2)       

Co3‒N9 1.952 (2)       

Table S21 Selected interatomic distances in the crystal structure of 8 
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Table S22 Selected angles in the crystal structure of 8 

 

Selected Angles (°) in the Crystal Structure of 8 

O1‒Co1‒O2 84.07 (9)  O6‒Co3‒O7 92.24 (9)  O1‒Co5‒O4 81.83 (8) 

O1‒Co1‒O12 177.82 (10)  O6‒Co3‒O8 84.44 (10)  O1‒Co5‒O7 110.84 (8) 

O1‒Co1‒ N4 91.20 (9)  O6‒Co3‒O15 170.15 (9)  O1‒Co5‒O10 77.93 (8) 

O1‒Co1‒N5 88.17 (10)  O6‒Co3‒N2 92.84 (10)  O1‒Co5‒O13 79.96 (8) 

O1‒Co1‒N6 91.15 (10)  O6‒Co3‒N9 89.25 (10)  O1‒Co5‒O16 155.81 (9) 

O2‒Co1‒O12 94.53 (9)  O7‒Co3‒O8 84.68 (8)  O4‒Co5‒O7 85.21 (7) 

O2‒Co1‒ N4 175.07 (10)  O7‒Co3‒O15 93.73 (9)  O4‒Co5‒ O10 141.09 (8) 

O2‒Co1‒N5 88.12 (10)  O7‒Co3‒N2 82.43 (9)  O4‒Co5‒O13 120.08 (8) 

O2‒Co1‒N6 89.52 (10)  O7‒Co3‒N9 178.35 (10)  O4‒Co5‒ O16 88.06 (8) 

O12‒Co1‒N4 90.16 (9)  O8‒Co3‒O15 88.30 (9)  O7‒Co5‒ O10 71.75 (8) 

O12‒Co1‒N5 90.12 (10)  O8‒Co3‒ N2 166.71 (10)  O7‒Co5‒O13 154.24 (8) 

O12‒Co1‒N6 90.51 (10)  O8‒Co3‒N9 94.76 (10)  O7‒Co5‒ O16 90.00 (9) 

N4‒Co1‒N5 90.37 (11)  O15‒Co3‒N9 84.70 (10)  O10‒Co5‒O13 88.65 (8) 

N4‒Co1‒N6 91.95 (11)  O15‒Co3‒ N2 95.72 (10)  O10‒Co5‒O16 121.84 (9) 

N5‒Co1‒N6 177.60 (11)  N2‒Co3‒N9 98.22 (11)  O13‒Co5‒O16 86.32 (9) 

        

O3‒Co2‒O4 176.43 (10)  O9‒Co4‒O10 178.43 (10)  Co1‒O1‒Co5 110.65 (9) 

O3‒Co2‒O5 93.61 (11)  O9‒Co4‒O11 97.79 (9)  Co2‒O4‒Co5 116.63 (10) 

O3‒Co2‒N1 90.18 (10)  O9‒Co4‒ N3 92.55 (10)  Co3‒O7‒Co5 114.65 (10) 

O3‒Co2‒N7 90.43 (12)  O9‒Co4‒N10 88.57 (10)  Co4‒O10‒Co5 120.59 (10) 

O3‒Co2‒N8 89.45 (11)  O9‒Co4‒N11 89.02 (10)    

O4‒Co2‒O5 83.55 (9)  O10‒Co4‒O11 82.76 (8)    

O4‒Co2‒N1 91.93 (9)  O10‒Co4‒N3 86.98 (9)    

O4‒Co2‒N7 92.28 (10)  O10‒Co4‒N10 89.97 (10)    

O4‒Co2‒N8 88.20 (10)  O10‒Co4‒N11 92.48 (10)    

O5‒Co2‒N1 89.02 (10)  O11‒Co4‒ N3 169.26 (10)    

O5‒Co2‒N7 174.83 (10)  O11‒Co4‒N10 90.23 (9)    

O5‒Co2‒N8 86.29 (11)  O11‒Co4‒N11 86.54 (10)    

N1‒Co2‒N7 94.18 (11)  N3‒Co4‒N10 92.97 (10)    

N1‒Co2‒N8 175.27 (12)  N3‒Co4‒N11 90.72 (10)    

N7‒Co2‒N8 90.54 (12)  N10‒Co4‒N11 175.68 (10)    
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Bond Valence Sum Analysis 

The Bond Valence Sum (BVS) Analysis is a widespread tool in coordination chemistry 

to assign the oxidation states of metal ions and is based on the bond valence model.[1,2] 

It utilizes the correlation between the bond length R and bond valence v between two 

atoms or ions i and j, which can be expressed via the bond valence parameters R0 and b 

and the empirical formula 1.[3,4] 

 /01 = exp	��56 − 501�/7� (S1) 

 

The valence V of an atom or ion is calculated by summing up the bond valences accord-

ing to formula 2 and is than equated to its oxidation state z.[5,6] 

 80 � 90 �:/01
;
1

 (S2) 

 

Moreover the BVS analysis has been frequently applied to determine the protonation 

state of oxygen ligands. Here, the ligands are assigned as hydroxid or oxo-group when 

the bond valence sum is close to 1 or 2, respectively. For BVS values significantly be-

low 1 the presence of a water ligand is confirmed.[7,8] 

In the present work, the following BVS parameters have been applied to the program 

Bond Valence Calculator 2.0.[9,10] 

Bond Type b R0 

Co(II)-O 0.37 1.692 

Co(III)-O 0.37 1.637 

Co(II)-N 0.37 1.650 

Co(III)-N 0.37 1.750 
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Table S23 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions in 1 

 

 

 

Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.904 0.564 Sum 0.486 Sum Co(III) 

 
Co1-O2 1.898 0.573 3.118 0.494 2.857 

 

 
Co1-O7 1.933 0.521 Difference 0.449 Difference 

 

 
Co1-O12 1.927 0.530 1.118 0.457 0.143 

 

 
Co1-O14 1.912 0.552 

 
0.476 

  

 
Co1-N4 2.010 0.378 

 
0.495 

  

        
Co2 Co2-O3 1.882 0.598 Sum 0.516 Sum Co(III) 

 
Co2-O4 1.911 0.553 3.271 0.477 3.243 

 

 
Co2-O5 1.885 0.594 Difference 0.512 Difference 

 

 
Co2-O11 1.893 0.581 1.271 0.501 0.243 

 

 
Co2-N1 1.883 0.533 

 
0.698 

  

 
Co2-N5 1.978 0.412 

 
0.540 

  

        
Co3 Co3-O6 1.888 0.589 Sum 0.507 Sum Co(III) 

 
Co3-O16 1.915 0.547 3.089 0.472 3.073 

 

 
Co3-O20 1.928 0.528 Difference 0.455 Difference 

 

 
Co3-O21 1.943 0.507 1.089 0.437 0.073 

 

 
Co3-N2 1.883 0.533 

 
0.698 

  

 
Co3-N6 2.004 0.384 

 
0.503 

  

        
Co4 Co4-O1 1.907 0.559 Sum 0.482 Sum Co(III) 

 
Co4-O4 1.961 0.483 3.214 0.417 3.009 

 

 
Co4-O9 1.903 0.565 Difference 0.487 Difference 

 

 
Co4-O10 1.938 0.514 1.214 0.443 0.009 

 

 
Co4-O20 1.907 0.559 

 
0.482 

  

 
Co4-N3 1.883 0.533 

 
0.698 

  

        
Co5 Co5-O7 1.895 0.578 Sum 0.498 Sum Co(III) 

 
Co5-O8 1.877 0.607 3.240 0.523 2.996 

 

 
Co5-O13 1.911 0.553 Difference 0.477 Difference 

 

 
Co5-O15 1.957 0.489 1.240 0.421 0.004 

 

 
Co5-O18 1.906 0.561 

 
0.483 

  

 
Co5-N7 1.943 0.453 

 
0.594 
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Oxygen Atom Bond Length (Å) Bond Valence Sum Assignment 

