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Chapter 1 
 

General introduction: 

background and overview 
 

 

“We turn clay to make a vessel, 

but it is on the space where there 

is nothing that the usefulness of 

the vessel depends.” 

Laotse 

 

 

 

 

 

 

 

 

Abstract: An overview on porous and hollow molecular materials such as coordination polymers, 

metal-organic frameworks (MOFs), metal-organic polyhedra (MOPs) and zeolites, focusing on 

their applications in catalysis, properties and historical development. 
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1.1 Porous materials: an overview 

Derived from the greek word “πορος” = hole, any voids created by the preparation (or the 

application) of materials are termed pores. This chapter focuses on open porosity, where the 

pores are in contact with the surrounding media. Porous solids are of scientific and 

technological interest because of their ability to interact with atoms, ions and molecules not 

only at their surfaces, but throughout the whole bulk of the material. Not surprisingly, 

traditional applications of porous materials thus involve ion exchange, adsorption, separation 

and catalysis.[1,2,3] 

The distribution of sizes, shapes and volumes of the void spaces in porous materials directly 

relates to their ability to perform the desired function in a particular application. The need to 

create uniformity within the pore size, shape and volume has steadily increased over recent 

years because it can lead to superior properties in applications. For example, a material with 

uniform micropores, such as a zeolite or metal-organic framework (MOF), can separate 

molecules on the basis of their size by selectively adsorbing a small molecule from a mixture 

containing molecules too large to enter its pores (sieving effect). Clearly, a distribution of 

pore sizes, as in activated carbon or aerogels, would limit the ability of the solid to separate 

molecules of differing sizes. In addition to the pore space itself, the atoms in the solid creating 

that space can be important. For example, molecular sieves comprising pure silica are more 

hydrophobic and can thus adsorb organic components from water, whereas molecular sieves 

comprising aluminosilicate are more hydrophilic and can thus adsorb water from organic 

solvents.[1,2] 

1.1.1 Porosity and adsorption 

A widely applied technique to study the pore size and surface area of porous materials and to 

proof permanent porosity is argon or nitrogen physisorption. Already from the shape of the 

nitrogen adsorption and desorption isotherm valuable information on the presence and shape 

of the pores can be deduced. The concept of adsorption as related to an area of exposed 

surface was developed by Irving Langmuir[4] in his work on the “condensation” of gases on 

surfaces. From these studies emerged the concept of adsorption as a dynamic equilibrium 

between a gas and a solid surface resulting in a surface layer that is only one molecule thick, a 

concept that quite naturally led to the Brunauer, Emmett, and Teller (BET) treatment of 

multilayer adsorption.[5] The BET equation is still commonly used for the determination of 

surface areas of porous solids.[2] 
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Microporous materials such as zeolites and MOFs possess surfaces that are far from flat, 

contrary to the assumptions used to derive the BET equation. Classical models for the analysis 

of adsorption isotherms, such as the BET equation, are in principle not applicable because of 

the strong adsorption forces in micropores resulting from the overlap of force fields from 

opposite pore walls. Consequently, adsorption in microporous materials occurs predominantly 

by a pore-filling mechanism rather than by layer formation. Despite these facts which might 

question the applicability of the BET method, it was shown by Grand Canonical Monte Carlo 

(GCMC) simulations which were used to calculate the theoretical nitrogen adsorption 

isotherms for a series of metal-organic frameworks that the simulated nitrogen isotherms and 

BET surface areas agree well with the ones obtained experimentally.[6] 

Pores are classified according to their pore diameter as follows: micropores have diameters 

less than about 2 nm; mesopores have diameters between 2 and 50 nm; and macropores have 

diameters greater than about 50 nm. Adsorption by mesopores is dominated by capillary 

condensation, whereas filling of micropores is controlled by stronger interactions between the 

adsorbate molecules and pore walls. It is noteworthy that this nomenclature addresses pore 

width but not pore shape, and pore shape can be important in some circumstances, such as 

when dealing with shape selective molecular sieve behaviour. The IUPAC classification of 

adsorption isotherms is illustrated in Figure 1.1.[7] 

 

 
Figure 1.1. IUPAC classification of adsorption isotherms. 
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The six types of isotherms are characteristic of adsorbents that are microporous (type I), 

nonporous or macroporous (types II, III, and VI), or mesoporous (types IV and V). A 

hysteresis between adsorption and desorption branch appearing in the multilayer range of 

physisorption isotherms is usually associated with capillary condensation in rigid mesoporous 

structures, but occurs as well for flexible (breathing) porous materials which change their 

structure during adsorption and desorption.[8] The differences between types II and III 

isotherms and between types IV and V isotherms arise from the relative strengths of the fluid-

solid and fluid-fluid attractive interactions: types II and IV are associated with stronger fluid-

solid interactions, and types III and V are associated with weaker fluid-solid interactions. The 

hysteresis loops usually exhibited by types IV and V isotherms are associated with capillary 

condensation in the mesopores. The type VI isotherm represents adsorption on nonporous or 

macroporous solids where stepwise multilayer adsorption occurs. 

The total pore volume can be determined using the Dubinin-Radushkevich theory which is 

based on continuous pore filling.[9] Since the attractive force weakens exponentially with the 

distance between the adsorbed layer and the surface, the smallest pores (with the highest 

adsorption potential) are filled first. The total pore volume V0 is obtained according to eqn. 1, 

where V is the volume of liquid adsorbate, B is the adsorbent constant and β the adsorbate 

constant: 

 

(1) 

 

The most recent theories describing an isotherm and pore size distributions are based on the 

Non-Local Density Functional Theory (NLDFT). The NLDFT method provides a microscopic 

and accurate description of fluids in confined geometries, and adsorption isotherms in single 

model pores are determined based on the intermolecular potentials of the fluid-fluid and solid-

fluid interactions. The total isotherm is represented as a number of individual “single pore” 

isotherms multiplied by their relative distribution.[10] 
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1.1.2 Tailored porous materials 

Porous materials and their applications have a long-lasting history, and each of the following 

classes of porous materials possesses unique features regarding pore shape, size and pore size 

distribution, the ease to tailor or vary the pore sizes, and its thermal stability. 

1.1.2.1 Porous carbons 

Already the first historical applications of porous materials took advantage of their adsorption 

capacities due to their high specific surface areas. Charcoal was used for drinking water 

filtration by ancient Hindus in India, and the use of carbonized wood as a medical adsorbent 

and purifying agent is described in Egyptian papyri as early as 1500 BC.[11] Around 400 BC, 

Hippocrates and Pliny record the use of charcoal to treat a wide range of complaints including 

epilepsy, chlorosis and anthrax. In the United States, the first production of activated carbon 

used black ash as the source, after it was accidentally discovered that the ash was very 

effective in decolorizing liquids. Powdered activated carbon was first produced commercially 

in Europe in the early 19th century, using wood as a raw material. This carbon found 

widespread use in the sugar industry. The first documented use of activated carbon in a large 

scale water treatment application was in 19th-century England, where it was used to remove 

undesirable odours and tastes from drinking water.[11] 

The major sources of active carbons are coals (lignites, bituminous coals, and anthracites), 

peat, wood, and a wide range of organic by-products of industry and agriculture. Activated 

carbon is often characterized by its extremely large surface area. In fact, the surface area per 

gram of material can range from 500 to 1400 square meters, and values as high as 2500 m2/g 

have been reported.[2,11] Porous carbons are amorphous materials with irregular shaped pores, 

their sizes ranging over the whole region of micro-, meso- and macropores. Because of their 

disorganized microstructure, porous carbons cannot be tailored by control of crystal structure, 

as is the case, for example, with zeolites and coordination solids. The pore size distribution in 

active carbons varies with the nature of the precursor, and by judicious choice of the precursor 

and by careful control of carbonization and activation it is possible to tailor, at least in part, 

active carbons for particular applications. Enough is known about the influence of processing 

on porosity in carbons to enable them, with care, to be tailored on the dimensions of the 

molecular level.[2] An additional advantage of porous carbons is their processibility, that is, 

their ability to be fabricated into a variety of macroscopic forms more easily than many other 

porous materials. Most industrial carbon materials are derived from organic precursors simply 

by heat-treatment in an inert atmosphere. 
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1.1.2.2 Sol-gel-derived oxides 

If water is evaporated from the pores of silica hydrogels,* porous xerogels (dried gels) are 

obtained. Porous, amorphous oxides of silicon and other elements (e.g. Al2O3, Fe3O4 or TiO2) 

are produced in this fashion commercially on a very large scale. They have found widespread 

application as high surface area catalysts, catalyst supports, chromatographic stationary 

phases, and gas sorbents.[2,12] Their sorption properties complement those of porous carbons, 

since carbons are more hydrophobic and tend to selectively adsorb hydrocarbons. 

Since the capillary forces upon solvent removal take effect on a very small area where the 

wetted capillary wall and the meniscus of the liquid meet, the wall will not be able to 

withstand such a highly localized stress and can contract, eventually collapsing the gel body 

of the xerogel. When the liquid within a gel is removed under supercritical conditions (above 

its critical temperature and pressure), so-called aerogels are obtained instead. These aerogels 

are usually of very low density, can be made in large pieces (monolithic structures), and can 

also be transparent. Compared to conventional non-porous catalysts, their activity and 

selectivity in various catalytic reactions appear to be much higher.[12] 

Mesoporous materials with regular pore sizes adjustable in the range of ca. 2.0-20.0 nm can 

be synthesized by using long-chain surfactant molecules as templates.[3,13] These materials, 

the most investigated members being MCM-41[14] and SBA-15[15] silicas, extended the size 

range accessible with systems possessing a sharp pore size distribution into the mesopore 

range. Lamellar (e.g., MCM-50), hexagonal (e.g., MCM-41 and SBA-15), and cubic (e.g., 

MCM-48) types are known.[13] The materials are ordered, but not conventionally crystalline, 

since the pore walls are usually amorphous. The availability of these mesoporous materials 

has opened up unprecedented opportunities for dealing with large molecules such as 

biomolecules and heavy oils,[16] and molecular catalysts can be heterogenized on ordered 

mesoporous silica forming single-site catalysts.[13] 

 

                                                                                                                                                   
* A gel is a colloidal system of solid character in which the dispersed substance forms a continuous, ramifying, 

coherent framework that is interpenetrated by a system (usually liquid) consisting of kinetic units smaller than 
the colloidal entities. Silica hydrogels can be prepared by acidification of basic aqueous silicate solutions or 
the hydrolysis of silicon alkoxides, leading to condensation and polymerisation. 
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1.1.2.3 Zeolites and oxide molecular sieves 

Zeolites (from the Greek for "boiling stone," referring to the visible loss of water that occurs 

when zeolites are heated) are crystalline aluminosilicates containing crystallographically 

defined pores and cavities of molecular dimensions (ca. 0.3-1.5 nm). Their key properties are 

size and shape selectivity, together with the potential for strong acidity. Many occur as natural 

minerals, but it is the synthetic varieties which made them the most widely used sorbents, 

catalysts and ion-exchange materials in the world.[3] Microporous zeolites still constitute the 

largest class of industrially synthesized and applied crystalline molecular sieves: the 

dehydrated natural minerals, for instance, reversibly adsorb water and methanol vapours, but 

largely exclude others, such as ether and benzene vapours.[17] Lithium and calcium faujasites 

selectively adsorb nitrogen and are used for the separation of air.[18] Representative examples 

of zeolite structures are given in Figure 1.2. 

T
OT

O
T

O T
O=

T = Si4+, Al3+,P5+
 

 
pore aperture: 0.4 nm 

 
pore aperture: 0.5 nm 

 
pore aperture: 1.3 nm 

Figure 1.2. Representations of the zeolites LTA (left), ZSM-5 (middle) and the aluminophosphate VPI-5 (right). 
The line segments represent oxygen atoms that bridge between two tetrahedral atoms which are given as 
intersection points (inset at the upper left). These tetrahedral atoms are Si4+ which is periodically replaced with 
Al3+ for LTA and ZSM-5, and strictly alternating Al3+ or P5+ for VPI-5. Rhomboids indicate the unit cell.  

 

Whereas the primary building unit is the TO4 tetrahedra, the finite units (which can be 

constructed from the TO4 tetrahedra, e.g. rings, cages) occuring in zeolites and other 

tetrahedral frameworks are called secondary building units (SBU). SBU are derived assuming 

that the entire framework is made up of one type of SBU only. This definition of a SBU is 

different than used for metal-organic frameworks, where the polyatomic clusters are reduced 

to their points of extension, and the obtained topologies are named secondary building units 

(SBUs).[19] 



General introduction: background and overview 

8 

Zeolites are widely used as catalysts and adsorbents in the chemical and petroleum industries, 

e.g. ZSM-5-based catalysts for the conversion of methanol to gasoline, and also for the 

selective disproportionation of toluene into benzene and p-xylene.[20] Tailoring of function is 

possible since, for instance, Si-rich ZSM-5 is hydrophobic, whereas Al-rich ZSM-5 is 

hydrophilic. 

The AlPO4 family[21] demonstrated that such crystalline microporous materials don’t need to 

contain any silica at all. Up to this point, the largest rings found in the frameworks of either 

natural or synthetic zeolites contained 12 T-atoms.* However, the synthesis of the 

aluminophosphate VPI-5 in 1988 provided the first, well-characterized microporous material 

having 18-T-atom rings and a pore size of around 1.3 nm.[22] Widely different elements (e.g., 

transition metals) can be substituted into AlPO4 frameworks,[23] which for zeolites is only 

possible for materials of lower lattice charge (high-silica zeolites). 

The ability to tailor the pore size and shape of these porous materials would allow control 

over the diffusion of both reagents and products into and out of the porous medium, as well as 

control over the possible reaction intermediates that might form within the pore system, 

leading to size and shape selectivity in catalysis and separations. However, tailoring of 

porosity in oxide molecular sieves in terms of a priori structural design has proven to be 

extremely difficult due to the inherent complexity of the synthetic procedures employed: in 

general, oxide molecular sieves are prepared by hydrothermal synthesis methods which 

involve both chemical and physical transformations within an amorphous oxide gel, often in 

the presence of a template species.[2] 

 

1.1.2.4 Porous coordination polymers 

A different approach to prepare microporous solids involves the coordination of metal ions or 

clusters to so-called organic linker moieties (organic molecules such as bicarboxylates or 

bipyridines, which are able to link two or more different metal atoms or clusters), thus 

yielding open framework structures possessing open porosity (the pores are in contact with 

the surrounding media).[1,24,25] In addition, there might be other auxiliary components, such as 

blocking ligands, counteranions, and nonbonding guests or template molecules. The pore 

system of coordination polymers is crystallographically defined as in zeolites, but there is a 

                                                                                                                                                   
* T-Atoms are the tetrahedrally coordinated atoms in a zeolite or related material, e.g. Si4+, Al3+, P5+. 
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much wider range of framework constituents. Many coordination polymers are thermally 

remarkably stable, because many of the organic linker molecules also have high intrinsic 

stability, which is further increased by linking.[26] 

In fact, these materials have a long history starting from transition metal cyanide compounds, 

upon which early examples are Hofmann-type clathrates[27] and prussian blue type 

structures,[28] which are known to be materials that can reversibly absorb small molecules. 

Prussian blue as the very first man-made coordination polymer was probably synthesized for 

the first time by the paint maker Diesbach in Berlin around the year 1706,[29] whereas the 

structure of pure prussian blue (of formula FeIII
4[FeII(CN)6]3•15H2O) could not be solved 

earlier than 1973.[28b] The Hofmann clathrates of formula [M(NH3)2M'(CN)4]•2C6H6 (Figure 

1.3), synthesized in 1897, are two-dimensional networks based on square planar [Ni(CN)4]2– 

with benzene or other guests between the layers. Similar compounds with the composition 

[Ni(NH3)2Ni(CN)4]•G were obtained only with those organic molecules G whose molecular 

volumes were not greater than that of aniline – this finding was rated already in early years as 

a hint for the existence of cavities with a defined size.[30] 

 
Figure 1.3. Crystal structure of the Hofmann-type benzene clathrate 
[M(NH3)2M'(CN)4]•2C6H6. M: at octahedral position coordinated by two NH3 
ligands in trans positions; M'(CN)4: square planar tetracyanometallate. In Hofmann's 
benzene clathrate M = M' = Ni. Hydrogen atoms are omitted for clarity. 

 

In the years afterwards, different one-, two- and three-dimensional cyanide-bridged Hofmann-

type clathrates were synthesized, based e. g. on tedrahedral [Cd(CN)4]2– or [Hg(CN)4]2–, and 

elongated span distances were achieved when CN– is replaced by linear [NC-Ag-CN]–. 
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Already in 1965, materials from bi- and trivalent aromatic carboxylic acids with zinc, nickel, 

iron, aluminium, thorium and uranium possessing high thermal stability and a high metal 

content were reported, which nowadays might be called metal-organic frameworks (MOFs), 

metal–organic polymers or supramolecular structures.[26] However, no crystal structure or 

porosity characteristics were reported for these compounds. Beside these examples, 

coordination polymers were studied only scarcely until 1990, and research focused widely on 

two types of porous materials: zeolitic materials (aluminosilicates and aluminophosphates) 

and carbon-based materials. Open frameworks comprising metal-organic units gained 

renewed interest in the 1990s, and a wide range of one-, two-, and three-dimensional infinite 

frameworks have been generated with simple, linear linkers such as 4,4'-bipyridine and metal 

ions as ‘‘nodes’’.[31,32] These coordination polymers based on single metal ions as nodes show 

structural flexibility of the angles within the metal sphere, due to which attempts to evacuate 

or exchange guests within the pores results, with few exceptions,[31] in collapse of the host 

framework. 

The inability of these solids to maintain permanent porosity and to avoid structural 

rearrangements upon guest removal or even guest exchange (leading to collapse of the 

framework) has been an obvious shortcoming. However, the flexibility of organic ligands is 

strongly reduced when coordinating to polyatomic inorganic metal-containing clusters, and in 

this way coordination polymers that exhibit permanent porosity have now been prepared,[33] 

and the first such solid was called MOF-5.[33a] The term “metal–organic framework” (MOF) 

was introduced for crystalline coordination polymers which possess permanent porosity after 

evacuation of solvent molecules. 
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1.1.2.5 Metal-organic frameworks 

To simplify the structures, the polyatomic clusters are reduced to their points of extension, 

and the obtained topologies are named secondary building units (SBUs). The possible 

structural diversity of MOFs is enormous: 131 inorganic clusters as secondary building units 

(SBUs) have been identified only for carboxylate linkages.[34] Each of them might be used to 

create frameworks with organic units of different lengths (so-called isoreticular 

frameworks).[35] 
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Figure 1.4. Top: basic zinc acetate, dinuclear paddle-wheel complexes, and basic chrom acetate as examples for 
SBUs of octahedral, square planar and trigonal prismatic geometry, respectively. Bottom: structures resulting 
from the inorganic SBUs and the organic linkers shown above. Schematic drawings of MOF-5 (left), HKUST-1 
(middle) and MIL-101 (right) and are shown. The yellow polyhedra represent the metal ions. Hydrogen atoms 
and solvent molecules are omitted for clarity. 
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Intuitively, one would expect that the porosity increases with increasing length of the organic 

linker molecules. However, interpenetration or interweaving* of the structures counteracts this 

trend. Nevertheless, even for strongly interpenetrating networks, high porosity is possible as 

demonstrated for various materials.[33c] Porosity is one of the most remarkable features for this 

class of materials and possibly the most interesting feature with respect to catalysis. Surface 

areas are only ill-defined for such materials, but values of several thousand square meters per 

gram are usually quoted.[33] Some of the most studied MOF structures to date are MOF-5 (and 

its isoreticular analogues),[33a] HKUST-1[36] and MIL-101[37] which are illustrated in Figure 

1.4. 

Nevertheless, porous metal–organic frameworks are unlikely to compete with zeolites and 

other oxide-based porous materials in high-temperature applications owing to their limited 

long-term stability under such conditions and high cost. But the ability to prepare such solids, 

including frameworks with extra-large pores and high pore volumes, is nevertheless likely to 

open up many application possibilities in niche areas such as high-value added reactions (fine 

chemicals, individual enantiomers).[1] 

Developing MOFs into heterogeneous catalysts could yield several principal advantages, such 

as enhanced catalyst stability due to the spatial separation of single catalytic sites in the 

framework.[38] Metal-organic frameworks can possess high porosities in the absence of any 

non-accessible bulk volume (dead volume),[39] and – most evidently – their pore size(s), and 

thus their substrate shape and size selectivity, can be systematically tailored by employing 

different organic linkers.[40] 

Besides catalysis, the high porosity and the absence of hidden volumes in these new 

frameworks in principal render them quite useful for volume specific applications like 

adsorption (especially for hydrogen storage),[41] separation and purification purposes.[42] The 

use MOFs in gas purification was demonstrated by the removal of tetrahydrothiophene from 

natural gas[43] due to coordination to copper metal sites. Molecular sieving effects in MOFs 

which possess pores small enough to separate molecules by size or kinetic diameter have been 

observed.[44,45] MOF prototypes, such as the recently described MFU-4[46a] or magnesium 

formates,[39,46b–d] possessing narrow and structurally well-defined pores, can be used to 

                                                                                                                                                   
* Interpenetrating and interweaving nets are independent networks which cannot be separated without chemical 

bonds being broken. Interpenetrating nets are maximally displaced from each other, whereas interwoven nets 
are in close (non-covalent) contact. 
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separate gas mixtures containing molecules with very similar shape and kinetic diameters 

(e.g. separation of H2 from O2/N2).[39,46a,46c] On the other hand, the pores in MOF-5, for 

instance, are sufficiently large to allow an almost free diffusion of small molecules, in 

contrast to most zeolites.[47] 

 

1.1.3 Supramolecular assemblies 

The development of coordination polymer research was reinforced by the growth of two other 

closely related areas: crystal engineering and supramolecular chemistry (particularly 

metallosupramolecular chemistry). Crystal engineering seeks to understand why molecules 

pack in the ways that they do and to use that knowledge to deliberately engineer the 

arrangements of molecules in new materials. In fact, many supramolecular assemblies can be 

seen as molecular fragments of porous coordination polymers, e.g. molecular squares which 

resemble to a fragment of an infinite two-dimensional grid. The use of coordination-directed 

self-assembly offers a variety of opportunities for the preparation of nanoscopic 

supramolecular ensembles of predetermined shape, size, and symmetry. For example, 

numerous triangular and quadrangular two-dimensional assemblies as well as three-

dimensional ensembles including adamantanoids, boxes, prisms, tetragonal architectures and 

Platonic and Archimedean polyhedra, the latter also named metal-organic polyhedra (MOPs) 

or Nanoballs, have been reported.[48] 

 

1.1.4 Reactions in confined spaces 

Confinement of the active site in a cavity of molecular dimensions means that there is not 

enough room for the simultaneous presence of substrate and (several) solvent molecules in the 

active site, thus creating quasi vapour phase conditions conducive to fast reactions.[49] 

Additionally, certain spatial orientations between the educts might be favored, reducing the 

activation energy or even changing reaction pathways. Similar arguments were forwarded by 

Dewar[50] to explain the high activity of enzymes. The first and most impressive examples for 

catalysis in confined spaces (apart from the natural enzymes) are given from reactions inside 

hollow supramolecular assemblies. For instance, Fujita et al. also showed a photochemical 

oxidation of adamantane, which is not possible without the cage. Induced by the cavity, Diels-

Alder-reactions of anthracene derivates are proceeding on the positions which are less 
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reactive under normal conditions, and the cavity-directed synthesis of otherwise labile silanol 

oligomers within these self-assembled coordination cages is feasible (Figure 1.5).[51] 

Furthermore, the observed product selectivities during catalytic cracking reactions or 

alkylations in zeolites or MOFs are as well explained using the concept of reactions in 

confined spaces.[52] 

 

 

 N
Pd

N
=

R2

R2  

 

N

N

N

N N

N

=

 
 

OHOH
OH

O

SiSi

O
Si O

Si
OMe OMe

OMe

OOH OH

OH

N

O

O

OH

N

O

O

N

O

O

OH

sol-gel condensation
to networks

inside
cavity

without
cavity

X +

–MeOH
H2O

–MeOH
H2O

H2O, r.t.
30 min

hv

D2O
80 °C

+

 
Figure 1.5. Top: schematic drawing of a self-assembled supramolecular compound in 
which the Pd ions constitute the corners of an octahedron, and the organic linker is situated 
on half of the faces of the octahedron. Bottom: reactions catalyzed by the “molecular flask” 
shown above. The reactions in absence of the nanocage are shown for comparison. 
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1.1.5 Catalysis in metal-organic frameworks 

MOF-related catalysis was demonstrated experimentally for the first time already in 1994 by 

the catalytic cyanosilylation of aldehydes (eqn. 2),[53] although the used two-dimensional 

polymer of 4,4'-bipyridine and cadmium nitrate would most likely not have survived solvent 

removal. Notably, substrate-shape-selectivity was observed, indicating that aldehydes must 

enter the materials pores to reach catalytic sites. Nevertheless, only recently has there been 

extensive experimental exploration, since it has been necessary first to develop a substantial 

foundation of MOF synthetic chemistry. 

H

O

H

Me3SiO CN

+ Me3SiCN
Cd(4,4'-bipyridine)2(NO3)2

 
(2) 

 

Shape and size selectivity is a vital consideration for many industrial catalytic processes, and 

it is typically attained by using nanoporous catalysts.[45] Furthermore, due to the very open 

architecture, the self diffusion coefficients of molecules in many of these pore system are only 

slightly lower than in the bulk solvent.[47] As a result of their high surface areas, MOF-based 

catalysts contain a very high density of fully exposed active sites per volume.[54] in a MOF 

structure the stabilization of highly reactive species, like open metal-sites, is much easier than 

in the homogeneous phase: if the apical aquo-ligands are removed from the dinuclear complex 

Cu2(CH3COO)4•2H2O, the unsaturated Cu-centre will coordinate an oxygen donor from a 

second complex fragment to form a µ2-oxo bridge. In the related MOF HKUST-1, the open 

metal sites are stabialized by the spatial separation and are thus highly reactive, e.g. in the 

isomerisation of α-pinene oxide or the cyclisation of citronellal.[55] Stabilization of single 

catalytic sites by the framework due to spatial separation was first shown using a manganese 

complex of a modified salen ligand as a building block,[56] where this heterogenization 

reduced oxidant-induced damage of the salen struts by prohibiting the intermolecular 

oxidation between the salen ligands, and as well greatly increased the activity of the catalyst. 
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Three conceptually different approaches have been used to gain catalytically active MOFs: 

introducing catalytic metal centres at the nodes of the constituting secondary building units, 

attaching catalytically active functional groups or coordination units at the MOF struts (i.e. 

the organic linkers), and embedding nanosized metal clusters within the pores of the MOF. 

Finely dispersed, catalytically active metals (e.g. Cu, Pd, Pt, Au) or metal oxides inside the 

cavities of MOFs can be achieved by the gas phase deposition of volatile organometallic 

complexes[57] in the open cavities, or simply by solution impregnation,[58] enabling catalysis 

by MOF-encapsulated clusters. Pd@MIL-101, for instance, shows similar activity in Heck 

reactions like commercial catalysts,[59] and CO oxidation is feasible with Au@ZIF-8[60] or 

Pd@MIL-101.[58a] However, sintering or agglomeration of the metal nanoparticles occurs 

during catalysis in some cases,[61] and it seems difficult to achieve a homogeneous distribution 

of nanoparticles filling the internal MOF pores - as opposed to the likewise simple deposition 

of nanoparticles on the external surfaces of the MOF crystals.[62] 

The integration of functional groups or metal coordination units into the organic linkers that 

constitute the struts of the framework is an attractive and straightforward approach to MOF-

based heterogeneous catalysts. Known homogeneous molecular catalysts can thus be 

immobilized by employing them as struts. In several studies, metalloporphyrins,[63] Schiff-

base[64] or binaphthyl complexes[65] have been used as ligands. The problems related with this 

approach are most apparent for metalloporphyrin-based systems: 

1. porphyrinic MOFs featuring large open pores are highly susceptible to collapsing 

upon solvent removal; 

2. it is difficult to prevent saturation of the metal porphyrin’s “free” coordination sites 

(the active sites in catalysis), which thus become part of the framework itself; 

3. attempts to incorporate free-base porphyrins as struts (which would then be available 

for post-synthetic metallation) are generally frustrated by the tendency of the 

porphyrin ligand to scavenge and coordinate metal ions present in the initial MOF 

synthesis. 
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Up till now, the use of catalytically active metal centres positioned at the nodes of the MOF 

constituting secondary building units was predominantly explored for Lewis acid catalysis,[66] 

whereas examples on redox catalysis are rare. MOFs with copper metal centres, for instance, 

can catalyze the oxidative coupling of 2,6-dimethylphenol to form poly(1,4-phenylene ether). 

The C–O/C–C oxidative coupling selectivities that are comparable to those obtained for other 

homo- and heterogeneous catalysts (up to 90% C–O/C–C coupling under optimized reaction 

conditions), and display good substrate to catalyst ratios as well as short reaction times.[67] By 

using hydrogen peroxide and MIL-101 as catalyst, selective sulfoxidation of aryl sulfides 

becomes feasible.[68] Iron, copper or aluminium metal-organic frameworks showed to be 

active catalyst for the selective oxidation of xanthene to xanthone by tert-butyl 

hydroperoxide; however, the question as to whether or not catalytic activity might be due to 

leaching of metal ions from the nodes of the MOFs into solution was not addressed.[69] Corma 

et al.[70] have recently described the catalytic oxidation of tetralin with molecular oxygen, 

using the CoII containing metal-organic framework ZIF-9[71] as catalyst. They achieved 23% 

conversion (tetralone as main product) after 30 h. An induction period of about 10 h exists, in 

which no tetralin conversion was observed. This catalyst shows no metal leaching, however, 

the molecular dimensions of tetralin are 0.46 × 0.65 nm, whereas the pore aperture in ZIF-9 is 

only about 0.30 nm,[72] thus the intrapore diffusion of tetralin in ZIF-9 might be strongly 

hindered, which might indicate that the catalytic oxidation is primarily confined to the particle 

surface. However, it was found by several groups that ZIF-8 can accommodate larger 

molecules than it would be expected, based on the pore size as calculated from 

crystallographic data,[73] a phenomenon which is already known from zeolites.[74] On the other 

hand, it was demonstrated that only the surface of ZIF-8 operates in the transesterification of 

large molecules. 
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1.2 Aim and scope of this thesis 

Two main topics in the field of porous coordination compounds are the subject of this thesis. 

The first part is dedicated to the synthesis, structure and structural integrity of defined 

supramolecular Nanoballs and their covalent integration into polyurethanes (chapters 2–4). 

The second part addresses the structures of two novel metal-organic frameworks based on 

redox-active cobalt(II) ions, and their use in the heterogeneous catalysis of oxidation reactions 

(chapters 5-6). 

 

1.2.1 Solvolytic and kinetic stability of supramolecular Nanoballs and their use as 

monomers for polyurethanes 

The self-assembly of copper(II) ions and derivates of isophthalic acid (benzene-1,3-

dicarboxylate, 1,3-bdc) can lead to supramolecular Nanoballs in which twelve dinuclear 

copper(II) paddle-wheel units are interconnected via 24 ligands (Figure 1.6).[75] The solubility 

of these Nanoballs dependents on the functional group R in 5-position of 1,3-bdc, providing 

e.g. high solubility in alcohols for R = OH[75b] or high solubility in toluene, dichloromethane 

and THF for R = OC12H25.[75f] For the covalent incorporation of these copper(II)-containing 

Nanoballs into polyurethanes, an appropriate functional group R has to be found which shows 

sufficiently high reactivity towards isocyanates, and at the same moment provides high 

solubility in aprotic solvents which are inert towards isocyanates. 

 

 
 

R

COOOOC-
=

-
 

 

 
 
=

 

Figure 1.6. Structure of the supramolecular Nanoball comprised of copper(II) paddle-wheel 
complexes as square planar secondary building units interconnected at an angle of 120° by 
derivates of isophthalic acid. 

 



Chapter 1 

19 

The background for the incorporation of supramolecular Nanoballs into polyurethanes lies in 

the biocidal properties of the comprising copper(II) ions, since generally copper compounds 

show bactericidal, fungicidal, molluscicidal and virucidal properties.[76] Thus novel 

antifouling coatings[77] and materials such as medical gloves should be feasible.[78] Up to date, 

existing antifouling systems still bear a high potential of further improvements because of the 

currently poor control over the leaching of the active biocide.[79] 

Thus, new ligands with appropriate functional groups have to be synthesized, and suitable 

reaction conditions for the subsequent self-assembly process exclusively leading to the aimed 

supramolecular Nanoballs, and not to two- or three-dimensional networks, have to be found. 

The proof of successful formation of these Nanoballs demands structural characterization by 

single crystal x-ray crystallography or SAXS measurements in solution. By the covalent 

incorporation of these copper(II)-containing Nanoballs into polyurethanes, advantages such as 

increased longevity and reduced abrasion of the copper species are expected, thus the 

reactivity of these Nanoballs towards isocyanates and as well their incorporation into 

polyurethanes need to be examined. 

To investigate whether copper based Nanoballs provide benefits over simple dinuclear 

copper(II) paddle-wheel complexes for antifouling systems, the questions of how fast 

copper(II) ions are released from Nanoballs under acidic conditions (kinetic stability), and if 

the stability against solvolysis compared to simple binuclear copper(II) paddle-wheel 

complexes is changed (thermodynamic stability) need to be answered. 
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1.2.2 Cobalt(II)-based metal-organic frameworks for catalytic oxidation reactions 

At the time of the beginning of this work, no fully convincing report existed on the usage of 

metal-organic frameworks (MOFs) in oxidation catalysis. Developing MOFs into 

heterogeneous catalysts could yield several principal advantages, since they can possess high 

porosities[80] in absence of any non-accessible bulk volume (dead volume),[45] and no 

additional catalyst support materials are needed. 

Contrary to the well-defined molecular structure of homogeneous catalysts, which helps to 

explain their catalytic behaviour by exploring the structure-reactivity relationships, 

interactions on most heterogeneous catalysts are complex and thus the understanding on a 

molecular level is usually limited. MOFs possessing crystallographically well-defined active 

sites offer the opportunity to relate catalytic activities to the structures of simple secondary 

building units (SBUs). For MOFs active in redox catalysis, the following requirements seem 

necessary to be fulfilled: 

 Open-shell metal centres (enabling a change of the oxidation state during the 

catalytic cycles), 

 Coordinately unsaturated metal centres (for the stabilization of intermediates and the 

activation of educts), 

 Framework stability (against hydrolysis and metal leaching by nucleophilic or Lewis 

basic educts, intermediates or products). 