O20 O20-Co3 1.928 0.455 0.937 OH- 

 
O20-Co4 1.907 0.482 

  

      
O21 O21-Co3 1.943 0.437 0.437 H2O 

Table S24 Results of the Bond Valence Sum Analysis for the assignment of protonation 

states of oxygen-sites in 1 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.916 0.546 Sum 0.470 Sum Co(III) 

 
Co1-O2 1.866 0.625 3.367 0.539 3.317 

 

 
Co1-O10 1.857 0.640 Difference 0.552 Difference 

 

 
Co1-O11 1.863 0.630 1.367 0.543 0.317 

 

 
Co1-N13 1.913 0.491 

 
0.644 

  

 
Co1-N14 1.958 0.435 

 
0.570 

  

        
Co2 Co2-O3 1.893 0.581 Sum 0.501 Sum Co(III) 

 
Co2-O6 1.886 0.592 2.989 0.510 3.391 

 

 
Co2-N1 1.918 0.485 Difference 0.635 Difference 

 

 
Co2-N2 1.920 0.482 0.989 0.632 0.391 

 

 
Co2-N15 1.978 0.412 

 
0.540 

  

 
Co2-N16 1.956 0.437 

 
0.573 

  

        
Co3 Co3-O4 1.935 0.519 Sum 0.447 Sum Co(III) 

 
Co3-O5 1.897 0.575 3.405 0.495 3.363 

 

 
Co3-O7 1.806 0.735 Difference 0.633 Difference 

 

 
Co3-O8 1.868 0.621 1.405 0.536 0.363 

 

 
Co3-N17 1.916 0.487 

 
0.638 

  

 
Co3-N18 1.931 0.468 

 
0.613 

  

        
Co4 Co4-O9 1.884 0.595 Sum 0.513 Sum Co(III) 

 
Co4-O12 1.890 0.586 3.007 0.505 3.410 

 

 
Co4-N3 1.912 0.493 Difference 0.645 Difference 

 

 
Co4-N4 1.879 0.539 1.007 0.706 0.410 

 

 
Co4-N19 1.990 0.399 

 
0.523 

  

 
Co4-N20 1.993 0.396 

 
0.519 

  
Table S25 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions of the first molecule in 2 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co5 Co5-O13 1.936 0.517 Sum 0.446 Sum Co(III) 

 
Co5-O14 1.855 0.644 3.395 0.555 3.350 

 

 
Co5-O22 1.870 0.618 Difference 0.533 Difference 

 

 
Co5-O23 1.839 0.672 1.395 0.579 0.350 

 

 
Co5-N21 1.913 0.491 

 
0.644 

  

 
Co5-N22 1.943 0.453 

 
0.594 

  

        
Co6 Co6-O15 1.856 0.642 Sum 0.553 Sum Co(III) 

 
Co6-O18 1.870 0.618 3.103 0.533 3.501 

 

 
Co6-N5 1.920 0.482 Difference 0.632 Difference 

 

 
Co6-N6 1.923 0.478 1.103 0.627 0.501 

 

 
Co6-N23 1.958 0.435 

 
0.570 

  

 
Co6-N24 1.947 0.448 

 
0.587 

  

        
Co7 Co7-O16 1.932 0.523 Sum 0.451 Sum Co(III) 

 
Co7-O17 1.865 0.627 3.354 0.540 3.309 

 

 
Co7-O19 1.844 0.663 Difference 0.572 Difference 

 

 
Co7-O20 1.875 0.610 

 
0.526 0.309 

 

 
Co7-N25 1.929 0.470 

 
0.616 

  

 
Co7-N26 1.936 0.462 

 
0.605 

  

        
Co8 Co8-O21 1.851 0.651 Sum 0.561 Sum Co(III) 

 
Co8-O24 1.890 0.586 3.054 0.505 3.447 

 

 
Co8-N7 1.865 0.559 Difference 0.733 Difference 

 

 
Co8-N8 1.904 0.503 1.054 0.660 0.447 

 

 
Co8-N27 2.000 0.388 

 
0.509 

  

 
Co8-N28 2.021 0.367 

 
0.481 

  
Table S26 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions of the second molecule in 2 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co9 Co9-O25 1.950 0.498 Sum 0.429 Sum Co(III) 

 
Co9-O26 1.884 0.595 3.393 0.513 3.358 

 

 
Co9-O34 1.836 0.678 Difference 0.584 Difference 

 

 
Co9-O35 1.849 0.654 1.393 0.564 0.358 

 

 
Co9-N29 1.893 0.519 

 
0.679 

  

 
Co9-N30 1.946 0.449 

 
0.589 

  

        
Co10 Co10-O27 1.904 0.564 Sum 0.486 Sum Co(III) 

 
Co10-O30 1.883 0.597 3.012 0.514 3.426 

 

 
Co10-N9 1.902 0.506 Difference 0.663 Difference 

 

 
Co10-N10 1.901 0.507 1.012 0.665 0.426 

 

 
Co10-N31 1.971 0.420 

 
0.550 

  

 
Co10-N32 1.973 0.418 

 
0.547 

  

        
Co11 Co11-O28 1.921 0.539 Sum 0.464 Sum Co(III) 

 
Co11-O29 1.878 0.605 3.395 0.521 3.341 

 

 
Co11-O31 1.829 0.691 Difference 0.595 Difference 

 

 
Co11-O32 1.860 0.635 1.395 0.547 0.341 

 

 
Co11-N33 1.916 0.487 

 
0.638 

  

 
Co11-N34 1.955 0.439 

 
0.575 

  

        
Co12 Co12-O33 1.862 0.632 Sum 0.544 Sum Co(III) 

 
Co12-O36 1.869 0.620 3.030 0.534 3.409 

 

 
Co12-N11 1.924 0.477 Difference 0.625 Difference 

 

 
Co12-N12 1.914 0.490 1.030 0.642 0.409 

 

 
Co12-N35 1.961 0.431 

 
0.565 

  

 
Co12-N36 2.008 0.380 

 
0.498 

  
Table S27 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions of the third molecule in 2 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.890 0.586 Sum 0.505 Sum Co(III) 

 
Co1-O2 1.962 0.482 2.986 0.415 3.161 

 

 
Co1-O6 1.876 0.608 Difference 0.524 Difference 

 

 
Co1-N2 1.930 0.469 0.986 0.615 0.161 

 

 
Co1-N3 1.945 0.451 

 
0.590 

  

 
Co1-N4 1.998 0.390 

 
0.512 

  

        
Co2 Co2-O3 1.884 0.595 Sum 0.513 Sum Co(III) 

 
Co2-O4 1.898 0.573 2.846 0.494 2.983 

 

 
Co2-O5 1.952 0.495 Difference 0.427 Difference 

 

 
Co2-N1 1.920 0.482 0.846 0.632 0.017 

 

 
Co2-N5 2.014 0.374 

 
0.490 

  

 
Co2-N6 2.064 0.327 

 
0.428 

  

        
Co3 Co3-O1 1.961 0.483 Sum 0.417 Sum Co(II) 

 
Co3-O1 1.961 0.483 2.526 0.417 2.177 

 

 
Co3-O4 1.941 0.510 Difference 0.440 Difference 

 

 
Co3-O4 1.941 0.510 0.526 0.440 0.823 

 

 
Co3-O7 2.177 0.270 

 
0.232 

  

 
Co3-O7 2.177 0.270 

 
0.232 

  
Table S28 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions ion 3 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.899 0.572 Sum 0.493 Sum Co(III) 

 
Co1-O2 1.898 0.573 3.139 0.494 3.099 

 

 
Co1-O12 1.893 0.581 Difference 0.501 Difference 

 

 
Co1-O13 1.922 0.537 1.139 0.463 0.099 

 

 
Co1-N4 1.915 0.489 

 
0.640 

  

 
Co1-N5 2.000 0.388 

 
0.509 

  