 

Thus, the second scope of this thesis was to create metal-organic frameworks based on redox-

active cobalt(II) ions or clusters as connectors or nodes, and to evaluate their performance in 

the heterogeneous catalysis of oxidation reactions. In the approach followed by this work, the 

metal ions in the secondary building units (SBU) are at the same time part of the framework 

structure and they act as catalytic centres. The challenging task is to find MOFs which are not 

only able to form reactive intermediates, but at the same time still maintain framework 

stability. 
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Combining polycarboxylate ligands and (transition) metal ions, moderately robust MOFs can 

be prepared, among which 1,4-benzenedicarboxylate (1,4-bdc, terephthalic acid) and 4,4'-

biphenyldicarboxylate (bpdc) represent archetypical linkers leading to highly porous non-

interpenetrated frameworks such as the well-known MOF-5 ([Zn4O(1,4-bdc)3]) or [81] 

IRMOF-9 ([Zn4O(bpdc)3]).[82]  

A fundamental disadvantage, however, is their low hydrolytic stability: decomposition of 

some of these frameworks occurs rapidly when the gas or liquid phase contains a few 

percentage of H2O,[83] which imposes severe limitations on their usage in catalytic 

oxygenation reactions, where H2O constitutes a major reaction product.  

According to the well-known Irving-Williams series,[84] the thermodynamic stability of 

complexes should increase, if late 3d transition metal ions (soft Lewis acids such as Co(II), 

Ni(II), or Cu(II)) are coordinated to soft Lewis base atoms such as N-heterocyclic aromatic 

ligands (e.g. pyridine or pyrazole ligands). The expected increase in thermodynamic stability 

is already gleaned by simply regarding the complete exchange of water against ammonia in 

tetraaquacobalt(II) (pK = 5.5).[85] In order to obtain hydrolytically stable and redox active 

metal-organic frameworks, the soft Lewis acid Co(II) should be coordinated to soft Lewis 

base atoms such as N-heterocyclic aromatic ligands (e.g. pyridine or pyrazole ligands). In 

order to obtain hydrolytically stable and redox active metal-organic frameworks, the 

heterocyclic ligand 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene, H2-bdpb was prepared to 

obtain a redox-active analogue of MOF-5 (Figure 1.7). 
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Figure 1.7. (a) Replacing acetate (ac) from basic zinc acetate (= [Zn4O(ac)6])[86] with 1,4-
benzenedicarboxylate (1,4-bdc) leads to the well-known metal-organic framework “MOF-
5” (= [Zn4O(1,4-bdc)3][81]) constructed from octahedral secondary building units (SBUs). 
(b) Similarly the novel redox-active MOF (“MFU-1”) can be derived from the 3,5-
dimethylpyrazolate (3,5-dmpz)-containing complex [CoII

4O(3,5-dmpz)6][87] by replacing 
pyrazolate ligands with 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene (H2-bdpb). 

 

When catalytic conversion by such a porous redox-active compound is found, several 

questions arise which demand answers: can multiple turnovers per catalytic centre be 

achieved? Is the catalyst stable throughout the course of catalysis? Is the catalysis truly 

heterogeneous – or is the transformation due to metal leaching into solution? Does the 

catalytic transformation proceed inside the pores or on defects at the external crystal surface? 

Which is the mechanism of the oxidation reaction? These questions will be addressed in 

Chapter 5 and 6 of this thesis. 
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Chapter 2 
Copper(II) Nanoballs as monomers for 

polyurethane coatings: 

syntheses, structures and structural integrity 
 

Abstract: The self-assembly of copper(II) ions and derivatives of benzene-1,3-dicarboxylate (1,3-

bdc) leads to hollow Nanoballs in which twelve dinuclear copper(II) paddle-wheel units are 

interconnected via 24 ligands. Geometrically, the twelve paddle-wheel units constitute the corners 

of a cuboctahedron. Three novel Nanoballs with the same {Cu24(1,3-bdc)24} core structure, but 

distinct solubilities, were prepared using mono-, di- and tetraethylene glycoxy functionalisations 

in 5-position of the ligand 1,3-bdc. The structures of the spherical coordination compounds 

decorated with 24 hydroxy end-groups have been determined by single crystal X-ray structure 

analyses, and additionally by SAXS measurements in solution to further confirm the structural 

integrity in N,N-dimethylformamide (DMF) as solvent. 

As a model for the covalent integration of Nanoballs into bulk polyurethane polymers and 

coatings, its reaction with phenylisocyanate was investigated. Based on these results, two series of 

polymers based on toluene-2,4-diisocyanate and ethylene glycol or diethylene glycol were 

prepared in the presence of different amounts of Nanoballs. 

In contrast to the structural integrity of the Nanoball in organic solvents such as DMF, in aqueous 

solutions and in the presence of an excess of ligand slow transformation into an isomeric three-

dimensional network occurs. No transformation is observed in organic solvents, qualitatively 

showing increased stability against solvolysis above simple dinuclear paddle-wheel complexes, 

whereas the structure isomerization hints increased dissociation of Nanoballs in aqueous 

solutions. 
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The synthesis, structure and structural integrity of copper(II) based Nanoballs, as well as derivatisation, 

isomerisation reaction and their use monomers in polyurethanes are highlighted in this chapter. 
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2.1 Introduction 

A broad range of existing and future applications for nanometer-sized hollow molecules is 

currently under discussion in literature: they can serve for instance as Nanoreactors, which are 

a simple mimic of enzymes for a diverse range of thermal and photochemical reactions.[1] 

Further present applications for (drug) delivery, storage, and separation technology[2] involve 

molecular recognition, host-guest chemistry and chiral recognition, while long-term goals are 

focused on the design of new materials with desirable properties and the manufacturing of 

nanoscale devices and molecular machinery.[3,4j] 

Tracking these aims, metal organic polygons[5] and metal-organic polyhedra (the latter usually 

abbreviated as MOPs, and also named Nanoballs, Nanocontainers or Nanocages),[4,6] have 

come to the foreground in the last few years, in addition to the well-established molecular 

organic containers.[7] These discrete and highly symmetric coordination compounds are built 

through the interconnection of metal ions or clusters with simple, polyfunctional organic 

ligands (so-called linkers), mostly containing nitrogen or carboxylate-based donor groups. 

Compared to classical organic multi-stage syntheses, coordination-driven self-assembly leads 

to nanometer-sized complexes with well-defined cavities in a single step and in high yields. 

One route to obtain Nanoballs in high yield is to interconnect copper(II) paddle-wheel 

coordination units at a 120° angle with the bifunctional ligand benzene-1,3-dicarboxylate 

(1,3-bdc) or its derivatives.[6] By changing the substituent R in the 5-position of 1,3-bdc, 

Nanoballs being highly soluble in solvents ranging from polar (high solubility in alcohols for 

R = OH)[6b] to nonpolar (high solubility in toluene, dichloromethane and THF for R = 

OC12H25)[6f] are obtained. 

However, assembling copper(II) paddle-wheel units with functionalised 1,3-bdc acids may 

not lead automatically and exclusively to Nanoballs. Alternatively, two- or three-dimensional 

networks[8,9] might be obtained, depending on many factors which can influence the self-

assembly process. These include the formation of metastable products if the reaction proceeds 

under kinetic control, the concentrations of the educts, the ligand-to-metal ratio, the pH, 

solvent effects, template molecules which direct the course of the self-assembly, temperature 

and the presence of sterically or electronically demanding groups.[7,10,11,12] 
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Among these, the concentrations and the ligand-to-metal ratio are the most crucial for the 

formation of cyclic or spherical self-assemblies. Moreover, thermodynamic principles seem to 

favour structures with small or no cavities.[13]  

Copper(II) based Nanoballs could serve as monomers in polymerisation reactions, i.e. to be 

covalently attached to polyurethanes. Nanoball modified polyurethane polymers are 

promising candidates for improved antifouling systems, since soluble copper compounds are 

known to act as bactericides, algaecides, fungicides and molluscicides.[14] However, existing 

antifouling systems still bear a high potential of further improvements because of the 

currently poor control over the leaching of the active biocide,[15] and, moreover, there is a 

steadily increasing demand for antifouling paints that exhibit minimal ecotoxicity, long-term 

durability and a controlled release rate of the biocide. For this aim, it was necessary to 

investigate Nanoballs with an appropriate surface functionalisation, since existing Nanoballs 

(R = OH in 5-position of 1,3-bdc)[6] showed poor solubility in solvents that are suitable for 

further urethane functionalisation. 

A comparison between supramolecular metal complexes and structurally similar low 

molecular metal complexes indicates that copper(II) based Nanoballs could solve these 

technical issues, at least in part. In aqueous solution, dinuclear copper(II) carboxylates tend to 

dissociate to a large extend,[16,*] whereas dissociation is reduced in less polar solvents.[17] For 

hydroxylated Nanoballs (R = OH in the 5-position of 1,3-bdc), however, spectroscopic studies 

suggest long-term stability of Nanoballs in methanol without any detectable dissociation,[18] 

showing increased thermodynamic stability, superior to that of simple dinuclear copper(II) 

carboxylates. Additionally, studies on the disassembly kinetics of other supramolecular 

architectures such as helices[19] show a much lower dissociation rate of supramolecular 

assemblies if compared to structurally similar basic coordination units. 

 

                                                                                                                                                   
* The equilibrium constants K1 and K2 for the dissociation of copper(II) acetate in water (mole L–1) were earlier 

determined to be 

  

Cu(OAc)2 Cu(OAc)+ + OAc

Cu2+ +Cu(OAc)+

K1 = 0.10–0.13 

K2 = 0.003–0.030 

-

OAc-
 

in the temperature range of 15-35 °C and for an ionic strength range of 0.0–3.0.[16] 
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This chapter presents the synthesis and characterization of copper based Nanoballs, and their 

stability under polymerisation conditions. In the chapters following afterwards, the next 

questions – how fast are copper(II) ions released from Nanoballs under mildly acidic 

conditions? Are there quantitative differences upon their thermodynamic stability compared 

to simple dinuclear paddle-wheel complexes? – are addressed. 

 

 

2.2 Results and discussion 

2.2.1 Linker syntheses 

The Nanoball based on 5-hydroxybenzene-1,3-dicarboxylate (termed 5-OH-bdc) was 

prepared according to literature,[6b] and showed low solubility in solvents other than methanol. 

Whereas alcohol or amine functionalised ligands are necessary for the covalent incorporation 

of Nanoballs into polyurethanes, also high solubilities of the resulting Nanoballs in inert 

solvents are required. Thus, the hydroxy group in the linker 5-OH-bdc was replaced by a 

mono-, di- or tetraethylene glycoxy group to alter the solubility. The ligands were synthesized 

from dimethyl 5-hydroxybenzene-1,3-dicarboxylate by etherification with oligoethylene 

glycol derivatives, followed by saponification and subsequent protonation (Scheme 2.1). 
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O
OH

CO2HHO2C

Cl
OH
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KI, K2CO3
CH3CN
reflux, 24 h

EtOH:H2O (1:1)
reflux, 6 h
HCl

1. K2CO3 / CH3CN / reflux, 22 h
2. NaOH / H2O / reflux, 6 h
3. HCl

1. KI / K2CO3 / cyclohexanone / reflux, 6 d
2. KOH / EtOH:H2O (10:1) / reflux, 7 h
3. HCl

KOH

 
Scheme 2.1. Synthetic routes for the linkers 1, 3 and 4. 
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The linker 5-(2-hydroxyethoxy)benzene-1,3-dicarboxylic acid 1 (termed 5-H2hebdc) was 

synthesized from dimethyl 5-hydroxybenzene-1,3-dicarboxylate and 2-chloroethanol with an 

improved synthesis compared to literature methods (47% yield instead of 25–35%).[20] The 

diethylene glycoxy functionalised linker, 5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-

dicarboxylic acid 3 (termed 5-H2he2bdc), was synthesized using 2-(2-chloroethoxy)ethanol to 

give the intermediate 2 after work-up, which was subsequently saponified and afterwards 

protonated to yield 3 in an overall yield of 77%. The tetraethylene glycoxy functionalised 

linker, 5-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy)benzene-1,3-dicarboxylic acid 4 

(termed 5-H2he4bdc), was synthesized in an overall yield of 39% using 2-(2-(2-(2-((4-

methylbenzenesulfonyl)oxy)ethoxy)ethoxy)ethoxy)ethanol. 

 

2.2.2 Nanoball syntheses 

The Nanoball 5 (based on 5-OH-bdc) was synthesized according to literature.[6b] Using similar 

conditions, precipitates form immediately from equimolar solutions of the ligand 1, 3 or 4 and 

copper(II) nitrate trihydrate in methanol after adding two equivalents of the non-coordinating 

base 2,6-dimethylpyridine (Scheme 2.2). The thus obtained Nanoballs 6, 7 and 8, 

respectively, were purified from the side-product 2,6-dimethylpyridinium nitrate by 

suspension in methanol and subsequent centrifugation and decantation (five times each). 
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Scheme 2.2. Synthetic route for the Nanoballs 5–8 (in schematic drawing) comprised from twelve copper 
paddle-wheel complexes (Cu2(OOCR)4, blue spheres) constituting the corners of a cuboctahedron which are 
linked at an angle of 120° by derivatives of benzene-1,3-dicarboxylates (black). 

Single crystals suitable for X-ray diffraction studies of the mono- and diethylene glycoxy 

functionalised Nanoballs 6 and 7 were obtained by slow solvent diffusion of acetone or 

butanol, respectively, into solutions of 6 or 7 in dimethyl sulfoxide (DMSO). These two 

compounds were refined as [Cu24(5-hebdc)24(DMSO)14(H2O)2(MeOH)8]·22DMSO·23MeOH 

(6) and [Cu24(5-he2bdc)24(DMSO)6(H2O)12(MeOH)6] (7). From 8, no suitable single crystals 

could be obtained. SAXS measurements in DMF solution, however, confirm the formation of 

a Nanoball. 
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At room temperature 5-8 are highly soluble in various solvents, and the solubilities depend on 

the length of the side-chain (Table 2.1). The hydroxy functionalised Nanoball 5 is highly 

soluble in methanol and only slightly soluble in DMF or DMSO, opposing the solubilities of 

the oligoethylene glycoxy functionalised Nanoballs 6-8. Thus, since protic solvents like 

methanol easily react with isocyanates, the latter are more suitable as monomers for the 

production of polyurethanes by solution polymerisation reactions. Despite their high solubility 

in DMF and DMSO, 6-8 were found to be practically insoluble in many other solvents, even 

in solvents structurally related to DMF and DMSO such as N,N-dimethylacetamide or 

sulfolane. 

Table 2.1. Solubilities of the synthesized Nanoballs. 

Solubility[a] (mg mL–1) 

Nanoball MeOH DMSO DMF DMF:H2O (1:1) 

5 125 0.2 5 <0.1 

6 <0.1 130 210 <0.1 

7 <0.1 160 290 85 

8 <0.1 360 670 350 

[a] At room temperature. Based on initial solvent volumes 
before solvation. Accuracy of values is ±10%. Solvation 
requires heating to 100-120 °C (except for methanol) and 
sonication. 

 

2.2.3 Transformation reaction 

In organic solvents, Nanoballs seem to be remarkably stable: spectroscopic studies by Larsen 

et al. showed no detectable dissociation of the hydroxylated Nanoball 5 (based on 5-OH-bdc) 

in methanol solution,[18] qualitatively showing the increased thermodynamic stability above 

the underlying dinuclear copper(II) carboxylates.[17] For simple dinuclear copper(II) paddle-

wheel complexes, on the other hand, dissociation is remarkably increased when changing 

from organic solvents to aqueous solutions.[16,17] Since the thermodynamic stability of 

Nanoballs might be accordingly decreased in aqueous solutions, dilution experiments for 

Nanoball 7 (based on 5-he2bdc) which is soluble in H2O:DMF (1:1) were performed.  

UV/VIS experiments show no change of the molar absorbances of 7 in DMF:H2O (1:1) upon 

dilution. In contrast, the dissociation constants of dinuclear copper(II) acetate can be obtained 

from dilution experiments,[16] since increased dissociation at lower concentrations results in 

reduced molar absorbances. Because the dissociation of the Nanoballs thus could be 
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kinetically hindered, the diprotonated ligand 5-H2he2bdc 3 was added to a solution of the 

Nanoball 7 to facilitate the dissociation of the complexes in order to evaluate the dissociation 

stability of 7. As a result, the molar absorbance of 7 in DMF:H2O (1:1) initially decreased 

during the course of several days to weeks, depending on the concentration of the further 

added ligand 3, and finally a green precipitate occurred. When the Nanoball 7 is dissolved in 

H2O:DMF (1:1) together with three equivalents of the ligand 3 per copper atom, single 

crystals suitable for X-ray structure analysis are obtained after several weeks, revealing that 

the Nanoball slowly transformed into the three-dimensional network [Cu(5-he2bdc)]•0.5 

H2O•0.5 DMF 9 (Scheme 2.3). This course from least stable to more stable (as well as less 

dense to more dense) polymorph of Cu(5-he2bdc) follows the classical Ostwald-Volmer 

rule.[21] 

 

O
O

HO2C CO2H

OH

3 eq.