        
Co2 Co2-O3 1.893 0.581 Sum 0.501 Sum Co(III) 

 
Co2-O4 1.902 0.567 3.125 0.489 3.092 

 

 
Co2-O5 1.895 0.578 Difference 0.498 Difference 

 

 
Co2-O15 1.941 0.510 1.125 0.440 0.092 

 

 
Co2-N1 1.908 0.498 

 
0.652 

  

 
Co2-N6 1.997 0.391 

 
0.513 

  

        
Co3 Co3-O6 1.895 0.578 Sum 0.498 Sum Co(III) 

 
Co3-O7 1.910 0.555 3.028 0.478 2.992 

 

 
Co3-O8 1.917 0.544 Difference 0.469 Difference 

 

 
Co3-O17 1.950 0.498 1.028 0.429 0.008 

 

 
Co3-N2 1.931 0.468 

 
0.613 

  

 
Co3-N7 2.003 0.385 

 
0.505 

  

        
Co4 Co4-O9 1.914 0.549 Sum 0.473 Sum Co(III) 

 
Co4-O10 1.869 0.620 2.956 0.534 3.107 

 

 
Co4-O11 1.919 0.541 Difference 0.467 Difference 

 

 
Co4-N3 1.887 0.527 0.956 0.691 0.107 

 

 
Co4-N8 2.040 0.349 

 
0.457 

  

 
Co4-N9 2.017 0.371 

 
0.486 

  

        
Co5 Co5-O1 2.065 0.365 Sum 0.315 Sum Co(II) 

 
Co5-O4 2.040 0.390 2.093 0.336 1.804 

 

 
Co5-O7 2.185 0.264 Difference 0.227 Difference 

 

 
Co5-O10 2.024 0.408 0.093 0.351 1.196 

 

 
Co5-O14 2.085 0.346 

 
0.298 

  

 
Co5-O16 2.113 0.321 

 
0.276 

  
Table S29 Results of the Bond Valence Sum Analysis of for the assignment of oxida-

tion states of cobalt ions in 4 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.919 0.541 Sum 0.467 Sum Co(III) 

 
Co1-O2 1.886 0.592 3.044 0.510 3.207 

 

 
Co1-O12 1.875 0.610 Difference 0.526 Difference 

 

 
Co1-N4 1.924 0.477 1.044 0.625 0.207 

 

 
Co1-N5 1.947 0.448 

 
0.587 

  

 
Co1-N6 2.012 0.376 

 
0.493 

  

        
Co2 Co2-O3 1.885 0.594 Sum 0.512 Sum Co(III) 

 
Co2-O4 1.868 0.621 3.169 0.536 3.119 

 

 
Co2-O5 1.910 0.555 Difference 0.478 Difference 

 

 
Co2-O15 1.925 0.533 1.169 0.459 0.119 

 

 
Co2-N1 1.935 0.463 

 
0.607 

  

 
Co2-N7 1.986 0.403 

 
0.528 

  

        
Co3 Co3-O6 1.879 0.603 Sum 0.520 Sum Co(III) 

 
Co3-O7 1.864 0.628 3.158 0.541 3.150 

 

 
Co3-O8 1.927 0.530 Difference 0.457 Difference 

 

 
Co3-O22 1.996 0.440 1.158 0.379 0.150 

 

 
Co3-N2 1.872 0.549 

 
0.719 

  

 
Co3-N8 1.982 0.408 

 
0.534 

  

        
Co4 Co4-O9 1.881 0.600 Sum 0.517 Sum Co(III) 

 
Co4-O10 1.893 0.581 3.013 0.501 3.171 

 

 
Co4-O11 1.911 0.553 Difference 0.477 Difference 

 

 
Co4-N3 1.889 0.524 1.013 0.687 0.171 

 

 
Co4-N9 2.014 0.374 

 
0.490 

  

 
Co4-N10 2.007 0.381 

 
0.499 

  

        
Co5 Co5-O1 2.062 0.368 Sum 0.317 Sum Co(II) 

 
Co5-O4 2.094 0.337 2.190 0.291 1.888 

 

 
Co5-O7 2.056 0.374 Difference 0.322 Difference 

 

 
Co5-O10 2.008 0.426 0.190 0.367 1.112 

 

 
Co5-O13 2.112 0.321 

 
0.277 

  

 
Co5-O16 2.066 0.364 

 
0.314 

  
Table S30 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions in 5 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.880 0.602 Sum 0.519 Sum Co(III) 

 
Co1-O2 1.901 0.568 3.297 0.490 3.278 

 

 
Co1-O12 1.890 0.586 Difference 0.505 Difference 

 

 
Co1-O13 1.900 0.570 1.297 0.491 0.278 

 

 
Co1-N4 1.870 0.552 

 
0.723 

  

 
Co1-N5 1.971 0.420 

 
0.550 

  

        
Co2 Co2-O3 1.885 0.594 Sum 0.512 Sum Co(III) 

 
Co2-O4 1.916 0.546 3.090 0.470 3.270 

 

 
Co2-O5 1.882 0.598 Difference 0.516 Difference 

 

 
Co2-N1 1.911 0.494 1.090 0.647 0.270 

 

 
Co2-N6 1.953 0.441 

 
0.578 

  

 
Co2-N7 1.973 0.418 

 
0.547 

  

        
Co3 Co3-O6 1.874 0.611 Sum 0.527 Sum Co(III) 

 
Co3-O7 1.831 0.687 3.293 0.592 3.257 

 

 
Co3-O8 1.930 0.526 Difference 0.453 Difference 

 

 
Co3-O15 1.924 0.534 1.293 0.460 0.257 

 

 
Co3-N2 1.921 0.481 

 
0.630 

  

 
Co3-N8 1.942 0.454 

 
0.595 

  

        
Co4 Co4-O9 1.885 0.594 Sum 0.512 Sum Co(III) 

 
Co4-O10 1.849 0.654 3.144 0.564 3.338 

 

 
Co4-O11 1.952 0.495 Difference 0.427 Difference 

 

 
Co4-N3 1.871 0.550 1.144 0.721 0.338 

 

 
Co4-N9 1.988 0.401 

 
0.526 

  

 
Co4-N10 1.946 0.449 

 
0.589 

  

        
Co5 Co5-O1 2.059 0.371 Sum 0.320 Sum Co(II) 

 
Co5-O4 2.174 0.272 2.125 0.234 1.831 

 

 
Co5-O7 2.051 0.379 Difference 0.327 Difference 

 

 
Co5-O10 2.096 0.336 0.125 0.289 1.169 

 

 
Co5-O14 2.058 0.372 

 
0.321 

  

 
Co5-O16 2.035 0.396 

 
0.341 

  
Table S31 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions in 6 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.881 0.600 Sum 0.517 Sum Co(III) 

 
Co1-O2 1.926 0.531 3.154 0.458 3.349 

 

 
Co1-O12 1.871 0.616 Difference 0.531 Difference 

 

 
Co1-N4 1.912 0.493 1.154 0.645 0.349 

 

 
Co1-N6 1.902 0.506 

 
0.663 

  

 
Co1-N7 1.982 0.408 

 
0.534 

  

        
Co2 Co2-O3 1.903 0.565 Sum 0.487 Sum Co(III) 

 
Co2-O4 1.862 0.632 3.169 0.544 3.359 

 

 
Co2-O5 1.898 0.573 Difference 0.494 Difference 

 

 
Co2-N1 1.873 0.547 1.169 0.717 0.359 

 

 
Co2-N8 1.979 0.411 

 
0.539 

  

 
Co2-N9 1.953 0.441 

 
0.578 

  

        
Co3 Co3-O6 1.880 0.602 Sum 0.519 Sum Co(III) 

 
Co3-O7 1.881 0.600 3.254 0.517 3.221 

 

 
Co3-O8 1.892 0.582 Difference 0.502 Difference 

 