DMF:H2O 1:1
room temperature
8 weeks  

 

7  9 
Scheme 2.3. Transformation of the Nanoball 7 into the three-dimensional network 9. 

Noteworthy, neither transformation of 7 into a three-dimensional network, nor a reduction of 

the molar absorbances is observed for solutions in anhydrous DMF or DMSO. These 

solutions have remained unchanged for up till now more than twelve months – even when up 

to 500 equivalents of the diacid ligand 3 per copper atom are present in these solutions. These 

results indicate that the Nanoball 7 seems to be virtually undissociated in organic solvents 

(even at high concentrations of H2L). The structure remains intact and no transformation is 

observed even at very high ligand-to-metal ratios of 500:1. 

Compared to open polymeric structures, an increased number of bonds between the 

constituents is possible in a cyclic or spherical arrangement, and will be favoured from the 

enthalpic point of view (since the donor and acceptor sites at each end of the open polymeric 

structures will always remain uncoordinated, contrary to the situation in a cyclic or spherical 

structure). When the ligand-to-metal ratio in solution mismatches the stochiometry of the 

cyclic or spherical supramolecular assembly, however, the enthalpic advantage diminishes 

due to the present excess of donor or acceptor sites.[7,10,11,12] 
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Thus, as soon as dissociation of the Nanoball occurs (as implied for aqueous solutions due to 

the isomerisation), equilibria with several open structures finally lead to insoluble precipitates. 

The absence of structural transformation in DMF or DMSO, on the other side, further 

supports structural integrity and strongly reduced dissociation of the Nanoballs in organic 

solvents. 

 

2.2.4 Thermogravimetric analyses (TGA) 

For the Nanoballs 6-8, the thermogravimetric analyses (TGA) show distinct weight-loss steps 

in the temperature range between 30 and 260 °C, corresponding to the complete loss of 

solvent molecules (Table 2.2). Further weight-loss occurs above 230 to 280 °C, which is 

ascribed to the decomposition of the Nanoballs. These results indicate a thermodynamic 

stability against decomposition until at least 230 °C, comparably with structurally similar 

compounds.[6c] 

 
Table 2.2. Observed and calculated weight losses in the thermogravimetric analyses of 6-8. 

   weight loss 

compound[a]  temperature measured expected[b] 

[Cu24(5-hebdc)24(DMSO)14(H2O)2(MeOH)8] 
·22DMSO·23CH3OH 

6   30–106 °C 
106–230 °C 
230–400 °C 

8.4% 
16.9% 
45% 

9.6% (MeOH, H2O) 
26.2% (DMSO) 
decomposition 

[Cu24(5-he2bdc)24(MeOH)24] 7   30–269 °C 
269–400 °C 

5.1% 
67.4% 

8.8% (MeOH) 
decomposition 

[Cu24(5-he4bdc)24(H2O)24] 8   30–160 °C 
280–500 °C 

3.8% 
67.9% 

4.1% (H2O) 
decomposition 

[a] The exact number and kind of coordinated solvent molecules is difficult to determine for this class of 
substances[4g,6c] and was chosen according to elemental and thermogravimetric analyses. From 7 and 8, the 
crude product without recrystallization was used. 

[b] weight losses are calculated for the complete loss of the indicated solvent molecules. 

 

For the three-dimensional network [Cu(5-he2bdc)]•0.5 H2O•0.5 DMF 9, a weight loss of 

11.6% is observed in the temperature range of 30 to 260 °C (expected: 13.6% for complete 

loss of DMF and water). Further weight loss of 66% occurs from 260 to 600 °C due to 

decomposition. 
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2.2.5 X-ray structure analyses 

To avoid rapid loss of occluded solvent molecules, crystals of 6, 7 and 9 were directly 

covered with mineral oil after removing them from the mother liquor. Crystals of compound 6 

and 7 were found to be completely stable if stored in the mother liquor. However, upon 

exposing them to air crystallinity is lost within minutes, leading to an uncertain number of 

occluded solvent molecules, which is common for structures with open porosity.[6c,4g] 

Whereas problems of crystal aging could be minimized experimentally, some unavoidable 

problems in refining the structure of 6 and 7 arose from the fact that the solvent molecules 

occluded in the crystal lattice as well as the 2-hydroxyethoxy and 2-(2-hydroxyethoxy)ethoxy 

substituents of the linkers are largely disordered. These disordered groups had to be refined as 

rigid fragments using restraints with appropriate atomic coordinates taken from literature.[22] 

Due to the disorder it was not possible to determine the exact amount and identity of all 

solvent molecules. Whereas some of the solvent molecules inside the voids of 6 could be 

refined, for 7 only the solvent atoms coordinated to the copper atoms could be refined as 

DMSO, water and methanol. Details for data collection and refinement of 6, 7, and 9 are 

collected in Table 2.3. 

Table 2.3. Crystallographic data for 6, 7, and 9. 

 6 7 9 

Formula C343H536Cu24O213S36 C306H372Cu24O192S6 C27H33Cu2NO16 

Formula weight  10746.8 8839.65 754.64 

T (K) 223(2) 153(2) 153(2) 

Crystal colour, habit green, block green, block green, plate 

Crystal dimensions (mm) 0.53 x 0.38 x 0.31 0.31 x 0.31 x 0.27 0.08 x 0.39 x 0.46 

Crystal system  monoclinic cubic orthorhombic 

Space group P21/n (#14) 3aP (#205) P21212 (#18) 

a (Å) 26.220(5) 38.119(4) 18.253(4) 

b (Å) 39.060(8) 38.119(4) 18.660(4) 

c (Å) 26.643(5) 38.119(4) 11.928(2) 

α (°) 90 90 90 

β (°) 95.64(3) 90 90 

γ (°) 90 90 90 

V (Å3) 27154(9) 55387(11) 4062.6(14) 

Z 2 4 4 

Dcalc. (g cm–3) 1.314 1.060 1.234 

F(0 0 0) 11140 18144 1552 

µ (mm–1) 1.139 0.993 1.106 
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 6 7 9 

Θ range (°) 1.73–24.09 1.77–14.99 2.30–25.93 

index range –29 ≤ h ≤ 30 
–43 ≤ k ≤ 44 
–30 ≤ l ≤ 27 

–27 ≤ h ≤ 26 
–27 ≤ k ≤ 21 
–27 ≤ l ≤ 27 

–22 ≤ h ≤ 22 
–22 ≤ k ≤ 22 
–14 ≤ l ≤ 14 

Number of observations 
(all reflections) 

85619 38537 32129 

Data/restraints/parameters 39811/301/2427 3735/372/526 7446/35/415 

R[a] [I > 2σ(I)] 0.0933 0.1004 0.1227 

R[b] (all reflections) 0.3008 0.2910 0.3017 

Goodness-of-fit (GOF) 0.853 0.745 1.295 

Δρmax and Δρmin (e Å–3) 1.995 and –0.904 0.290 and –0.213 2.015 and –1.316 

 
 

 

Due to their high disorder it was not possible to determine the exact amount and identity of 

the solvent molecules included in the voids of 7, thus PLATON/SQUEEZE[23] was used to 

correct the data for the presence of the disordered solvent in this compound. A potential 

solvent volume of 22437 Å3 containing 7848 electrons was found, corresponding to an 

electron density of 0.350 eÅ–3 (expected for n-butanol: 0.489 eÅ–3, for DMSO: 0.664 eÅ–3, 

calculated from the molar mass and density at room temperature), whose contribution was 

removed by the PLATON/SQUEEZE program.[23] Beside these problems, the general 

connectivity of the rigid part of Nanoball 7 is proven, and the structure is further confirmed by 

SAXS measurements in solution (see below). 

Compounds 6 and 7 have outer dimensions (measured from opposite groups at the periphery) 

of 3.2 nm and 3.6 nm, respectively, and consist of 12 copper(II) paddle-wheel units 

interconnected via 24 linkers (Figure 2.1a and b). The internal cavities (displayed as yellow 

spheres) have diameters of 1.6 nm without terminal ligands, and the 12 paddle-wheel units 

form cuboctahedra (Figure 2.1c) composed of linked squares (Figure 2.1d). From another 

point of view, these structure resemble to a small rhombihexahedron consisting of 12 squares 

linked through each of their four vertices at an angle of 120 (Figure 2.1e). 
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Figure 2.1. Ball-and-stick representation of the X-ray single-crystal structure of 6 (a) and 7 (b). The square and 
triangular openings are displayed in (a) and (b), respectively. Cu, blue; O, red; C, grey. Hydrogen atoms, 
coordinated and guest solvent molecules are omitted for clarity. The yellow sphere represents the internal cavity. 
(c) Schematic representation of the Nanoball structure as a cuboctahedron (showing the positions of the 
triangular and square apertures) comprised from (d) Cu2(CO2)4 paddle-wheel units (squares) linked at an 120° 
angle by 1 or 3. (e) Schematic representation of the Nanoballs as a small rhombihexahedron. 

 

 

The dimensions of openings as well as the bonding distances and angles within these 

coordination frameworks are statistically identical to those observed in structurally related 

Nanoballs featuring a {Cu24(1,3-bdc)24} core.[6] Adjacent paddle-wheel units are 1.0 nm apart 

from each other (measured from the centres of the dinuclear units) and represent the vertices 

of triangular and square windows. These triangular and square windows have widths of about 

0.6 and 1.2 nm, respectively (height of the triangular and diagonal of the square aperture, 

taking into account the Van-der-Waals radii).[24] 
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Solvent molecules contained inside the voids of 6 are easily exchanged throughout these 

windows: dissolving 6 in DMF followed by evaporation to dryness yields 6b formulated as 

Cu24(5-hebdc)24(DMF)33(H2O)10 according to elemental analysis. Thermogravimetric analysis 

(TGA) for 6b shows a weight-loss of 18.4% in the temperature range of 30 to 225 °C 

(expected: 27.3% for complete loss of DMF and water). 

 

The isomerisation product of Nanoball 7, the three-dimensional coordination polymer 9, is 

formed solely from square windows (Figure 2.2, left) by bridging the paddle-wheel units via 

the carboxylate groups into two-dimensional layers along the a- and b-axis. These layers are 

piled along the c-axis, providing a one-dimensional pore system. Half of the 2-(2-

hydroxyethoxy)ethoxy side chains in one two-dimensional layer coordinate with their 

hydroxy groups to the copper atoms of the neighboured layer, thus interconnecting the two-

dimensional grids to a three-dimensional network (Figure 2.2, right). Two different kind of 

windows are alternatingly present: one in which all linker molecules are facing the same 

direction, and another where only the pairs of opposing ligands are facing the same direction 

(and the other pair the opposite direction), a MOF structural motif which is already known in 

literature.[8] 

                   
Figure 2.2. View along the c-axis (left) and the b-axis (right) of a ball-and-stick representation of the X-ray 
single-crystal structure of 9. Cu, blue; O, red; C, grey. Hydrogen atoms, coordinated and guest solvent molecules 
are omitted for clarity. In the left picture, also the diethylene glycol side chains are omitted for clarity. 
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Compared to the two-dimensional layers described in literature to date, which are not 

covalently connected with each other, the extensive 2-(2-hydroxyethoxy)ethoxy side chains in 

9 are long enough to coordinate with their hydroxy groups to the copper atoms of the 

neighboured layer, thus interconnecting the two-dimensional grids to a three-dimensional 

network (Figure 2.2, right). 

Only half of the side chains are coordinated to the copper atoms of the next layer: the side 

chains of the ligands which connect the copper atoms parallel to the a–axis bind to the next 

layer, whereas the side chains of the ligands which connect the copper atoms parallel to the b–

axis protrude into the voids of the crystal. Torsional strain that has to be overcome seems to 

be the reason that not all side chains are coordinated. The ligands which bridge the paddle-

wheel units parallel to the a-axis have torsion angles between the carboxylate groups and the 

benzene ring of 14.6° and 18.9°, whereas the ones bridging parallel to the b-axis have torsion 

angles of only 4.1° and 6.9°. As a result, the ligands bridging along the a-axis are more bent 

towards the c-axis (see Figure 2.2, left), and are therefore in enough short distance to 

coordinate to the next layer (the distance between the oxygen atom in the 5-position of 1,3-

bdc to the closest copper atom in the next layer is 6.7 Å for the bent ligands, whereas it is 8.0 

Å for the ones with uncoordinated side chains). 
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2.2.6 Derivatisation of the Nanoball 

As a model for the integration of Nanoballs into bulk polyurethane polymers and coatings, its 

reaction with phenylisocyanate was investigated. In order to test if derivatisation of the 

hydroxy groups on the surface of Nanoball 6 and its integration into polyurethane networks is 

feasible without decomposition, the compound was dissolved in DMF, treated with a 300-fold 

excess of phenylisocyanate, precipitated and washed with methanol in order to produce the 

derivate 10 of formula [Cu24(5-pcebdc)24(CH3OH)24]·12 CH3OH according to elemental 

analysis (5-pcebdc = 5-(2-phenylcarbamoyloxyethoxy)benzene-1,3-dicarboxylate). 

Unfortunately, no single crystals of 10 suitable for single-crystal X-ray diffraction studies 

could be obtained to proof the structural integrity and the derivatisation of the hydroxy 

groups. Since copper(II) coordination compounds in general show fast kinetic exchange of 

coordinated ligands, the shape of 10 in solution was evaluated by SAXS measurements, and 

the conversion from 6 to 10 was monitored by in-situ IR measurements as well as 1H-NMR 

identification of the linker after acidic work up. 

Different equivalents of phenylisocyanate (as given in Figure 2.3) were added to solutions of 

50 mg 6 in 1 mL DMF and reacted at 60 °C for 3 days. The solvent was evaporated, the 

residue treated with 1M aqueous hydrochloric acid followed by excessive extraction of the 

unreacted linker 5-H2hebdc (1) and the derivatised linker 5-H2pcebdc (11) with 1-butanol. 

The conversion was analysed by 1H-NMR spectroscopy in DMSO-d6 from the integrals of the 

ethoxy groups at  = 4.11 - 3.47 ppm for 1 and 4.45 - 4.38 ppm for 11. These measurements 

reveal that 4.5 equivalents of phenylisocyanate per hydroxy group of 6 are necessary for a full 

conversion to 10 (Figure 2.3). The 3.5 fold excess of phenylisocyanate over the hydroxy 

groups of 6 is required, since the solvent water and methanol molecules included in the voids 

of 6 are also reacting with the added phenylisocyanate.* 

                                                                                                                                                   
* Two batches of 6 recrystallized from DMSO/acetone were examined, one (which is shown here) requiring 4.5 

equivalents for complete derivatization (which was also employed in the polymerization experiments using 6 
as one of the monomers), the other 6.0 equivalents. The crude educt without recrystallization required 10 
equivalents. All samples were dried in vacuum at room temperature for twelve hours prior to the experiments. 
Drying at higher temperatures in order to remove solvent molecules (>80 °C) leads to insolubility of 6. The 
concentration of 6 in solution was determined by UV/VIS spectroscopy (after addition of HNO3, leading to 
complete solvolysis of 6). 
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Figure 2.3. Conversion of 6 to 10 depending on the ratio between phenylisocyanate (PhNCO) and 
the hydroxy groups of 6. ([OH]Nanoball = 24 x [6]). 

 

Complex stability of 6 in DMF during the conversion into 10 under reaction conditions is 

indicated by in-situ IR studies (Figure 2.4). The position of the COO asymmetric stretching 

band at 1646 cm–1, typical for copper(II) paddle-wheel complexes and sensitive to changes of 

the chemical environment of the carboxylic group (The COO asymmetric stretching band of 

the diacid 1 and its disodium salt are at 1692 cm-1 and 1567 cm-1, respectively), shows no shift 

during the reaction with phenylisocyanate. Therefore, the copper(II) paddle-wheel units 

remain intact throughout the derivatisation of the Nanoball. 
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Figure 2.4. In-situ IR spectra in DMF for the reaction of 6 with excess phenylisocyanate. Spectra 0 corresponds 
to 6 in solution; Spectra 1-7 were recorded 2, 4, 6, 8, 10, 12 and 40 min after addition of phenylisocyanate. The 
position of the COO asymmetric stretching band at 1646 cm–1 (marked with arrow), typical for copper(II) 
paddle-wheel complexes,[25] shows no shift during the reaction, indicating the stability in solution during the 
conversion of 6 to 10. The decreasing band at 2275 cm–1 is due to the asymmetric stretching of the NCO group 
in phenylisocyanate, while the increasing bands at 1725 and 1545 cm–1 are due to the C=O stretching and NH in-
plane bending modes in the forming urethane group, respectively. 

 

A further analysis of the conversion of 6 into 10 in concurrence to the side reaction of 

methanol (and water) was performed, to evaluate whether the rate of urethane formation with 

phenylisocyanate is at the same order of magnitude for the hydroxy groups of 6 as for the 

concurrence reactions. For the conversion of 6 to 10 in presence of methanol and water, 

simplifying the problem by treating methanol and water as one concurrent species ROH, the 

two equations for these concurrent reaction rates are: 

 
(1) 

 
(2) 

 
Division of (1) by (2) followed by integration gives 

 
(3) 
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Where [ROH] is the concentration of water and methanol and [B] is the concentration of 

hydroxy groups from Nanoball 6 and [PhNCO] is the concentration of phenylisocyanate. 

[ROH]0 and [B]0 are the initial concentrations of ROH and B. 

Linear regression of the experimental data (Figure 2.5) according to equation 3  reveals 

kB/kROH = 1.06(4). Thus, both rate constants are nearly equal (kB ≈ kROH), revealing that the 

hydroxy groups of the Nanoball [B] react with phenylisocyanate as fast as the concurrent 

species [ROH]. Therefore, a covalent binding of the Nanoball 6 into polyurethane polymers 

seems feasible. 

 
 

  
Figure 2.5. Double logarithmic plot of the relative 
concentrations of the Nanoball 6 ([B]/[B]0) against the 
competing species ([ROH]/[ROH]0). 
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2.2.7 Small-angle X-ray scattering (SAXS) 

SAXS measurements, which provide the shape and internal structure of particles in 

solutions,[26] were conducted to confirm that the structural features of 6-8 persist in solution. 

Additionally, the structure of the derivatisation product 10 was established to prove that the 

Nanoball 6 can be chemically modified without loss of its structural integrity. 

Scattering in the typical resolution range of SAXS originates from differences in the average 

electron density between the particle and the surrounding liquid. The scattering intensity from 

a particle in solution is the sum of its atomic scattering in vacuum and the scattering from the 

hydration shell, subtracted by the scattering from the excluded volume. The scattering curve is 

related on the one hand to the ensemble averaged form of the particles – the so called form 

factor P(q), on the other hand to the inter-particle ordering – the structure factor S(q). As long 

as interactions can be neglected, as in diluted and uncharged systems, there is no necessity to 

take the structure factor S(q) into account. In the case of monodisperse homogenous spherical 

particles, the total scattering intensity I(q) as a function of the scattering vector* q can be 

expressed as 

 (4) 

 

Where N is the number of particles. For particles in solution in absence of strong 

intermolecular interactions, the scattering profile may be written in terms of the distribution 

function p(r) of intramolecular atomic distances: 

 

(5) 

 

One completely model-free possibility to obtain information about size, shape and internal 

structure of the particles is the indirect Fourier transformation technique[27] resulting in the 

pair distance distribution function p(r) (PDDF). Then, the 1-D SAXS profile can be 

approximated by a fit to the scattering data using an assembly of beads or dummy atoms 

(represented as point scatterers). However, the reconstruction of a 3-D density from a 1-D 

scattering profile is not unique: alternative solutions involving structural partners for a given 

                                                                                                                                                   
* Θsin

4
λ
π

q = , where 2Θ is the total scattering angle and λ the X-ray wavelength. 
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3-D reconstruction cannot in general be avoided, owing to the lack of phase and angular 

orientation information inherent in SAXS measurements.[28] Another possibility for 

interpretation of SAXS data is the evaluation of the hypothetical scattering curve from a 

model, e.g. known atomic coordinates. 

Both methods were employed for 6 and 7 for the sake of comparison. Using the X-ray single-

crystal structure data of 6 and 7, the hypothetical scattering intensities were calculated with 

the program CRYSOL,[29] which matches the observed experimental intensities well (Figure 

2.6). 

R =  O
OH·  

O
O

OH·  
 

 

 

R

COOOOC-
=

-
 

Figure 2.6. SAXS intensities (I) vs momentum transfers (q) for solutions of 6 (black) and 7 (blue) in 
DMF (11.0 g/L and 18.0 g/L, respectively). The symbols and the solid line correspond to the 
experimental data points and the theoretical intensities, respectively. The theoretical intensities are 
calculated from the X-ray single-crystal structures using the program CRYSOL[29] (χ = 1.163 for 6, χ 
= 2.539 for 7). 

 

These results indicate that the structural integrity of 6 and 7 persists in solution. The similarity 

of both scattering curves coincidences with the nearly identical shape of the particles. The 

most striking difference is the steeper decay of scattering intensities I(q) with increasing 

scattering vector q for 7. The Guinier formula, which approximates the form factor at low 

values q, explains this difference due to the higher molecular mass of 7 (and thus a higher 

radius of gyration Rg): 

I(q) ≈ I(0)•exp(–q2Rg
2/3) (6) 
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Furthermore, also the shape of the scattering curves of 8 and 10 are similar to the ones of 6 

and 7, and as well show steeper decay of scattering intensities with increasing molecular mass 

(Figure 2.8). Unfortunately, direct extrapolation of Rg from these scattering data is not 

possible, since validity of the Guinier formula is limited to the region q•Rg < 1, which is 

excluded by the beam-stop in the measurements. To provide a model-free interpretation of the 

obtained one-dimensional scattering curves, the pair distance distribution functions ρ(r) 

(PDDFs) were evaluated by using the program GNOM[30] (Figure 2.7). 

 

 
Figure 2.7. Pair-distance distribution functions (PDDF) for 6 (black), 7 (blue), 8 (green) and 10 (red). The inset 
in the upper right shows the functional group R in 5-position of the linker benzene-1,3-dicarboxylate. 

 

The radii of gyration (Rg) for these shapes obtained from the PDDFs* are 1.0 nm for 6, 1.1 nm 

for 7, 1.4 nm for 8 and 1.2 nm for 10. These values are in excellent agreement with the 

expected dimensions: the radii of gyration calculated from the crystal structures of 6 and 7 are 

0.91 and 0.98 nm, respectively. The increased value of Rg for 8 as well as the tailing at higher 

radial distances in the obtained PDDF might be due to intermolecular interactions. 

                                                                                                                                                   
* The radius of gyration Rg from a particle is calculated from the PDDF via 
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To further interpret the obtained PDDFs, representative reconstructions of the low resolution 

three-dimensional particle shapes were provided by simulated annealing using the 

GNOM/DAMMIN software packages.[30,31] Since the reconstructions of three-dimensional 

densities from one-dimensional scattering profiles are not unique, at least three calculations 

were performed which showed similar results. Initially, the calculations were carried out 

without any symmetry restrictions. The resulting logarithmic plots of SAXS intensities (I) vs. 

momentum transfers (q) for 6, 7, 8 and 10 are shown in Figure 2.8, together with the 

numerical fits to the SAXS data evaluating the shape in solution. 

In addition, calculations employing restrained icosahedral molecular symmetry (the available 

symmetry restriction which describes best the expected spherical shapes) were performed, 

followed by another unrestrained reconstruction cycle to guarantee reliability of the results 

(Figure 2.9). In this way, similar shapes are obtained and the fits are visually identical (and of 

comparable χ values).* Moreover, also the internal cavities are reconstructed, and difference 

electron-density profiles (DEDP, Figure 2.10) derived from these bead models agree well 

with the crystallographic dimensions. 

 
 

                                                                                                                                                   
* The χ values for unrestricted and restricted calculations were, respectively: χ = 5.217 and 5.121 for 6; 8.649 

and 9.139 for 7; 8.026 and 8.197 for 8, 2.696 and 1.565 for 10. 
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Figure 2.8. Main plot: SAXS intensities (I) vs momentum transfers (q) for solutions of 6 (upper left), 7 (upper 
right), 8 (lower left) and 10 (lower right) in DMF. The symbols and the solid line correspond to the experimental 
data points and the numerical fit using GNOM/DAMMIN simulated annealing, respectively. Insets: spacefilling 
models* in comparison with the bead models from low-resolution particle shape reconstructions obtained by the 
GNOM/DAMMIN fits.† 

                                                                                                                                                   
*  Spacefilling models of 8 and 10 were obtained by gas phase molecular mechanics calculations (MM2, energy 

minimization) employing the program ChemBio3D 11.0 (CambridgeSoft) for the functional group in 5-
position of 1,3-bdc whilst using fixed coordinates for the {Cu24(1,3-bdc)24} core. 

†  Differences in the displayed data points between the calculations from GNOM/DAMMIN and CRYSOL 
occur, since in GNOM the average of several data points is taken (maximum of 512 data points after joining) 
to provide faster calculations, whilst in CRYSOL calculations are performed directly on the input data without 
averaging. 
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Figure 2.9. Spacefilling models of 6 (upper left), 7 (upper right), 8 (lower left) and 10 (lower right) compared to 
the bead models (one halve from a cross-sectional cut through the middle) derived from the GNOM/DAMMIN 
fits employing icosahedral symmetry restraints. 

 

 

R =  O
OH·  

O
O N

H

O
·

 

O
O

OH·  

 

O
O

O
O

OH·  

 

R

COOOOC-
=

-
 

Figure 2.10. Difference electron-density profiles (DEDP), calculated via the bead models derived from 
restrained DAMMIN fits. The origin of the radius is at the centre of gravity of each particle. The maxima around 
0.8 to 1.0 nm are in good agreement with the crystallographic distances of the copper ions from the centres (the 
distances of the interior and exterior copper ions from the centres of the Nanoballs are 0.8 and 1.1 nm, 
respectively). The radius of the phenylisocyanate treated Nanoball 10 is extended by 0.4 nm when compared to 
Nanoball 6 (a value of 0.6 nm is expected from the crystal structure of the urethane).[32] 
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Principally, bead models derived from experimental SAXS data show an effective spatial 

resolution of approximately 0.5 nm for molecules with radii of gyration below 1.5 nm.[28] 

Therefore, the dimensions of the hollow spheres derived from the DAMMIN calculations are 

in good agreement with the expected values (Figure 2.10): According to the crystal structure 

analysis the distances of the interior and exterior copper ions from the centre of the Nanoballs 

6 and 7 are 0.8 and 1.1 nm, respectively. The maximal distance from the centre to the 

periphery are 1.6 nm for 6 and 1.8 nm for 7. The reconstructed shapes show less beads on 

their exteriors than expected from the molecular shapes, which might be due the high electron 

densities of the CuII centres on the one hand (increasing scattering intensities), and the 

disorder of the moieties in the 5-positions of the organic linkers on the other hand (decreasing 

scattering intensities).  

For all structures, the radii of gyration and the reconstructed shapes coincidence with the 

expected dimensions of the Nanoballs in solution. In conclusion, the structures persist in 

solution, and no open polymeric structures (which would have other radii of gyration and/or 

shapes) are detectable. Furthermore, the structure of the {Cu24(1,3-bdc)24} core of 6 is 

maintained after derivatisation with phenylisocyanate. Beside the structural integrity, absence 

of dissociation cannot be proofed by these SAXS measurements, since a measurement of the 

educts of 6, copper(II) nitrate trihydrate and 5-H2hebdc 2, at the same concentrations resulted 

in negligible scattering intensities. Thus, dissociation of the Nanoballs would remain 

undetected by SAXS measurements. 

 

2.2.8 Polymerization of the Nanoball 

To investigate as representative example whether 6 can be used as a monomer for 

polyurethanes, different amounts of 6 were reacted with toluene-2,4-diisocyanate and 

ethylene glycol (Table 2.4) in DMF to obtain a series of polyurethanes. 

Since 6 has 24 functional groups per molecule, cross-linking would principally occur, leading 

to a rapid increase of viscosity (gel formation) and therefore the polymerisation would already 

stop at low conversion fractions.[33] However, 3.5 molecules of methanol and water are 

present per hydroxy group in the structure of 6.* The Nanoballs therefore should form “star 

                                                                                                                                                   
* According to Carothers,[33] gel formation occurs at a conversion of pGel = 2 f–1, where f is the average number 

of functional groups per molecule in the reaction mixture. As an example, if the pure Nanoball without solvent 
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polymers” which are not cross-linked to each other. The additional linear polyurethane chains 

should decrease their length with increasing amount of 6 due to the remaining excess of 

methanol. Accordingly, the glass transition temperature (Tg) decreases with increasing amount 

of 6 in the polyurethanes (Table 2.4), since decreasing molecular weight of linear chains leads 

to an decreasing Tg
[34] (whereas cross-linking due to the Nanoball 6 should principally 

increase the Tg
[35]). 

Table 2.4. Glass transition temperatures determined by differential scanning calorimetry (DSC), changes in 
specific heat capacities and observed weight losses for polyurethanes consisting of 6, ethylene glycol and 
toluene-2,4-diisocyanate. 

Sample 
wt% of 6 in 
polyurethane 

Tg 
(°C) 

ΔCp 
(J g–1 K–1) 

weight 
loss[a] (%) Sample 

wt% of 6 in 
polyurethane 

Tg 
(°C) 

ΔCp 
(J g–1 K–1) 

weight 
loss[a] (%) 

12a 0 125 0.519 0.0 12h 1.7 20 0.355 14.1 

12b 10–3 115 0.558 1.5 12i 2.2 19 0.324 13.0 

12c 10–2 121 0.577 0.3 12j 2.6 2 0.098 17.7 

12d 0.1 104 0.459 3.5 12k 3.0 17 0.251 12.7 

12e 0.5 108 0.506 2.1 12l 3.3 37 0.173 3.4 

12f 0.9 98 0.310 4.6 12m 4.8 35 0.251 5.5 

12g 1.3 68 0.141 5.4 12n 6.2 40 0.186 5.1 

[a] weight loss according to TGA in the temperature range 30–190 °C. Decomposition of the polymer 
occurs above 200 °C. 

 

TGA showed comparable weight losses for most of the samples, whereas an increased amount 

of DMF was still present in the samples 12e–12k (in coincidence with elemental analyses), 

explaining the more pronounced decrease in the glass transition temperature, since solvent 

molecules such as DMF act as plasticisers.[34] 

The FTIR spectra of these polymers showed the characteristic absorptions of the ν(C=O) bond 

of urethane groups at 1734 cm–1, ν(–NH) stretching of urethane groups at 3311 cm–1 (broad), 

ν(–NH) bending vibration of the urethane group at 1534 cm–1 and ν(–CH2) stretching at 2928 

cm–1. For low contents of 6 (samples 12b–12e), the polymerisation stops before full 

conversion is achieved despite the excess of methanol, as shown by IR analysis since the 
                                                                                                                                                   

molecules (24 functional groups per molecule) would be reacted with a stochiometric amount of diisocyanate 
(2 functional groups per molecule, 12 molecules for equal stochiometry), we obtain  

f = (24•1+2•12) / (1+12) ≈ 3.7, leading to a maximum conversion of pGel ≈ 54%. 

In the presence of methanol (possessing one functional group, 3.5 equivalents per hydroxy group of the 
Nanoball, resulting in 3.5•24 = 84 molecules per Nanoball), on the other hand, we receive 

f = (24•1+1•84+2•54) / (1+84+54) ≈ 1.57, allowing full conversion. 
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isocyanate band at 2275 cm–1 remains. High molecular weights of the resulting “star 

polymers” might lead to insolubility and thus incomplete conversions, since for the neat 

polyurethane (12a) and samples with higher contents of 6, full conversions are observed. 

Additionally, the polyurethanes which contain more than 4.8 wt% of 6 (samples 12l–12n) are 

soluble in DMF or DMSO, in contrary to all other samples including the neat polyurethane 

(12a). The solubility provides additional evidence that cross-linking, which would lead to 

insoluble three-dimensional networks, is prevented. 

 

Another series of polyurethanes was obtained when different amounts of 6 were reacted with 

diethylene glycol and toluene-2,4-diisocyanate (Table 2.5). Similar observations were made 

regarding the content of 6: at low contents (13b–13c), also incomplete conversions are 

observed, whereas at high contents (13e–13h) the obtained polyurethanes are soluble in DMF 

or DMSO. For this series, it was necessary to add further 5.5 equivalents of methanol per 

hydroxy group of the Nanoball to obtain soluble products. The glass transition temperatures 

were not well defined (low change in specific heat capacity) for most of the samples, and 

could only be determined for 13a–13c. Altogether these results demonstrate that 6 can be used 

as monomer in polyurethane formation. 

Table 2.5. Glass transition temperatures determined by DSC, change in specific heat capacities and observed 
weight losses for polyurethanes consisting of 6, diethylene glycol toluene-2,4-diisocyanate. 

Sample 
wt% of 6 in 
polyurethane 

Tg 
(°C) 

ΔCp 
(J g–1 K–1) 

weight 
loss[a] (%) Sample 

wt% of 6 in 
polyurethane 

Tg 
(°C) 

ΔCp 
(J g–1 K–1) 

weight 
loss[a] (%) 

13a 0 –36 0.142 3.1 13e 0.3 n.d. n.d. 1.2 

13b 3•10–4 –36 0.164 4.8 13f 1.5 n.d. n.d. 2.0 

13c 3•10–3 –33 0.142 3.8 13g 3.0 n.d. n.d. 0.6 

13d 3•10–2 n.d. n.d. 3.5 13h 5.5 n.d. n.d. 2.9 

[a] weight loss according to TGA in the temperature range 30–190 °C. Decomposition of the polymer 
occurs above 200 °C. n.d.: not detected. 
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2.3 Conclusions 

The syntheses of novel, highly soluble hydroxy-functionalised Nanoballs which are based on 

the fundamental copper(II) Nanoball coordination unit previously reported by Zaworotko and 

co-workers have been reported.[6d] The hydroxy groups on the surface of these Nanoballs can 

be easily and fully derivatised, since their reactivity is similar to simple alcohols, and the 

stability of the Nanoballs under polymerisation conditions are sufficiently high to retain their 

structural integrity. In this light it was demonstrated that urethane-functionalised Nanoballs 

can be simply obtained via reaction of hydroxy-functionalised Nanoballs with 

phenylisocyanate. Furthermore, the covalent incorporation into polyurethanes is feasible. 