 
Co3-O18 1.919 0.541 1.254 0.467 0.221 

 

 
Co3-N2 1.897 0.513 

 
0.672 

  

 
Co3-N10 1.975 0.415 

 
0.544 

  

        
Co4 Co4-O9 1.931 0.524 Sum 0.452 Sum Co(III) 

 
Co4-O10 1.887 0.590 3.305 0.509 3.317 

 

 
Co4-O11 1.918 0.543 Difference 0.468 Difference 

 

 
Co4-O15 1.880 0.602 1.305 0.519 0.317 

 

 
Co4-N3 1.886 0.528 

 
0.692 

  

 
Co4-N5 1.894 0.517 

 
0.678 

  

        
Co5 Co5-O1 2.168 0.276 Sum 0.238 Sum Co(II) 

 
Co5-O4 2.074 0.356 1.939 (2.016) 0.307 1.671 (1.737) 

 

 
Co5-O7 2.056 0.374 Difference 0.322 Difference 

 

 
Co5-O10 2.104 0.328 0.061 (0.016) 0.283 1.329 (1.263) 

 

 
Co5-O16 2.183 0.265 

 
0.229 

  

 
Co5-O19 2.092 0.339 

 
0.292 

  

 
Co5 O15 2.642 0.077 

 
0.066 

  
Table S32 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions of the metallacrown subunit in 7 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co6 Co6-O9 2.181 0.267 Sum 0.230 Sum Co(II) 

 
Co6-O11 2.248 0.223 1.967 0.192 1.841 

 

 
Co6-O13 2.019 0.413 Difference 0.356 Difference 

 

 
Co6-O20 2.003 0.431 0.033 0.372 1.159 

 

 
Co6-O22 2.128 0.308 

 
0.265 

  

 
Co6-N11 2.066 0.325 

 
0.426 

  

        
Co7 Co7-O13 1.855 0.644 Sum 0.555 Sum Co(III) 

 
Co7-O14 1.891 0.584 3.216 0.503 3.171 

 

 
Co7-O21 1.922 0.537 Difference 0.463 Difference 

 

 
Co7-O23 1.906 0.561 1.216 0.483 0.171 

 

 
Co7-N12 1.943 0.453 

 
0.594 

  

 
Co7-N13 1.956 0.437 

 
0.573 

  
Table S33 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions of the dimer attached to the periphery of the metallacrown subunit 

in 7 
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Metal Ion Bond Length (Å) 
Assumption Co(II) Assumption Co(III) 

Assignment 
Bond Valence 

 
Bond Valence 

 
Co1 Co1-O1 1.889 0.587 Sum 0.506 Sum Co(III) 

 
Co1-O2 1.914 0.549 3.153 0.473 3.354 

 

 
Co1-O12 1.883 0.597 Difference 0.514 Difference 

 

 
Co1-N4 1.888 0.526 1.153 0.689 0.354 

 

 
Co1-N5 1.933 0.465 

 
0.610 

  

 
Co1-N6 1.963 0.429 

 
0.562 

  

        
Co2 Co2-O3 1.881 0.600 Sum 0.517 Sum Co(III) 

 
Co2-O4 1.904 0.564 3.104 0.486 3.284 

 

 
Co2-O5 1.892 0.582 Difference 0.502 Difference 

 

 
Co2-N1 1.908 0.498 1.104 0.652 0.284 

 

 
Co2-N7 1.955 0.439 

 
0.575 

  

 
Co2-N8 1.970 0.421 

 
0.552 

  

        
Co3 Co3-O6 1.885 0.594 Sum 0.512 Sum Co(III) 

 
Co3-O7 1.833 0.683 3.260 0.589 3.228 

 

 
Co3-O8 1.928 0.528 Difference 0.455 Difference 

 

 
Co3-O15 1.932 0.523 1.260 0.451 0.228 

 

 
Co3-N2 1.914 0.490 

 
0.642 

  

 
Co3-N9 1.952 0.442 

 
0.579 

  

        
Co4 Co4-O9 1.890 0.586 Sum 0.505 Sum Co(III) 

 
Co4-O10 1.862 0.632 3.106 0.544 3.295 

 

 
Co4-O11 1.942 0.509 Difference 0.439 Difference 

 

 
Co4-N3 1.880 0.537 1.106 0.704 0.295 

 

 
Co4-N10 1.993 0.396 

 
0.519 

  

 
Co4-N11 1.948 0.447 

 
0.586 

  

        
Co5 Co5-O1 2.069 0.361 Sum 0.311 Sum Co(II) 

 
Co5-O4 2.137 0.300 2.119 0.259 1.826 

 

 
Co5-O7 2.073 0.357 Difference 0.308 Difference 

 

 
Co5-O10 2.028 0.403 0.119 0.348 1.174 

 

 
Co5-O13 2.175 0.271 

 
0.234 

  

 
Co5-O16 2.008 0.426 

 
0.367 

  
Table S34 Results of the Bond Valence Sum Analysis for the assignment of oxidation 

states of cobalt ions in 8 
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Continuous Shape Measures Calculation 

Continuous Shape Measures Calculations were performed with the help of the program 

Shape 2.1 as they provide an established way to quantify the deviation of the shape of 

the coordination sphere surrounding a metal ion from an ideal polyhedron.[11-13] There-

fore, the Continuous Shape Measure (S) of a structure is defined as its minimized dis-

tance to a perfect reference shape of appropriate size and orientation. A corresponding 

mathematical description is given in formula 2 with <=>>>?, <6>>>>? and @=>>? representing the posi-

tion vectors of the vertices and the center mass of the analyzed structure Q and the posi-

tion vectors of the vertices of the compared ideal reference shape P.  

 AB�@� = CDE
∑ G<=>>>? − @=>>?G²

;
0I&

∑ G<=>>>? − <6>>>>?G²;
0I&

∙ 100 (S3) 

 

The shapes of the coordination spheres of all cobalt ions have been compared with the 

following polyhedrons with six vertices. 

Code Point Group Polyhedron 

HP-6 D6h Hexagon 

PPY-6 C5v Pentagonal pyramid 

OC-6 Oh Octahedron 

TPR-6 D3h Trigonal prism 

JPPY-6 C5v Johnson pentagonal pyramid J2 

 

Moreover, the Shape 2.1 program offers measures to evaluate intermediate shaped 

structures concerning their proceeding along the minimal interconversion distortion 

pathway between two reference shapes.[14,15] Here, the generalized coordinates along the 

minimal distortion path from the perfect octahedron HP-6 (0%) to the ideal trigonal 

prism TPR-6 (100%) were calculated as long as the deviation from the pathway ∆(path) 

remained below the threshold of 10%.[16] 
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Table S36 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

1 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion 

Path Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 31.673 27.733 0.197 15.145 31.526 5.4 10.5 

Co2 33.106 28.550 0.215 15.277 32.459 6.3 11.0 

Co3 31.950 28.486 0.152 15.309 32.194 4.6 9.3 

Co4 32.452 26.972 0.311 14.003 30.506 4.2 13.2 

Co5 31.669 28.455 0.185 15.578 32.306 6.5 10.2 

Co6 33.312 27.596 0.299 14.520 31.488 5.7 13.0 

Co7 31.608 28.517 0.158 15.355 31.868 5.0 9.4 

Co8 32.776 26.729 0.345 13.897 30.280 4.6 13.9 

Co9 32.203 28.732 0.139 15.590 32.611 5.1 8.8 

Co10 33.114 27.848 0.236 14.854 31.421 5.4 11.5 

Co11 31.271 28.526 0.192 15.622 31.941 6.8 10.4 

Co12 32.811 26.935 0.325 13.848 30.426 4.0 13.5 

Table S37 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

2 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 31.076 25.990 0.445 14.301 29.643 7.9 15.8 

Co2 31.683 25.561 0.804 11.845 29.227 4.7 21.3 

Co3 31.930 29.269 0.319 16.530 32.367 12.7 - 

Table S38 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

3 

 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion 

Path Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 31.295 26.280 0.425 14.013 29.631 6.5 15.5 