Structural integrity of the Nanoballs in DMF as organic solvent was shown by in-situ IR and 

SAXS experiments, in agreement with spectroscopic studies on the hydroxylated Nanoball 5 

(based on 5-OH-bdc) in methanol solution.[18] In contrast to the structural integrity of the 

Nanoballs in organic solvents such as DMF, in aqueous solutions the metal-to-ligand ratio 

begins to play a crucial role: when (by adding additional diprotonated ligand) the ratio in 

solution mismatches the stochiometry of the Nanoball, slow transformation into a three-

dimensional network is observed, indicating that dissociation is remarkably increased when 

changing from organic solvents to aqueous solutions. 

Additional technological applications seem feasible, for instance controlled and slow release 

of encapsulated drugs which are hosted inside the Nanoballs’ cavities. Cyclodextrins are 

already used for storage and slow release of fragrances from clothings,[36] accordingly similar 

features could be added to Nanoball-functionalised fibres in future, such as slow drug release 

from these molecular depots due to the storage abilities of these compounds.[2] 
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2.4 Experimental section 

Materials and methods 

Melting points (uncorrected): Büchi Melting Point B-540 apparatus. Infrared spectra: Bruker FTIR IFS 

113v spectrometer; KBr pellets. In-situ ATR FTIR spectra: ReactIR 1000, Mettler Toledo. UV/vis spectra: 

J&M TIDAS. NMR spectroscopy: Bruker DRX 400; data given as ppm; spectra referenced to the residual 

solvent peak. CI mass spectra: Finnigan MAT, SSQ 7000 mass spectrometer, single-stage-quadrupol 

system, intensities relative to base peak. TGA: Mettler Toledo TGA/SDTA 851, heating rate: 10 °C/min, 

nitrogen flow: 50 mL/min. SAXS: Bruker AXS Nano-STAR equipped with a HI-STAR area detector. Glass 

transition temperatures were monitored with a Perkin-Elmer DSC-7. Scan rates of 10 K/min were used in 

the differential scanning calorimetry (DSC) experiments with sample masses of 3–10 mg. Transition 

temperatures were taken from the second heating cycle. Dialysis: Carl Roth GmbH, dialysis membrane 

MWCO 100 (Spectra/Por® Float-A-Lyzer® G2, cellulose ester), volume: 10 mL. 

2-(2-(2-(2-((4-Methylbenzolsulfonyl)oxy)ethoxy)ethoxy)ethoxy)ethanol was synthesized according to 

literature.[37] Ethylene glycol and diethylene glycol were dried over sodium sulfate, and toluene-2,4-

diisocyanate was distilled freshly prior to use. DMF was distilled from CaH2 and stored over molecular 

sieve 4 Å. The water content according to Karl-Fischer titrations was for DMF: 54 ppm, for ethylene 

glycol: 145 ppm, for diethylene glycol: 160 ppm. All other solvents were purified and dried according 

standard procedures where necessary. 

5-(2-Hydroxyethoxy)benzene-1,3-dicarboxylic acid (1) 

Under argon, a suspension of 20 g (95.1 mmol) dimethyl 5-hydroxybenzene-1,3-dicarboxylic acid, 7.9 g 

(47.6 mmol) potassium iodide, 26.3 g (190 mmol) potassium carbonate and 18 mL (268 mmol) 2-

chloroethanol in 290 mL cyclohexanone was refluxed for six days. The solvent was evaporated after 

filtration, and the remaining residue was treated with 20 g (357 mmol) potassium hydroxide in 130 mL 

ethanol:water (10:3) and refluxed for 7 hours. The solvent was evaporated and 1000 mL 1 M aqueous 

hydrochloric acid were added to the residue. The aqueous phase was extracted four times with 200 mL 

ethyl acetate, and the combined organic phases were washed four times with 100 mL brine and dried over 

sodium sulfate. The solvent was evaporated, and the residue was washed with water and dichloromethane 

and recrystallized from 380 mL acetone to give 1 (10.2 g, 47%) as a white powder mp 210–211°C (from 

acetone) (lit.,[20] 200–203°C); (Found: C, 53.2; H, 4.4. Calc. for C10H10O6: C, 53.1; H, 4.5%); 

νmax(KBr)/cm–1 3421, 2947, 1692, 1597, 1464, 1415, 1307, 1268, 1221, 1126, 1058, 981, 905, 758 and 680; 

H(400 MHz; DMSO-d6) 13.24 (2 H, br s, CO2H), 8.07 (1 H, t, J1,4 = 1.4, Aryl), 7.66 (2H, d, J1,4 = 1.4, 

Aryl), 4.89 (1 H, br s, OH), 4.11 (2 H, t, J1,3 = 4.8, CH2CH2) and 3.47 (2 H, t, J1,3 = 4.8, CH2CH2); C(100 

MHz; DMSO-d6) 166.9, 159.4, 133.1, 122.7, 119.7, 70.7 and 59.9; m/z (CI) 227 (M+H+, 22%) and 209 

(100). 

Dimethyl 5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylic acid (2) 

Under argon, a suspension of 10 g (47.6 mmol) dimethyl 5-hydroxybenzene-1,3-dicarboxylic acid, 13.4 g 

(80.9 mmol) potassium iodide, 7.1 g (57.1 mmol) potassium carbonate and 17.8 g (142.8 mmol) 2-(2-

chloroethoxy)ethanol in 500 mL acetonitril was refluxed for 24 h. The solvent was evaporated after 
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filtration and 1000 mL 1 M hydrochloric acid were added to the residue. The aqueous phase was extracted 

ethyl acetate, and the combined organic phases were washed with 100 mL brine and dried over sodium 

sulfate. The solvent was evaporated, and the crude product was subjected to chromatography (silica, ethyl 

acetate:cyclohexane 2:1) to give 2 (11 g, 79%) as a white powder mp 59.0–61.3 °C; (Found: C, 56.3; H, 

6.1. Calc. for C14H18O7: C, 56.4; H, 6.1%); νmax(KBr)/cm–1 3300, 2958, 2925, 2883, 1726, 1595, 1461, 

1435, 1347, 1310, 1244, 1133, 1051, 997, 874, 756, 719, 668, 616, 590, 549 and 458; H(400 MHz; DMSO-

d6) 8.25 (1 H, t, J1,4 = 1.3, Aryl), 7.76 (2 H, d, J1,4 = 1.3, Aryl), 4.21 (2 H, dd, J1,3 = 5.4, J1,3 3.7, CH2), 3.91 

(6 H, s, OCH3), 3.87 (2 H, dd, J1,3 = 5.4, J1,3 = 3.7, CH2), 3.75 (2 H, dd, J1,3 5.4, J1,3 = 3.7, CH2), 3.66 (2 H, 

dd, J1,3 = 5.4, J1,3 = 3.7, CH2) and 2.33 (1 H,br s, OH); C(100 MHz; DMSO-d6) 166.1, 158.8, 131.7, 123.2, 

120.0, 72.7, 69.5, 68.0, 61.8 and 52.5; m/z (CI) 565 (2M-CH3O–, 100%), 299 (M+H+, 18%) and 267 (M-

CH3O–, 39). 

5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylic acid (3) 

10 g (33.6 mmol) dimethyl 5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylic acid 2 and 11.3 g (201 

mmol) potassium hydroxide were dissolved in 200 mL ethanol: water (1:1) and refluxed for 6 hours. The 

solvent was evaporated, the residue was dissolved in 50 mL water and adjusted with 1 M hydrochloric acid 

to pH 1-2. The aqueous phase was extracted ethyl acetate, and the combined organic phases were washed 

with 100 mL brine and dried over sodium sulfate. The solvent was evaporated to give 3 (8.8 g, 97%) as a 

white powder mp 173.5-175.2 °C; (Found: C, 56.4; H, 5.4. Calc. for C12H14O7: C, 53.3; H, 5.2%); 

νmax(KBr)/cm–1 3186, 2937, 2620, 1725, 1698, 1612, 1457, 1438, 1394, 1286, 1191, 1128, 1063, 981, 933, 

886, 861, 798, 734, 633, 588, 543, 508 and 450; H(400 MHz; DMSO-d6) 13.3 (2 H, s, COOH), 8.08 (1 H, 

t, J1,4 = 1.3, Aryl), 7.65 (2 H, d, J1,4 = 1.3, Aryl), 4.65 (1 H, br s, OH), 4.21 (2 H, t, J1,3 = 4.4, CH2), 3.77 (2 

H, t, J1,3 = 4.4, CH2) and 3.45-3.55 (4 H, m, CH2); C(100 MHz; DMSO-d6) 166.9, 159.1, 133.1, 122.8, 

119.5, 72.9, 69.2, 68.3 and 60.7; m/z (CI) 253 (M-OH–, 100%). 

5-(2-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)ethoxy)benzene-1,3-dicarboxylic acid (4) 

A suspension of 10.0 g (28.7 mmol) 2-(2-(2-(2-((4-Methylbenzenesulfonyl)oxy)ethoxy)ethoxy)ethoxy)-

ethanol, 5.0 g (23.9 mmol) dimethyl 5-hydroxybenzene-1,3-dicarboxylic acid and 7.9 g (57.4 mmol) 

potassium carbonate in 500 mL acetonitrile (dried over molecular sieve 3 Å) was refluxed under stirring for 

22 h. The filtrate of the reaction mixture was evaporated to dryness and the remaining residue was treated 

with 5.7 g (143 mmol) sodium hydroxide in 500 mL water and refluxed for 6 h. 1M aqueous hydrochloric 

acid was added till pH 1-2 was reached. The aqueous phase was extracted four times with 200 mL ethyl 

acetate and evaporated to dryness. The crude product subjected to column chrompatography using ethyl 

acetat/aceton 1:1 over a silica gel 60 column, evaporated to dryness and purified by dialysis yielding 4 (4.0 

g, 11.2 mmol, 39%) after evaporation to dryness and drying at 100 °C in vacuum as a white powder mp 87–

89 °C; (Found: C, 53.7; H, 6.3. Calc. for C16H22O9: C, 53.6; H, 6.2%); νmax(KBr)/cm–1 3453, 2882, 1704, 

1598, 1465, 1434, 1333, 1309, 1265, 1106, 1062, 934, 907, 884, 756 and 691; H(400 MHz; DMSO-d6) 

13.10 (2 H, s, COOH), 8.07 (1 H, t, J=1.4 Hz, Aryl), 7.65 (2 H, d, J=1.4 Hz, Aryl), 4.58 (1 H, s, OH), 4.20 

(2 H, t, J = 4.3 Hz, CH2), 3.76 (2 H, t, J = 4.8 Hz, CH2) and 3.62–3.35 (12 H, m, CH2); C(100 MHz; 

DMSO-d6) 166.8, 159.0, 132.9, 122.8, 119.5, 72.7, 70.41, 70.25, 70.20, 70.13, 69.2, 68.2 and 67.4. m/z (CI) 

359 (M+H+, 27%) and 341 (M–OH–, 100%). 
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Tetracosakis(µ4-5-(2-hydroxyethoxy)benzene-1,3-dicarboxylato)-diaqua-tetradecakis(dimethyl sulfoxid)-

octamethanol-tetracosa-copper(II) dimethyl sulfoxide methanol solvate (6) 

1 mL (8.6 mmol) 2,6-dimethylpyridine was added to a solution of 1.01 g (4.2 mmol) copper(II) nitrate 

trihydrate and 0.95 g (4.2 mmol) 2 in 15 mL methanol within 1 minute under vigorous stirring. The 

immediately formed blue suspension was stirred for 30 minutes and filtered after adding 40 mL 

diethylether. The residue was filtrated and washed two times with 20 mL methanol and 10 mL diethylether, 

suspended five times in 100 mL methanol followed by decantation, dried over night in air and afterwards in 

vacuum at room temperature. Green single crystals of 6 were recrystallised by vapour diffusion of 75 mL 

acetone into a solution of the crude product in 50 mL DMSO (0.75 g, 40%), mounted in inert oil and 

transferred to the cold gas stream of the diffractometer; (Found: C, 37.8; H, 4.8. Calc. for 

C343H536Cu24O213S36: C, 38.3; H, 5.0%); νmax(KBr)/cm–1 3415, 3089, 2947, 2919, 2871, 1630, 1581, 1452, 

1416, 1375, 1320, 1265, 1134, 1061, 1111, 1003, 985, 905, 861, 794, 780 and 731. 

Tetracosakis(µ4-5-(2-hydroxyethoxy)benzene-1,3-dicarboxylato)-tetracosa-copper(II) aqua N,N-dimethyl-

formamide solvate (6b) 

300 mg (28 µmol) 6 were dissolved in 10 mL DMF and evaporated to dryness in vacuum at 60 °C for three 

times to yield 6b (250 mg, 94%) as a blue powder; (Found: C, 43.0; H, 4.8; N, 4.7. Calc. for 

C339H443Cu24N33O187: C, 42.9; H, 4.7; N, 4.9%); νmax(KBr)/cm–1 3401, 2931, 1664, 1632, 1588, 1456, 1419, 

1380, 1321, 1268, 1133, 1101, 1054, 1002, 898, 800, 775, 732, 665, 557 and 485. 

Tetracosakis(µ4-5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylato)-tetracosa-copper(II) methanol 

solvate (7) 

0.9 mL (7.4 mmol) 2,6-dimethylpyridine were added to a solution of 0.9 g (3.7 mmol) copper(II) nitrate 

trihydrate and 1.0 g (3.7 mmol) 3 in 100 mL methanol within 1 minute under vigorous stirring. The 

immediately formed blue suspension was stirred for 30 minutes, filtered and suspended five times in 100 

mL methanol followed by decantation, dried over night in air and afterwards in vacuum at room 

temperature to give 7 (1.2 g, 95%) as a blue powder; (Found: C, 42.8; H, 4.5. Calc. for 

[Cu24(C12H12O7)24(CH3OH)24] = C312H384Cu24O192: C, 42.9; H, 4.4%); νmax(KBr)/cm–1 3382, 2926, 2860, 

1636, 1589, 1457, 1380, 1267, 1126, 1056, 884, 774, 731 and 492. 

Green single crystals of 7 were obtained by vapour diffusion of n-butanol into a solution of 7 in DMSO, 

mounted in inert oil and transferred to the cold gas stream of the diffractometer. 

Tetracosakis(µ4-5-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy)benzene-1,3-dicarboxylato)-tetracosa-

copper(II) Hydrat (8) 

600 µL (5.0 mmol) 2,6-dimethylpyridine were added to a solution of 0.6 g (2.5 mmol) copper(II) nitrate 

trihydrate and 0.9 g (2.5 mmol) 4 in 100 mL methanol within 1 minute under vigorous stirring. The 

immediately formed blue suspension was stirred for 30 minutes, centrifugated and washed five times with 

100 mL methanol, dried over night in air and afterwards in vacuum at room temperature to give 1.0 g (2.2 

mmol, 88%) 8 as a blue powder; (Found: C, 43.7; H, 5.2. Calc. for [Cu24(C16H16O8)24(H2O)24] = 

C384H528Cu24O240: C, 43.9; H, 5.1%); νmax(KBr)/cm–1 = 3409, 2874, 1637, 1589, 1457, 1380, 1321, 1270, 

1128, 1062, 774, 732 and 489. 
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µ5-5-(2-(2-hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylato)-hemiaqua-tetracosa-copper(II) 

N,N-dimethylformamide solvate (9) 

12 mg (33 µmol) of 7 and (32.4 mg, 120 µmol) of 3 were dissolved in 3 mL of H2O:DMF (1:1) and left 

undisturbed at room temperature for eight weeks to obtain 9 (10.9 mg, 90%) as blue crystals which were 

transferred into inert oil and transferred to the cold gas stream of the diffractometer; (Found: C, 41.8; H, 

4.9; N, 2.4. Calc. for [Cu2(C12H12O7)2(H2O)]•(C3H7NO) = C27H33Cu2NO16: C, 43.0; H, 4.4; N, 1.9%); 

νmax(KBr)/cm–1 3422, 2932, 2863, 1634, 1590, 1458, 1418, 1378, 1322, 1271, 1124, 1066, 892, 775, 927 

and 492. 

Tetracosakis(µ4-5-(2-phenylcarbamoyloxyethoxy)benzene-1,3-dicarboxylato)-tetracosamethanol-

tetracosa-copper(II) methanol solvate, (10) 

1.0 g (89 µmol) 6 and 3.0 mL (28 mmol) phenylisocyanate in 20 mL DMF were heated at 60 °C for two 

days. The solution was stirred for additional 12 hours after adding 20 mL methanol. The product 

precipitated after slow addition of another 150 mL methanol and was washed five times in 150 mL hot 

methanol, affording 10 (900 mg, 96%) as blue powder; (Found: C, 49.0; H, 4.3; N, 3.3. Calc. for 

C444H456Cu24N24O204: C, 48.8; H, 4.2; N, 3.1%); νmax(KBr)/cm–1 3386, 3332, 3081, 2964, 2927, 1733, 1636, 

1591, 1538, 1452, 1381, 1318, 1218, 1062, 773 and 733. 

5-(2-Phenylcarbamoyloxyethoxy)benzene-1,3-dicarboxylic acid (11) 

200 mg (18.9 µmol) 10 were treated with 10 mL 1 M hydrochloric acid for 30 minutes, extracted three 

times with 20 mL butanol and washed 6 times with 25 mL of water. The solvent was evaporated, and the 

crude product was recrystallized from acetone/chloroform to yield 11 (140 mg, 88%) as a white powder mp 

202–204 °C (from acetone/CHCl3); (Found: C, 58.3; H, 4.8; N, 4.0. Calc. for C17H15NO7·0.25 H2O: C, 

58.4; H, 4.5; N, 4.0%); νmax(KBr)/cm–1 3330, 2934, 2569, 1713, 1599, 1543, 1446, 1409, 1315, 1281, 1239, 

1067, 910, 757 and 692; H(400 MHz; DMSO-d6) 13.29 (2 H, br s, CO2H), 9.76 (1H, br s, 1 NH), 8.10 (1 

H, t., J1,4 = 1.5, Aryl), 7.68 (2 H, d, J1,4 = 1.5, Aryl), 7.47 (2 H, d, J1,3 = 8.1, Ph), 7.28 (2 H, dd, J1,3 = 7.3 

and 8.1, Ph), 6.99 (1 H, t, J1,3 = 7.3, Ph), 4.45–4.38 (4 H, m, CH2CH2); C(100 MHz; DMSO-d6) 166.8, 

158.5, 153.8, 139.5, 133.2, 129.2, 123.0, 122.9, 119.6, 118.7, 67.3 and 63.1; m/z (CI) 346 (M+H+, 3%), 328 

(5), 227 (3), 209 (5) and 120 (100). 

Polymerisation of 6 with ethylene glycol and toluene-2,4-diisocyanate (12a-n) 

In a typical experiment, 1.41 g (8.10 mmol) toluene-2,4-diisocyanate and 8.71 mg (0.8 µmol) 6 were heated 

at 60 °C in 2 mL DMF for 24 h. Afterwards, 500 mg (8.06 mmol) 1,2-ethanediol were added at –10 °C and 

kept for 15 minutes at this temperature (initially strongly exothermic reaction), then the solution was heated 

for 5 d at 60 °C and the resulting product (12e) was dried for 12 h at 80 °C in vacuum. Polyurethanes 

containing other concentrations of 6 were prepared accordingly; (Found: C, 54.5; H, 5.7; N, 12.5. Calc. for 

C11H15N2O4·0.56 C3H7NO: C, 54.9; H, 5.8; N, 12.9%); νmax(KBr)/cm–1 3311, 2956, 2928, 1734, 1601, 

1534, 1449, 1413, 1220, 1132, 1058, 997, 877, 814 and 763. 
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Polymerisation of 6 with diethylene glycol toluene-2,4-diisocyanate (13a-h) 

In a typical experiment, 985 mg (5.66 mmol) toluene-2,4-diisocyanate and 86 mg (8.0 µmol) 6 were heated 

at 60 °C in 2 mL DMF for 24 h. Afterwards, 500 mg (4.72 mmol) 2-(2-hydroxyethoxy)ethan-1-ol were 

added at –10 °C and kept for 15 minutes at this temperature (initially strongly exothermic reaction), then 

the solution was heated for 5 d at 60 °C, 42.9 µL (1.06 mmol) methanol were added and the resulting 

product (13h) was dried for 12 h at 80 °C in vacuum. Polyurethanes containing other concentrations of 6 

were prepared accordingly; (Found: C, 55.9; H, 5.9; N, 11.5. Calc. for C13H19N2O5: C, 55.7; H, 5.8; N, 

10.0%); νmax(KBr)/cm–1 3330, 2940, 2926, 1713, 1595, 1539, 1506, 1404, 1223, 1132, 1060, 883, 818, 754 

and 545. 

Small-angle X-ray scattering (SAXS) 

Compound 6, 7, 8 and 10 were dissolved in DMF at concentrations of 11.0, 18.0, 6.0, and 15.7 g/L 

respectively. The solutions were filtered using 0.2 µm pore-size filters. The scattering experiments were 

done with a Bruker AXS Nano-STAR equipped with a HI-STAR area detector. The light source was a 

conventional X-ray tube operating at 35 mA and 40 kV (Cu Kα = 0.154 nm). The blank-scattering 

contributions of the solvent, sample holder, and incoherent scattering were substracted prior to any 

calculations. The scattering data were transformed into pair-distance distribution functions (PDDF) via the 

program GNOM.[30] X-ray solution scattering from the atomic coordinates of 6 and 7 was evaluated with 

the program CRYSOL.[29] The program DAMMIN[31] was used for ab initio shape determination from the 

PDDFs (by simulated annealing using a single phase dummy atom model). 

Crystal structure determination of 6, 7 and 9 

Intensity data were collected at 223 K (for 6) and 153 K (for 7 and 9) on a STOE-IPDS image-plate 

diffractometer (graphite monochromator) using Mo-K radiation ( = 0.7107 Å). The data were corrected 

for Lorentz and polarization effects, and multi-scan absorption correction[38] was applied for 9 (no 

absorption correction was applied for 6 and 7). Programs used: data collection: Bruker XSCANS,[39] data 

reduction: Bruker SHELXTL,[40] structure solution: SHELXS-97,[41] structure refinement: SHELXL-97,[42] 

molecular graphics: Diamond V3.1.,
[43] Mercury V1.5.[44] Structures were solved using direct methods and 

refined by full-matrix least squares on |F|2. All disordered atoms and atoms with non-positive Ueq were 

calculated with isotropic, all others with anisotropic displacement parameters. Hydrogen atoms were placed 

in geometrically calculated positions. The crystallographic data and the refinement statistics are 

summarized in Table 2.3, the ORTEP plots are represented in Figure 2.11, Figure 2.12 and Figure 2.13. 
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Figure 2.11. ORTEP representations of the asymmetric unit present in crystalline Tetracosakis(µ4-5-(2-
hydroxyethoxy)benzene-1,3-dicarboxylato)-diaqua-tetradecakis(dimethyl sulfoxid)-octamethanol-tetracosa-cop-
per(II) dimethyl sulfoxide methanol solvate 6. All non-hydrogen atoms represented by thermal ellipsoids drawn 
are at the 40% probability level. All hydrogen atoms, minor disorder components and free solvent molecules are 
omitted for clarity. 

 

 
Figure 2.12. ORTEP representations of the asymmetric unit present in crystalline 7. All non-hydrogen atoms 
represented by thermal ellipsoids drawn are at the 33% probability level. All hydrogen atoms, solvent molecules 
and the side chains (–C2H4OC2H4OH moieties) are omitted for clarity. 
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Figure 2.13. ORTEP representations of the asymmetric unit present in crystalline 9 with atomic numbering 
scheme. All non-hydrogen atoms represented by thermal ellipsoids drawn are at the 50% probability level. All 
hydrogen atoms and free solvent molecules are omitted for clarity. 

For 6, an exact determination of the total amount and identity of the noncoordinated solvent molecules is 

not possible due to their strong disorder, residual electron density maxima were refined as DMSO and 

methanol molecules where possible. For 6, certain atom distances were specified as fixed due to problems 

caused by the diffuse electron density of the disordered solvent, guest molecules and 2-hydroxyethoxy 

groups. Hydrogen atoms were placed in geometrically calculated positions. 

For 7, even the determination of the total amount and identity of all non-coordinated solvent molecules is 

not possible due to their strong disorder. Due to weak scattering of the crystals of 7, reflexes above 15° Θ 

were omitted from the structure solution and all side chain atoms were refined isotropically, and certain 

atom distances were specified as fixed due to problems caused by the diffuse electron density of the 

disordered solvent, guest molecules and 2-(2-hydroxyethoxy)ethoxy groups. The chosen space group 

( 3aP ) is the one with the highest possible symmetry for the crystallographic data, and the asymmetric unit 

shows one sixth of the atoms of the whole Nanoball. A further analysis of the data using appropriate 

subgroups of 3aP  (whether 3R  with two complete Nanoballs in the asymmetric unit, or P32 with four 

complete Nanoballs in the asymmetric unit) reveals that, compared to the orientation in space group 3aP , 

the Nanoballs have the same centres of gravity, but they are slightly rotated around their centres of gravity 

in different directions relative to each other. However, this rotation is nearly negligible, and the subsequent 

search for higher metric symmetry (using the software PLATON/ADDSYM)[23] reveals 3aP  as the 

suggested space group in all cases. Nevertheless, the thermal ellipsoids using the space group 3aP  are 

significantly inflated due to the rotational disorder, and several restraints had to be applied to provide 

appropriate geometries of the organic part. While the non-hydrogen atoms in the rigid part of the MOP 

were refined anisotropically, the carbon atoms of the side chains (–C2H5OC2H5OH) could not be refined 

anisotropically due to their large disorder. Although the atoms of the side chains can be found on the 

electron density maps, the large thermal motion of these atoms and their high disorder resulted in large 

shifts during the refinement, therefore further refinement procedures required restraints to maintain their 

bonding geometry in optimal status. The side chains were refined as “variable metric” rigid groups (AFIX 

9), maintaining the shape but being allowed to shrink and expand uniformly. Due to these restraints, no 
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s.u.’s are given for the bond angles between the atoms of the side chains. To maintain the geometry of the 

benzene rings, they also were refined as “variable metric” rigid groups (AFIX 9), and thus also no s.u.’s are 

given for the bond angles between these atoms. All further atoms (all copper atoms, the oxygen atoms 

coordinated to them and the carboxylic carbon atoms) could be refined anisotropically without any 

restraints. Due to the high volume of the unit cell and the high volume of voids filled with disordered 

solvent, the scattering intensity above 30° 2Θ were insignificant and thus omitted for the calculations. 

Additionally, all crystals of this compound showed weak scattering intensities and only medium quality of 

the crystal data. Thus it was necessary to restrain the Uij components to approximate isotropic behaviour 

(using “ISOR 0.1” of the SHELXL program for the anisotropically refined atoms). Despite these problems, 

especially the atomic positions of the copper atoms are well-defined, thus allowing to assign a structure 

statistically identical to the other Nanoballs with a related {Cu24(1,3-bdc)24} core. 

The crystallographic data (excluding structure factors) for the reported structures have been deposited at the 

Cambridge Data Centre as supplementary publication no. CCDC 692012, 766959 and 766958 for 6, 7 and 

9. These data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html, or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (internat.) 

+44(1223)336-033, E-mail: deposit@ccdc.cam.ac.uk. 
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2.5 List of substances in chapter 2 
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Chapter 3 
 

Kinetic stability 

of functionalised Nanoballs 
 

 

 
Upon treatment of DMF or DMSO solutions of the Nanoballs 
with weak acids, slow release of copper(II) ions is observed. 

 

Abstract: The stability of copper(II) paddle-wheel based Nanoballs against hydrolytic 

decomposition is studied under acidic conditions and compared to simple copper(II) complexes. 

Dissociation kinetics and release of copper(II) ions from Nanoballs is much slower than from 

simple dinuclear copper(II) paddle-wheel complexes due to their rigid structure, further 

suggesting the use of Nanoballs as monomers for polyurethane-based antifouling coatings. 
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3.1 Introduction 

Studies on the disassembly kinetics of smaller supramolecular architectures such as helices[1] 

and organic self-assemblies[2] have been intensively performed, but to date only a few studies 

focus on the kinetic stability of larger, nanometer-sized metal-organic polyhedra.[3] A rare 

example for the latter is the dodecanuclear Pd(II)-based Nanoball [Pd(II)12L24]. In this 

compound, substituted 1,3-di(4-pyridyl)benzene linker molecules (Figure 3.1) interconnect 

square planar Pd(II) units at an angle of 120°, leading to a cuboctahedral geometry as for the 

copper(II)-based Nanoballs described herein. A ligand exchange reaction between two of 

these spherical assemblies revealed that they are remarkably stable and the half-lives are 

increased by a factor of approximately 105 compared to monodentate Pd(II)-pyridine 

complexes.[3] 

Pronounced differences in the kinetic stability have been observed for a dimeric 

supramolecular capsule assembled from tetraimide resorcin[4]arene cavitands (Figure 3.1). 

Both subunits are held together only by weak hydrogen bonds, but depending on the 

encapsulated guest molecule, half-lives for the exchange of the capsule monomer units vary 

from 34 s to up to 71 h.[2b] 

Despite these and many other examples, the kinetic stability of a supramolecular self-

assembly is not unexceptional superior to that of structurally similar basic coordination units. 

Whereas in general also supramolecular helices show increased kinetic stability,[1a–e] the 

diferrous triple-stranded helicate [L'3Fe2]4+ based on a bis(2,2'-bipyridine) bridging ligand 

(Figure 3.1) displays a counterexample. The two dissociation constants for the stepwise loss 

of Fe(II) in the presence of hydroxide anions via the monoferrous species [L'3Fe]6+ are in the 

same order of magnitude as for the underlying monometallic iron(II) tris(2,2'-bipyridine) 

complex [Fe(bipy)3].[1f] 

R NN
 

 

N N O

N
H

(CH2)3 N
H

O N N   
Figure 3.1. Top left: structure of the substituted 1,3-di(4-pyridyl)benzene linker molecules in the Nanoball 
[Pd(II)12L24]. Bottom left: bis(2,2-bipyridine) ligand L' in the diferrous triple-stranded helicate [L'3Fe2]4+. Right: 
tetraimine resorcin[4]arene cavitand. Two of these molecules self-assemble via N–H···O hydrogen bonds. 
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Which absolute value for the kinetic stability against dissociation or solvolysis can thus be 

expected for the copper(II)-based Nanoballs? As a general rule, simple copper(II) complexes 

are kinetically labile,[4] e.g. the water exchange rate for hydrated Cu(II) ions is around 109 s–1, 

in the same order of magnitude as the exchange with solvent water for hydrated Na+ or K+. 

For comparison, the water exchange rates of Co(II), Pd(II), Ru(II) and Pt(II) are in the range 

of 107, 103, 10–1 and 10–3 s–1, respectively.[5] 

On the other hand, when appropriate ligands such as macrocycles are used, even kinetically 

inert copper(II) complexes can be obtained. Half-lives of up 6.7 months are possible for the 

decomplexation in acidic media (Figure 3.2).[6,7] The kinetic stability of the latter coordination 

compounds against copper(II) release in acidic media results in part from their rigid 

structures[8] and, additionally, from the gain of (thermodynamic) complex stability due to the 

macrocyclic effect.[9] 

N N

N N

H

H  
τ1/2 = 2.7 d (1 M HCl, 30 °C) 

N N

N N

H

H

PO3H

PO3H  
τ1/2 = 6.7 months (1 M HClO4, 25 °C) 

Figure 3.2. Macrocyclic ligands forming kinetically inert copper(II) complexes, together with 
the obtained half-lives of the latter. 

Long-term durability and a controlled release rate of the active biocide are the current 

demands for improved antifouling systems.[10] To elucidate the advantages of using copper 

based Nanoballs in antifouling systems, the question as to how fast copper(II) ions are 

released from Nanoballs under mildly acidic conditions is addressed in this chapter. 
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3.2 Results and discussion 

3.2.1 Hydrolytic Stability of Nanoballs 

To benefit from the antifouling properties of copper(II), Nanoballs which are covalently 

attached to polyurethanes should exhibit slow and controlled release of the incorporated 

copper ions. The kinetic stability of the Nanoballs against acidic media (like in human 

sweat)[11] was thus evaluated to investigate any influence of the supramolecular assembly on 

the stability of the copper paddle-wheel building units. 

Upon treatment of DMF and DMSO solutions of the Nanoballs with weak acids (high pKa) 

slow release of copper(II) ions is observed, in contrast to simple dinuclear paddle-wheel 

complexes such as copper(II) acetate or benzoate, for which decomposition occurs 

spontaneously and very rapidly (within less than one second under the same conditions). The 

slow release is maintained when 6 is incorporated into polyurethanes. To keep the reaction 

rates sufficiently low for UV/VIS spectroscopic investigations, soft acids with high pKa 

which, however, are sufficiently strong to protonate isophthalic acids were chosen.[12] 

Time dependent spectral changes of the UV/VIS absorption characteristics for the acidolysis 

in DMF and DMSO were recorded for the Nanoballs 6, 7, and 8, the urethane functionalised 

Nanoball 10, and as well for 12n (which is 6.2 wt% of 6 in polyurethane based on 2,4-TDI 

and ethylene glycol) and for 13n (which is 5.5 wt% of 6 in polyurethane based on 2,4-TDI 

and diethylene glycol). Time-resolved absorption spectra for 6 in DMSO as a representative 

example are shown in Figure 3.3 and Figure 3.4. During the course of these reactions the 

typical band I of binuclear copper(II) complexes[13] (maximum absorption at 740 nm and 720 

nm in DMF and DMSO, respectively) disappears to yield isolated and fully solvated 

copper(II) ions (maximum absorption at 830 nm and 800 nm in DMF and DMSO, 

respectively), without any intermediates detectable by the UV/VIS measurements (Figure 

3.4). 
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Figure 3.3. Representative time-resolved absorption spectra for the dissociation kinetics of 6. Solvent: DMSO; T 
= 25.0(2) °C; [6] = 15.4 x 10–5 M, [H3PO4] = 97.2 x 10–3 M, l = 1 cm. Spectrum 1 recorded before the addition of 
acid stock solution and spectra 2-20 recorded 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 14, 16, 18, 20, 25, 30 and 80 min 
after the addition of acid stock solution.  