Co2 32.115 28.513 0.180 15.444 32.031 5.9 10.1 

Co3 32.282 27.970 0.201 15.092 31.875 5.3 10.6 

Co4 31.961 26.172 0.357 13.909 29.816 4.9 14.2 

Co5 30.346 27.820 0.279 15.155 30.893 7.4 12.5 
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Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 31.539 27.480 0.272 14.933 30.816 6.5 12.4 

Co2 31.299 25.829 0.582 13.669 29.377 8.0 18.1 

Co3 32.954 27.142 0.307 14.368 30.622 5.4 13.1 

Co4 31.049 27.166 0.483 13.409 30.565 5.5 16.5 

Co5 29.051 20.969 1.671 10.721 24.315 9.9 30.8 

Table S39 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

4 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 32.330 27.322 0.274 14.600 31.014 5.4 12.4 

Co2 30.746 26.441 0.650 13.709 29.804 9.1 19.2 

Co3 31.580 27.046 0.302 14.886 30.548 7.0 13.0 

Co4 31.733 27.139 0.273 14.980 30.690 6.7 12.4 

Co5 28.606 17.627 2.935 7.750 21.125 7.8 40.9 

Table S40 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

5 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 30.986 27.156 0.185 14.962 30.671 4.5 10.2 

Co2 32.314 28.708 0.142 15.833 32.144 6.0 8.9 

Co3 32.709 26.982 0.454 14.150 30.878 7.5 16.0 

Co4 32.069 27.380 0.372 14.331 30.905 6.6 14.5 

Co5 33.131 15.496 7.823 2.941 19.804 8.1 67.3 

Table S41 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

6 
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Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 32.532 28.426 0.161 15.056 32.058 4.1 9.5 

Co2 32.156 27.146 0.302 13.667 30.701 2.9 13.1 

Co3 32.692 28.874 0.109 15.689 32.405 4.5 7.8 

Co4 32.162 27.336 0.271 14.381 31.276 4.6 12.4 

Co5 27.306 14.140 7.431 4.077 16.976 13.7 - 

Co6 29.325 19.625 2.519 10.167 23.696 14.8 - 

Co7 31.287 27.884 0.215 14.833 31.451 4.8 11.0 

Table S42 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

7 

 

Metal Ion 
Continuous Shape Measures Minimal Distortion Path 

Analysis 

S(HP-6) S(PPY-6) S(OC-6) S(TPR-6) S (JPPY-6) ∆(Path) Gen.Coord. 

Co1 32.000 28.869 0.116 15.666 32.404 4.6 8.1 

Co2 31.898 28.594 0.160 15.528 32.269 5.6 9.5 

Co3 32.559 26.269 0.699 13.258 29.857 8.3 19.9 

Co4 32.281 26.455 0.384 13.685 30.049 4.6 14.7 

Co5 33.409 16.719 7.359 2.902 21.083 5.8 65.2 

Table S43 Results of the Continuous Shape Measures Calculations for the cobalt ions in 

8 
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Figure S16 Shape map of the coordination spheres of all cobalt ions of the present work 

for the interconversion from ideal octahedron and trigonal prism; color code: red – 

Co(II), blue – Co(III), black dashed line – minimum distortion path between ideal octa-

hedron and trigonal prism 

 

 

Figure S17 Shape map of the coordination spheres of all Co(II) guest ions of the pre-

sent work for the interconversion from ideal octahedron and trigonal prism; colors - 

compound code, black dashed line - minimum distortion path between ideal octahedron 

and trigonal prism 
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Figure S18 Representation of the calculations concerning the geometric matching of the 

estimated size of the square formed by the hydroximate oxygen donor atoms and aver-

age Co(II)-O bond length for the construction of a perfect trigonal prism with the theo-

retical elevation height of the central ion above the ground square as reference ; arcs 

represent the height of the Co(II) ion as the upper vertex of a tetragonal pyramid  with 

different edge lengths (grey - 1, 1.5, 2, 2.5, 3 Å; red – average experimental Co(II)-O 

distance) in dependence of the edge length of the base square; green line marks the 

height of the central Co(II) ion in a perfect trigonal prism in dependence of the edge 

length; red line illustrates the average interatomic distance between adjacent, non-tilted 

hydroximate oxygen donor atoms; dashed lines mark the minimum and maximum devi-

ation within the selected data compilation   
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Figure S19 Structure formulae of an inverse metallacrown and the vacant reverse 

metallacrown 2 

 

3.9.3 UV-Vis Spectroscopy 

 

 

Figure S20 UV-Vis spectra of 1,2,4,5 and 8; spectrum of 4 has been renormalized on 

one metallacrown subunit 
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Complex λinf,1 (nm) λinf,2 (nm) λinf,3 (nm) λinf/max,4 (nm) 

1  325 484 649 

2  337 423 594 

4 261 331 470 635 

5 261 333 486 648 

8  331 471 646 

Table S44 Observed infliction point and maxima in the UV-Vis spectra of 1,2,4,5 and 8 

 

3.9.4 ESI Mass Spectrometry 

 

1: m/z (methanol) 

1608 {Co5(Shi)3(Piv)5(OH-)(Pip)4 + H}+ 

1563 {Co5(Shi)3(Piv)5(OH-)(Pip)3(H2O) + Na}+ 

1545 {Co5(Shi)3(Piv)5(OH-)(Pip)3 + Na}+ 

1524 {Co5(Shi)3(Piv)4(OH-)(Pip)4(H2O)}+ 

1506 {Co5(Shi)3(Piv)4(OH-)(Pip)4} + 

1439 {Co5(Shi)3(Piv)4(OH-)(Pip)3(H2O)}+ 

1421 {Co5(Shi)3(Piv)4(OH-)(Pip)3} +  

1336  {Co5(Shi)3(Piv)4(OH-)(Pip)2} + 

 

2: m/z (acetonitrile) 

1469  { [12-MCCo(III)N(Shi)-4](Py)8 + H}+ 

1390 { [12-MCCo(III)N(Shi)-4](Py)7 + H}+ 

1311 { [12-MCCo(III)N(Shi)-4](Py)6 + H}+ 

1232 { [12-MCCo(III)N(Shi)-4](Py)5 + H}+  

1152 { [12-MCCo(III)N(Shi)-4](Py)4 + H}+ 

1074 { [12-MCCo(III)N(Shi)-4](Py)3 + H}+ 

995 { [12-MCCo(III)N(Shi)-4](Py)2 + H}+ 
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2: m/z (methanol) 

1491 { [12-MCCo(III)N(Shi)-4](Py)8 + Na}+ 

1469  { [12-MCCo(III)N(Shi)-4](Py)8 + H}+ 

1412 { [12-MCCo(III)N(Shi)-4](Py)7 + Na}+ 

1390 { [12-MCCo(III)N(Shi)-4](Py)7 + H}+ 

1333 { [12-MCCo(III)N(Shi)-4](Py)6 + Na}+ 

1311 { [12-MCCo(III)N(Shi)-4](Py)6 + H}+ 

1232 { [12-MCCo(III)N(Shi)-4](Py)5 + H}+  

1152 { [12-MCCo(III)N(Shi)-4](Py)4 + H}+ 

1074 { [12-MCCo(III)N(Shi)-4](Py)3 + H}+ 

995 { [12-MCCo(III)N(Shi)-4](Py)2 + H}+ 
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4: m/z (methanol) 

 

1552 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)4 + 2Li} + 

1523 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)5 + H}+ 

1467 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)3 + 2Li} + 

1461 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)3 + H + Li}+ 

1444 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)4 + Li} + 

1438 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)4 + H}+ 

1398 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)2 + Na + Li}+ 

1382 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)2 + 2Li} + 

1376 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)2 + H + Li}+ 

1375 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)3 + Na}+ 

1368 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)4 + MeOH}+ 

1359 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)3 + Li} + 

1353 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)3 + H}+ 

1336 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)4} + 

1297 {Co(II)(Piv)3[12-MCCo(III)N(Shi)-4](Pip)1 + 2Li} + 

1290 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)2 + Na}+ 

1283 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)3 + MeOH}+ 

1274 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)2 + Li} + 

1268 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)2 + H}+ 

1251 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)3} + 

1204 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)1 + Na}+ 

1189 {Co(II)(Piv)2[12-MCCo(III)N(Shi)-4](Pip)1 + Li} + 

1166 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)2} + 

1081 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pip)1} + 

996 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4]} + 
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5: m/z (acetonitrile) 

1479  {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)4 + H}+ 

1392 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)3 + H}+ 

1377 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)4} + 

1344 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)4} + 

1322 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)3MeOH}+ 

1305 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)2 + H}+ 

1290 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)3} + 

1257 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)3} + 

1235 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)2MeOH}+ 

1218 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph) + H}+ 

1203 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)2} + 

1170 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)2} + 

1148 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)MeOH}+ 

1116 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)}+ 

1083 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)}+ 

1029 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4]} + 

996  {Co(II)(Piv)[12-MCCo(III)N(Shi)-4]} + 

 

5:  m/z (methanol) 

 

1392 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)3 + H}+ 

1359 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)2 (MeOH)+ Na}+ 

1327 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph)2 + Na}+ 

1322 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)3MeOH}+ 

1290 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)3} + 

1272 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph) (MeOH)+ Na}+ 

1257 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)3} + 

1240 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4](Morph) + Na}+ 

1203 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)2} + 

1170 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)2} + 

1153 {Co(II)(Boa)(Piv)[12-MCCo(III)N(Shi)-4] + Na}+ 

1116 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4](Morph)}+ 

1083 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Morph)}+ 

1029 {Co(II)(Boa)[12-MCCo(III)N(Shi)-4]} + 

996  {Co(II)(Piv)[12-MCCo(III)N(Shi)-4]} +  
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8: m/z (acetonitrile) 

1530 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)5 + Na}+ 

1508  {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)5 + H}+ 

1461 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)5} + 

1437 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)4 + Na}+ 

1415 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)4 + H}+ 

1406 {Co(II)( NO2)[12-MCCo(III)N(Shi)-4](Pic)5} + 

1368 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)4} + 

1344 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)3 + Na}+ 

1322 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)3 + H}+ 

1313 {Co(II)( NO2)[12-MCCo(III)N(Shi)-4](Pic)4} + 

1275 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)3} + 

1251 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 + Na}+ 

1229 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 + H}+ 

1220 {Co(II)( NO2)[12-MCCo(III)N(Shi)-4](Pic)3} + 

1182 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 } + 

1158 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic) + Na}+ 

1136 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic) + H}+ 

1127 {Co(II)( NO2)[12-MCCo(III)N(Shi)-4](Pic)2} + 

1089 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)}+ 

996  {Co(II)(Piv)[12-MCCo(III)N(Shi)-4]} + 

 

8: m/z (methanol) 

 

1275 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)3} + 

1251 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 + Na}+ 

1229 {Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 + H}+ 

1220 {Co(II)( NO2)[12-MCCo(III)N(Shi)-4](Pic)3} + 

1182 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)2 } + 

1089 {Co(II)(Piv)[12-MCCo(III)N(Shi)-4](Pic)}+ 

996  {Co(II)(Piv)[12-MCCo(III)N(Shi)-4]} + 
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3.9.5 1H-Nuclear Resonance Spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 1H-NMR spectrum of 1 in chloroform; colored numbers represents assign-

ment of the signal; different colors encode distinguishable ligands, different numbers 

encode different H-positions 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 1H-1H Cosy NMR spectrum of 1 in chloroform; colored numbers represents 

assignment of the signal; different colors encode distinguishable ligands, different num-

bers encode different H-positions 
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δ (ppm) Multiplicity  Assignment Equivalent Protons 

0.48 s Piv 9 

0.64 s Piv 9 

0.99 s Piv 9 

1.16 s Piv 9 

1.29 s Piv 9 

0.75-4.00 m Pip  

6.46-6.49 t Shi-H3 1 

6.63-6.68 m 
Shi-H3 

Shi-H3 

1 

1 

6.75-6.77 d Shi-H1 1 

6.91-6.96 m 
Shi-H2 

Shi-H1 

1 

1 

7.00-7.08 m 
Shi-H2 

Shi-H2 

1 

1 

7.11-7.13 d Shi-H1 1 

7.45-7.47 d Shi-H4 1 

7.85-7.87 d Shi-H4 1 

8.27-8.29 m Shi-H4 1 

Table 45 Assignment of the signals in the 1H-NMR spectrum of 1 in chloroform 
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δ (ppm) Multiplicity  Assignment 
Equivalent Pro-

tons 

6.44-6.48 t Shi-3 2 

6.75-6.80 m 
Shi-3 

Py-B 

2 

4 

6.85-6.89 t Py-B 4 

6.94-6.98 t Shi-2 2 

7.05-7.08 t Py-B 4 

7.10-7.12 d Shi-1 2 

7.26-7.30 m 

Shi-1 

Shi-2 

Py-C 

2 

2 

2 

7.31-7.35 t Py-B 4 

7.37-7.41 t Py-C 2 

7.53-7.57 t Py-C 2 

7.75-7.78 t Py-C 2 

7.90-7.91 d Py-A 4 

8.02-8.04 d Shi-4 2 

8.36-8.38 d Shi-4 2 

8.52-8.53 d Py-A 4 

8.62-8.63 d Py-A 4 

8.66-8.68 d Py-A 4 

Table S46 Assignment of the signals in the 1H-NMR spectrum of 2 in dichlormethan 
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Figure 23 1H-NMR spectrum of 2 in dichlormethane; colored numbers represents as-

signment of the signal; different colors encode distinguishable ligands, different num-

bers encode different H-positions 
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Table S47 Assignment of the signals in the 1H-NMR spectrum of 2 in dichlormethane 

 

 

 

 

 

 

 

δ (ppm) Multiplicity Assignment Equivalent Protons 

6.43-6.47 t Shi-3 2 

6.77-6.83 m 
Shi-3 

Py-B 

2 

4 

6.90-6.93 t Py-B 4 

6.94-6.97 d Shi-2 2 

7.02-7.04 d Shi-1 2 

7.11-7.14 t Py-B 4 

7.26-7.30 m 

Shi-1 

Shi-2 

Py-C 

2 

2 

2 

7.32-7.36 m Py-B 4 

7.40-7.44 t Py-C 2 

7.63-7.66 t Py-C 2 

7.75-7.78 t Py-C 2 

7.92-7.93 d Py-A 4 

8.06-8.07 d Shi-4 2 

8.34-8.36 d Shi-4 2 

8.58-8.61 m 
Py-A 

Py-A 

4 

4 

8.76-8.77 d Py-A 4 
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3.9.6 Static Magnetism 

 

Figure S24 plot of the reduced magnetization versus the applied field for 4; dashed 

lines represent guidelines for the eyes 

 

 

Figure S25 plot of the reduced magnetization versus the ratio of applied field and tem-

perature for 4; dashed lines represent guidelines for the eyes  
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Figure S26 plot of the reduced magnetization versus the applied field for 5; dashed 

lines represent guidelines for the eyes  

 

 

Figure S27 plot of the reduced magnetization versus the ratio of applied field and tem-

perature for 5; dashed lines represent guidelines for the eyes  
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Figure S28 plot of the reduced magnetization versus the applied field for 8; solid lines 

represent the best fit results according to an effective spin Hamiltonian with zero-field 

splitting parameter 

 

 

Figure S29 plot of the reduced magnetization versus the ratio of applied field and tem-

perature for 8; solid lines represent the best fit results according to an effective spin 

Hamiltonian with zero-field splitting parameter 

 LM = NAOP) + Q'AOR) − AOP). + S0TUVWAOL (S4) 
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3.9.7 Dynamic Magnetism 

 

Figure S30 plot of the out-of-phase susceptibility versus temperature under zero applied 

static field for 5; solid lines represent guidelines for the eyes 

 

 

Figure S31 plot of the out-of-phase susceptibility versus temperature under zero applied 

static field for 8; solid lines represent guidelines for the eyes 
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Figure S32 plot of the in-phase susceptibility versus temperature under zero applied 

static field for 5; solid lines represent guidelines for the eyes 

 

 

Figure S33 plot of the in-phase susceptibility versus temperature under zero applied 

static field for 8; solid lines represent guidelines for the eyes 
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Figure S34 plot of the out-of-phase susceptibility versus temperature under an applied 

static field of 1500Oe for 4; solid lines represent guidelines for the eyes 

 

 

Figure S35 plot of the out-of-phase susceptibility versus temperature under an applied 

static field of 1500Oe for 5; solid lines represent guidelines for the eyes 
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Figure S36 plot of the in susceptibility versus temperature under an applied static field 

of 1500Oe for 4; solid lines represent guidelines for the eyes 

 

 

Figure S37 plot of the in susceptibility versus temperature under an applied static field 

of 1500Oe for 5; solid lines represent guidelines for the eyes 
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Figure S38 plot of the in susceptibility versus temperature under an applied static field 

of 1500Oe for 8; solid lines represent guidelines for the eyes 

 

 

Figure S39 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 4; solid lines represent the best fit results according to a generalized 

Debye model 
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Figure S40 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 4; solid lines represent the best fit results according to a generalized 

Debye model 

 

Figure S41 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 5; solid lines represent the best fit results according to a generalized 

Debye model 
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Figure S42 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 5; solid lines represent the best fit results according to a generalized 

Debye model  

 

 

Figure S43 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 8; solid lines represent the best fit results according to a generalized 

Debye model 
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Figure S44 Cole-Cole plot of in- and out-of-phase susceptibility under an applied static 

field of 1500Oe for 8; solid lines represent the best fit results according to a generalized 

Debye model 

 

 

Figure S45 plot of out-of-phase susceptibility versus frequency under an applied static 

field of 1500Oe for 4; solid lines represent the best fit results according to a generalized 

Debye model 
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Figure S46 plot of out-of-phase susceptibility versus frequency under an applied static 

field of 1500Oe for 5; solid lines represent the best fit results according to a generalized 

Debye model 

 

 

Figure S47 plot of in-phase susceptibility versus frequency under an applied static field 

of 1500Oe for 4; solid lines represent the best fit results according to a generalized De-

bye model 
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Figure S48 plot of in-phase susceptibility versus frequency under an applied static field 

of 1500Oe for 5; solid lines represent the best fit results according to a generalized De-

bye model 

 

 

Figure S49 plot of in-phase susceptibility versus frequency under an applied static field 

of 1500Oe for 8; solid lines represent the best fit results according to a generalized De-

bye model 
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Figure S50 Arrhenius plot of the natural logarithm of the relaxation time versus the 

reciprocal temperature under an applied static field of 1500Oe for 4; solid line repre-

sents the fit result of the high temperature range according to the Arrhenius equation 

 

 

Figure S51 Arrhenius plot of the natural logarithm of the relaxation time versus the 

reciprocal temperature under an applied static field of 1500Oe for 5; solid line repre-

sents the fit result of the high temperature range according to the Arrhenius equation 
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Figure S52 Arrhenius plot of the natural logarithm of the relaxation time versus the 

reciprocal temperature under an applied static field of 1500Oe for 8; solid blue line rep-

resents the fit result of the high temperature range according to the Arrhenius equation; 

solid green line represents the fit result of the high temperature range according to a 

model regarding Orbach and Raman relaxation process 

 

 

Figure S53 plot of relaxation rate versus the temperature from experimental data under 

an applied static field of 1500Oe for 8 and for the corresponding calculated contribu-

tions of Orbach and Raman relaxation according to the fit result of the high temperature 

data of the relaxation times 
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Figure S54 plot of the relative contributions of Orbach, Raman and remaining relaxa-

tion process to the overall relaxation rate based on the fit of the high temperature data of 

the relaxation time according to a model regarding Orbach and Raman relaxation of the 

experimental data under an applied static field of 1500Oe for 8; relative values above 

9.1K were calculated using the optimized fit parameters of Orbach and Raman relaxa-

tion and setting their sum equal to the overall relaxation rate 

 

 

Figure S55 Cole-Cole plot of in- and out-of-phase susceptibility at a temperature of 2K 

under different applied magnetic fields for 4; solid lines represent the best fit results 

according to a generalized Debye model 
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Figure S56 Cole-Cole plot of in- and out-of-phase susceptibility at a temperature of 2K 

under different applied magnetic fields for 5; solid lines represent the best fit results 

according to a generalized Debye model 

 

 

Figure S57 Cole-Cole plot of in- and out-of-phase susceptibility at a temperature of 2K 

under different applied magnetic fields for 8; solid lines represent the best fit results 

according to a generalized Debye model 
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Figure S58 plot of out-of-phase susceptibility versus frequency at a temperature of 2K 

under different applied magnetic fields for 5; solid lines represent the best fit results 

according to a generalized Debye model 

 

Figure S59 plot of out-of-phase susceptibility versus frequency at a temperature of 2K 

under different applied magnetic fields for 8; solid lines represent the best fit results 

according to a generalized Debye model 
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Figure S60 plot of in-phase susceptibility versus frequency at a temperature of 2K un-

der different applied magnetic fields for 4; solid lines represent the best fit results ac-

cording to a generalized Debye model 

 

 

Figure S61 plot of in-phase susceptibility versus frequency at a temperature of 2K un-

der different applied magnetic fields for 5; solid lines represent the best fit results ac-

cording to a generalized Debye model 
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Figure S62 plot of in-phase susceptibility versus frequency at a temperature of 2K un-

der different applied magnetic fields for 8; solid lines represent the best fit results ac-

cording to a generalized Debye model 

 

 

Figure S63 plot of the relaxation time versus the applied magnetic field at a temperature 

of 2K for 4 
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Figure S64 plot of the relaxation time versus the applied magnetic field at a temperature 

of 2K for 5 

 

 

Figure S65 Cole-Cole plot of in- and out-of-phase susceptibility at a temperature of 5K 

under different applied magnetic fields for 5; solid lines represent the best fit results 

according to a generalized Debye model 
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Figure S66 plot of out-of-phase susceptibility versus frequency at a temperature of 5K 

under different applied magnetic fields for 5; solid lines represent the best fit results 

according to a generalized Debye model 

 

 

Figure S67 plot of in-phase susceptibility versus frequency at a temperature of 5K un-

der different applied magnetic fields for 5; solid lines represent the best fit results ac-

cording to a generalized Debye model 
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Figure S68 plot of the relaxation time versus the applied magnetic field at a temperature 

of 5K for 5 

 

 

Figure S69 comprehensive plot of the height of the effective energy barrier versus the 

octahedral shape measure for current examples of mononuclear sixfold coordinated 

Co(II) SMMs; color code: red - literature, blue - present work 
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Figure S70 comprehensive plot of the height of the effective energy barrier on the 

shape map for the interconversion from ideal octahedron and trigonal prism for current 

examples of mononuclear sixfold coordinated Co(II) SMMs; radii of the data points are 

proportional to the effective energy barrier; color code: red - literature, blue - present 

work, black dashed line - minimum distortion path between ideal octahedron and trigo-

nal prism 

 

 

 XYY�XY� = −
X6 − XZ2 ∙ tan	�2̂ ∙ �1  _�� * `�X

Y  XZ��X6  XY� * �X6  XZ�²4b_E²�2̂ ∙ �1  _�� (S5) 

 

 XY�c� � XZ * �X6  XZ� ∙ 1 * �cd�&�e ∙ sin	�h ∙ 2̂�1 * 2 ∙ �cd�&�e ∙ sin	�h ∙ 2̂��cd�)�&�e� (S6) 

 

 d�& � i ∙ L, ∙ j * k&1 * k) ∙ L) (S8) 

 

 

 ln�d� � ln�d6� ∙ mnoop ∙ �1j� (S7) 
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 d�& = i ∙ L, ∙ j +
k&

1 + k) ∙ L)
+ q ∙ jr (S9) 

 

 

 d�& = i ∙ L, ∙ j +
k&

1 + k) ∙ L)
+ q ∙ jr + d6

�& ∙ exp	�mnoopj � (S10) 
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1 + �D ∙ cd&��&�es� +
X6) − XZ)

1 + �D ∙ cd)��&�et� (S12) 
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4 Conclusion and Outlook 

The achieved results of the two here described sub-projects of heterometallic and het-

erovalent cobalt metallacoronates provide significant contributions to the areas of metal-

lacrown chemistry as well as single-molecule magnetism based on virtually magnetical-

ly isolated transition metal ions and have simultaneously proven the high capability of 

both new developed strategies to exploit the distinguished features of 12-MC-4 transi-

tion metal complexes for the research on single-molecule magnets.  

The first 3d heterometallic 12-MC-4 metallacoronate Cu(II)(DMF)2Cl2[12-

MCFe(III)N(Shi)-4](DMF)4 has been designed according to a novel magnetic director ap-

proach and synthetically realized. Causing a high-spin ground state of approximately S 

= 11/2, the new developed concept accomplishes its intension to overcome the common 

mutual cancelation of the spins in 12-MC-4 complexes and therefore achieves the ful-

fillment of an essential requirement for SMM behavior. Here, the central Cu(II) ion as 

the magnetic director enforces a more parallel alignment of the high single-ion spins of 

Fe(III) ions in the cyclic host via strong antiferromagnetic interactions. The still missing 

signs of slowed relaxation might be triggered for the concrete example via a additional 

synthetic manipulation of the molecular configuration and the coordination environment 

of the Fe(III) ions. For that purpose, these measures provide the potential to fine-tune 

the energetic order and separation of the spin states and especially achieve a negative 

magnetic anisotropy as second necessary condition. The exchange of the ring metal ions 

by species which are more capable for strong single-ion contributions to the magnetic 

anisotropy like Mn(III) ions remains a promising task for future work. However, the 

novel developed magnetic director approach has clearly revealed its general potential to 

overcome the intrinsic handicap of the connectivity pattern of the coupling pathways in 

the 12-MC-4 clusters and to attain a high-spin ground state in spite of antiferromagnetic 

coupling. Therefore, it represents a uniquely targeted procedure to turn 12-MC-4 metal-

lacoronates and other pseudo-star-shaped complexes into novel multinuclear single-

molecule magnets with valuable features for current issues in SMM research. 

On the other side, the first cobalt complexes of the pioneering ligand salicylhydroxamic 

acid have been established and the richness of the chemistry of this compounds class 

has been explored with the help of eight varied examples. In that respect, rare or com-

pletely unknown structural features have been observed like central vacancy, reverse of 

the sequence of the characteristic repetition units, perpendicular and partial tilting of 

salicylhydroximate ligands out of the least-square plane of the metal ions, variable ar-

rangement of the bridging ligands relative to each and the complexation of additional 

cations via peripheral donor atoms of the metallacoronate as supramolecular ligand. 
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These singularities can be ascribed to combination of a non-degeneracy of the d6 low 

spin ground state in an octahedral environment for the Co(III) ions in the ring and the 

flexibility of the central Co(II) guest ion concerning the shape of its coordination 

sphere. Due to the simultaneous discovery of the single-molecule magnetic behavior of 

some examples of the Co[12-MCCo(III)N(Shi)-4] compounds based on the virtually mag-

netically isolated Co(II) ion at the core, the recognized structural versatility is assigned 

to an even greater functional relevance. As the static and dynamic magnetic properties 

of divalent high-spin cobalt ions are strongly correlated with their coordinative envi-

ronment, the opportunity of a precise synthetic control over the shape of the coordina-

tion spheres in the novel cobalt coronates provides a unique foundation for their sys-

tematic investigation and optimization. For that purpose, the bridging and secondary 

ligand as well as the peripheral attached additional cations have been identified and ap-

plied as synthetic tools for the engineering of the magnetism of the central guest ion via 

its coordination sphere. The cyclic scaffold of the new cobalt metallacrowns has hence 

established as a versatile interface to SMM features based on a virtually magnetically 

isolated Co(II) ion by the realization of three novel single-molecule magnets with ener-

gy barriers of 14, 35 and 79 K. While the effects of quantum tunneling and the direct 

process are evident from the field dependence of the relaxation times at low tempera-

tures, a significant importance of the Raman relaxation process was determined at mod-

erate to high temperatures for a sample of Co(II)(NO2)(Piv)[12-MCCo(III)N(Shi)-4](Pic)6. 

Not until the highest relevant temperatures above 9K for the applied measurement set-

up, the Orbach process takes over as dominant relaxation mechanism for this compound 

of the series with the highest energy barrier. Furthermore, a field induced transfer from 

a faster to a by magnitudes slower relaxation pathway can be observed for the SMM 

with the smallest barrier and its investigation represents an interesting task for future 

work. Magneto-structural correlations reveal an increase of the height of the energy 

barrier along the interconversion pathway from an octahedral to a trigonal prismatic 

coordination sphere and therefore confirm the potential of the latter shape for the crea-

tion of high-performance single-molecule magnets. These findings indicate the high 

capability of the here developed platform for the establishment and refinement of a 

comprehensive model of the single-molecule magnetism of virtually magnetically iso-

lated Co(II) ions as a current hot topic in magneto-chemical. 

Giving a final outlook beyond the above outlined great scopes of the two basic strate-

gies, the first steps towards the exploration of an ilk of next generation metallacrown 

ligands are depicted in the following. These provide additional donor atoms which are 

linked to the actual main ligand fragment via flexible spacer groups like alkyl chains. 

Due to its less preorganization, the upgrade does not prevent the formation of the basic 

metallacrown motif but hold the potential to control the selectivity for different guest 

ions as well as their number and position, the selection of secondary ligands, the molec-
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ular configuration of the cyclic host, the attachment of additional cations and the inter-

molecular linkage. In that respect, the change of the amount of anionic charges, steric 

effects and the degree of spatial flexibility in dependence of the spacer represent the 

envisioned effective forces of the interference.  Some of these aspects can be recognized 

from a first example of an early stage result. So, an anthranilhydroxamic acid armed 

with an ethyl-spacered carboxylic acid moiety has been prepared and applied for the 

evolution of a heterometallic metallacrown. While the regular cyclic host is formed by 

the rigid donor sets and Cu(II) ions, the flexibly associated carboxylate groups in coop-

eration with the charge balance give rise to a complexation of two Mn(II) guest ions 

above and below the least-square plane of the metal ions because the spacer admits two 

of these moieties to function as monodentate bridging ligands. Simultaneously, the pe-

ripheral scaffold significantly deviates from planarity and the guest ions are only coor-

dinated by three of the central hydroximate oxygen donor atoms each. The remaining 

spacered moieties additionally link the coronate with adjacent clusters. Hence, this ex-

emple demonstrates the enhanced control of the shaping via next generation ligands and 

distinguishes the latter as powerful upgrade of the capability of metallacrowns for the 

targeted generation of advanced magnetic materials. 

 

Figure 1 anthranilhydroxamic acid armed with an additional ethyl-spacered carboxylic 

acid as example of a next generation metallacrown ligand (left) and molecular structure 

of a first corresponding heterometallic metallacoronate (right); color code: light blue - 

Cu(II), orange - Mn(II), red - O, dark blue - N, black - C 

 

 



  

 