 

 

 

       
Figure 3.4. Left: absorbances at 739 and 830 nm versus time for 6. Solvent: DMSO; T = 25.0(2) °C; [6] = 15.4 x 
10–5 M, [H3PO4] = 97.2 x 10–3 M, l = 1 cm. Right: change of absorbance ΔAX = AX(t) – AX(t=0) over time for X1 
= 740 nm against X2 = 830 nm. Due to the linear relationship, no intermediates are detected[14] during the acid 
assisted dissociation of the Nanoballs to copper(II) in all cases. 
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Since no intermediates can be observed, the corresponding global reaction, simplifying the 

Nanoballs as [CuL], is thus written: 

 
(1) 

 

Using at least tenfold excess of acid, the experimental data fit pseudo-first-order kinetics with 

respect to the complex in all cases. Thus the kinetic data were processed as pseudo-first-order 

reactions according to eqn. 2, where kobs is obtained from the time-resolved absorbances 

according to eqn. 3. 

  
(2) 

 

 
(3) 

 

Where At is the absorption after time t, A0 is the absorption at t = 0 and A∞ is the absorption 

after complete dissociation. 

Plots of the observed pseudo-first-order rate constants kobs in DMF and DMSO as solvents 

versus H3PO4 concentrations are shown in Figure 3.5 and Figure 3.6. The courses of the rate 

constants kobs display an empirical second order dependence on the acid concentration as 

expressed with eqn. 4. 

 
(4) 
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Figure 3.5. Pseudo-first-order rate constants kobs of the mono-, di- or tetraethylene glycoxy functionalised 
Nanoballs 6 (■), 7 (▲) and 8 (●) as a function of [H3PO4]. Solvent, DMF (left) or DMSO (right); T = 25.0(2) 
°C. The inset on top shows the functional group R in 5-position of the linker benzene-1,3-dicarboxylate. 

 

The practically identical dissociation behaviour of the Nanoballs 6–8 (Figure 3.5) is explained 

by the same supramolecular structure of the {Cu24(1,3-bdc)24} core of the three compounds. 

Besides the slightly decreased dissociation rates kobs for the Nanoball 8, the different lengths 

of the oligoethylene glycoxy moieties seems to be without significant influence on the kinetic 

stability of the Nanoballs. 

Contrary to the Nanoballs 6–8, the phenylisocyanate derivatised compound 10 shows slightly 

lower dissociation rates in DMSO for higher acid concentrations and clearly lower 

dissociation rates in DMF (Figure 3.6), indicating that the increased steric hindrance due to 

the phenylisocyanate derivatisation reduces the accessibility of the copper(II) centres. The 

trend of lower dissociation rates due to enhanced steric hindrance is further continued when 

the Nanoball is incorporated into polyurethanes. Compared to the oligoethylene glycoxy 

functionalisations in 6–8, the steric shielding might be increased due to the stiff benzene rings 

and the thus more rigid structure of the side chains, and additionally by the hydrogen bonds 

between the urethane groups which are also responsible for the formation of the crystalline 

hard segment domains in polyurethanes.[15] Accordingly, the more flexible side chain due to 

the longer diethylene glycol monomer units in 13h leads to an increased dissociation rate 

compared to 12n (based on ethylene glycol). 
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Figure 3.6. Pseudo-first-order rate constants kobs of 6 (■), the urethane derivate 10 (♦), and the polymer 
incorporated Nanoballs 12n (6.2 wt% of 6 in polyurethane based on 2,4-TDI and ethylene glycol, ○) and 13h 
(5.5 wt% of 6 in polyurethane based on 2,4-TDI and diethylene glycol, □) as a function of [H3PO4]. Solvent, 
DMF (left) or DMSO (right); T = 25.0(2) °C. The inset on top shows the functional group R in 5-position of the 
linker benzene-1,3-dicarboxylate. Only one of two alternate positions is shown for the methyl group of 2,4-TDI 
in the polyurethanes. OR'/OR'' = –OCH3 or –O Nanoball. 

 

Nevertheless, the open framework structures of these compounds facilitate access to the 

copper ions, making them less stable against hydrolytic decomposition when compared to 

macrocyclic Cu(II) complexes, which display half-lives ranging from 5.4 minutes to 6.7 

months in aqueous 1 M perchloric acid.[6,7] The kinetic stability of the latter coordination 

compounds against copper(II) release in acidic media results in part from their rigid 

structures[8] and, additionally, from the gain of (thermodynamic) complex stability due to the 

macrocyclic effect.[6,9] In comparison, the compounds examined here achieve half-lives of 

only 2.2–9.4 minutes in DMSO in the presence of 0.2 M H3PO4. 
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With decreasing pKa of the added acid (from chloroacetic acid to phosphoric acid to 

trifluoroacetic acid; pKa = 2.81, 2.16 and 0.52, respectively), accelerated hydrolytic 

decomposition of the Nanoball occurs. The observed influence of the acid strength hints on a 

mechanism where protonation of the interconnecting ligands occurs prior to dissociation 

(since protonation of ligands that might be set free after a preceding dissociation of the 

Nanoball in solution should lead to reaction rates independent from acid strength – as long as 

the protonation reaction can be considered to be faster than the dissociation reactions). The 

influence of the acid strength and the increased hydrolytic stability compared to simple 

binuclear copper(II) paddle-wheel complexes indicate that the Nanoballs show a cooperative 

behaviour, in which the fixed framework architecture makes it more difficult for the 

comprising subunits (copper ions or organic linkers) to leave the assembly. 

 

 
Figure 3.7. Pseudo-first-order rate constants kobs of 6 for acids of different strengths. Solvent: DMSO, T = 
25.0(2) °C; [6] = 15.4 x 10–5 M. Data shown for the dissociation with CF3COOH (see insert) are less precise, 
since due to the fast dissociation kinetics low concentrations of CF3COOH had to be chosen which no longer 
ensure pseudo-first order kinetics. The rate constants for dissociation with CF3COOH are only shown to point 
out their order of magnitude. 
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3.3 Conclusions 

Compared to kinetically labile dinuclear copper(II) paddle-wheel complexes such as copper 

acetate or benzoate, Nanoballs are kinetically more stable which is presumably due to their 

more rigid interconnected framework structure. The increased stability compared to simple 

binuclear copper(II) complexes represents a promising perspective for using Nanoballs in 

polyurethane fibers or in antifouling coatings, since a slower and more controlled release rate 

of copper(II) ions is crucial for these applications.[10] Furthermore, the kinetic stability can be 

adjusted by changing the side-chains on the external surface of the Nanoballs. An additional 

advantage above already existing systems[16] is the possibility to link Nanoballs 

homogenously and covalently into polymers, which is expected to increase the lifetime of 

antifouling products and to give better control over the release of copper ions over time. 

 

 

 

3.4 Experimental section 

Materials and methods 

UV/VIS spectra: J&M TIDAS. DMF was distilled from CaH2 and stored over molecular sieve 4 Å. The 

water content according to Karl-Fischer titrations was 54 ppm. DMSO was dried over molecular sieve 4 Å. 

All other solvents and reagents were of reagent grades and used as received. 

Hydrolytic decomposition of Nanoballs in the presence of acids 

The dissociation kinetics of the copper complexes in the presence of acids were investigated using 

spectrophotometry. The final copper(II) concentrations in all experiments were between 2.0 – 4.0 mmol/L. 

Acid concentrations in the range of 0.03 – 0.30 mol/L were prepared by adding an appropriate amount of 

acid stock solution with a micropipette followed by vigorous stirring for 5 s. An at least 15-fold excess of 

acid ensured pseudo-first-order conditions with respect to the copper complexes. Time resolved spectra 

were recorded on a J&M TIDAS equipped with 1 cm quartz cuvettes at 25.0 (2) °C without further 

adjustment of ionic strength. Both the decrease of intensity at λmax of the characteristic band I of copper(II) 

paddle-wheels[13] (740 nm for DMSO and 720 nm for DMF) as well as at the λmax of the resulting copper(II) 

ions (830 nm for DMSO and 800 nm for DMF) were used to monitor the progress of decomposition. The 

absorbance versus time curves were recorded to calculate the pseudo first-order rate constants by linear 

regression using Excel. 
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Chapter 4 
 

Comparative solvolytic stabilities 

of copper(II) Nanoballs and 

dinuclear copper(II) paddle-wheel units 
 

 
The overall dissociation constant is decreased due to the classical chelate effect. 

 

Abstract: The thermodynamic stability of a supramolecular Nanoball against dissociation in 

aqueous solution is studied and compared to simple copper(II) paddle-wheel complexes. The 

results reveal enhanced thermodynamic stability of the Nanoball as compared to discrete 

copper(II) paddle-wheel complexes due to the chelate effect and positive cooperativity. 
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4.1 Introduction 

In the previous chapter it was shown that Nanoballs based on interconnected copper(II) 

paddle-wheels are kinetically far more stable in solvents like DMF or DMSO than the 

(kinetically labile) dinuclear copper(II) paddle-wheel complexes such as copper acetate or 

benzoate, which is presumably due to their more rigid structure. Since the kinetic stability 

compared to simple paddle-wheel units is increased due to the structural features of the 

Nanoball, the question about the influence on the thermodynamic stability arises. Dinuclear 

copper(II) carboxylates (to which is refered as a reference standard) are remarkably 

dissociated in aqueous solution,[1] whereas the dissociation is strongly decreased for less polar 

solvents.[2] For hydroxylated Nanoballs (R = OH in 5-position of 1,3-bdc) in methanol 

solution, spectroscopic studies even showed no detectable dissociation at all,[3] qualitatively 

showing the increased thermodynamic stability above the underlying dinuclear copper(II) 

carboxylates. 

The transformation of Nanoballs into a three-dimensional network (see Chapter 2) already 

indicated that dissociation is remarkably increased when changing from water free organic 

solvents to H2O:DMF (1:1). Since the thermodynamic stability of these Nanoballs seems to be 

most interesting for aqueous solutions, the Nanoball based on a diethylene glycol-

functionalized linker which is soluble in H2O:DMF (1:1) was investigated in this solvent to 

quantify the thermodynamic stability. 

Whether the thermodynamic stability is increased, or even decreased, depends on the 

cooperativity of the system. Cooperativity[4] arises from the interplay of two or more 

interactions, so that the system as a whole behaves differently from expectations based on the 

properties of the individual interactions acting in isolation. Coupling of interactions can lead 

to positive or negative cooperativity, depending on whether one interaction favours or 

disfavours another. Positive cooperativity leads to a low peak concentration of intermediates 

and a sharp transition from unbound to bound. In other words, as the system approaches the 

limit of strong positive cooperativity, only the extreme states are significantly populated. 

Cooperativity exhibited in the folding of proteins and supramolecular self-assemblies is 

driven by the difference in strength between the intermolecular and intramolecular 

interactions, and is a consequence of the molecular architecture. This phenomenon gives rise 

to the chelate effect,[5] and is thus also called chelate cooperativity. 
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Already small organic assemblies,[6] inorganic cylindrical architectures[7] or double helicates[8] 

show increased thermodynamic stabilities due to positive cooperative effects, and an even 

more pronounced influence on the Nanoball built from 48 subunits might be expected. In all 

conscience, no studies concerning the thermodynamic stability of metal-organic polyhedra or 

similar compounds have been carried out in detail yet. 

Not only for a deeper understanding of supramolecular isomerism, especially for the above 

mentioned applications such as drug delivery, nanoscale devices and molecular machinery the 

knowledge about kinetic and thermodynamic stability of these molecular containers is crucial. 

A deeper knowledge of the kinetic and thermodynamic stability of these molecular 

compounds will also be a fruitful basis for improved comprehension about metal organic 

frameworks (MOFs),[9] which are the three-dimensional and heterogeneous counterparts of 

Nanoballs. 

4.2 Results and discussion 

4.2.1 Dilution experiments 

To evaluate the dissociation stability of 7 in H2O:DMF 1:1, it is necessary to facilitate the 

dissociation of the complexes by adding an acid, since the dissociation of the Nanoball 

appears to be kinetically hindered. Contrary to the transformation into an isomeric three-

dimensional network in the presence of the diprotonated ligand 5-H2he2bdc (3), only slow 

dissociation and no transformation is observed after the addition of acetic acid, emphasising 

the strong influence of the ligand-to-metal ratio for the stability of the Nanoball over open 

polymeric structures. Therefore, the dissociation constant of 7 was determined after the 

addition of acetic acid. 

To compare the thermodynamic stability of the Nanoball 7 with the simple dinuclear 

copper(II) paddle-wheel complexes copper(II) acetate and copper(II) 4-hydroxybenzoate, 

dilution experiments were performed, measuring the absorbances for different initial 

concentrations of the complexes in H2O:DMF 1:1. Since 7 as well as copper(II) 4-

hydroxybenzoate show poor solubility in pure water, the complex dissociation constants K1 

and K2 were evaluated for copper(II) 4-hydroxybenzoate in H2O:DMF 1:1, and for copper(II) 

acetate both in water and in H2O:DMF 1:1. The ionic strength was fixed at 0.5 M using 

KNO3. The absorbances of copper(II) acetate, copper(II) 4-hydroxybenzoate and 7 at different 

concentrations are shown in Figure 4.1–Figure 4.4. 
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Figure 4.1. Absorption spectra for different concentrations of copper(II) acetate in H2O; T = 25.0(2) °C; l = 1 
cm. Acetic acid (total concentration 0.140 mol/L) was added to all the solutions. Spectrum 1–25 recorded for 
0.0026, 0.0050, 0.0073, 0.0095, 0.012, 0.014, 0.016, 0.0175, 0.019, 0.021, 0.0225, 0.024, 0.026, 0.027, 0.0285, 
0.030, 0.031, 0.0325, 0.034, 0.035, 0.036, 0.037, 0.040, 0.044 and 0.048 mol/L of Cutot.* 

 

 
Figure 4.2. Absorption spectra for different concentrations of copper(II) acetate in DMF:H2O 1:1; T = 25.0(2) 
°C; l = 1 cm. Acetic acid (total concentration 0.140 mol/L) was added to all the solutions. Spectrum 1–22 
recorded for 0.0018, 0.00345, 0.0050, 0.0065, 0.00785, 0.0091, 0.010, 0.0115, 0.0125, 0.0135, 0.015, 0.0165, 
0.0185, 0.0205, 0.022, 0.023, 0.025, 0.026, 0.027, 0.0285, 0.033 and 0.040 mol/L of Cutot.* 

                                                                                                                                                   
* Cutot is the total concentration concerning copper(II) that is present in solution. 
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Figure 4.3. Absorption spectra for different concentrations of copper(II) 4-hydroxybenzoate in DMF:H2O 
1:1; T = 25.0(2) °C; l = 1 cm. 4-hyxdroxybenzoic acid (total concentration 0.140 mol/L) was added to all the 
solutions. Spectrum 1–18 recorded for 0.00046, 0.0011, 0.0022, 0.0031, 0.0040, 0.00515, 0.0062, 0.00715, 
0.0088, 0.0105, 0.013, 0.015, 0.016, 0.0165, 0.017, 0.018, 0.0185 and 0.019 mol/L of Cutot.* 

 

 
Figure 4.4. Absorption spectra for different concentrations of 7 in DMF H2O 1:1; T = 25.0(2) °C; l = 1 cm. 
Two equivalents of acetic acid (per Cu atom) were added to every solution. Spectrum 1–18 recorded for 
0.00036, 0.00071, 0.00089, 0.0011, 0.0012, 0.0014, 0.00175, 0.0021, 0.00245, 0.0028, 0.0031, 0.00345, 0.0041, 
0.0047, 0.00535, 0.00595, 0.00715 and 0.0083 mol/L of Cutot.* 
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Lower initial concentrations (Cutot) lead to increased dissociation, which results in decreased 

molar absorbances since the typical band I of copper(II) paddle-wheel complexes[10] 

(maximum absorption at 710 nm and 730 nm in H2O and DMF:H2O 1:1, respectively) 

disappears to yield isolated and fully solvated copper(II) ions (maximum absorption at 800 

nm and 815 nm in H2O and DMF:H2O 1:1, respectively). At very low concentrations, the 

molar absorbances approach the values for copper(II) ions in solution, whereas at high 

concentrations, they approximate the values of the dinuclear complexes or the Nanoball, 

respectively (Figure 4.5). 

Already the courses of the molar absorbances versus the initial concentrations (Cutot) of the 

complexes reveal an obviously different dissociation behaviour for the Nanoball 7 compared 

to the simple dinuclear paddle-wheel complexes (Figure 4.5). The Nanoball shows a much 

steeper increase in absorbance (equivalent to a sharp free-to-bound transition over a narrow 

concentration range), and furthermore a sigmoidal (S-shaped) course of absorbances in 

contrary to the dinuclear complexes. 

 

 
Figure 4.5. Apparent molar absorbances at 770 nm for copper(II) acetate (●), copper(II) 4-hydroxybenzoate (▲) 
and 7 (■) in H2O:DMF 1:1 versus the total copper concentration Cutot. 
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4.2.2 Examination of cooperativity: binding isotherms and modified Hill plots (Dil plots) 

Data from dilution experiments can be evaluated by a modified Hill plot (Dil plot),[4] where 

  
)Θ–1(2

Θ
2

A

ALog  is plotted against 
50Cu

Cu
Log tot , 

with 

 AΘ  binding site occupancy,[*] 

 totCu  total binding sites concentration (free and bound), 

 50Cu  binding sites concentration at =Θ A  50% occupation. 

The slope at the origin of this modified Hill plot, nD, is a measure for the cooperativity of the 

system, generally indicating 

 no cooperativity for nD = 1, 

 positive cooperativity for nD > 1, 

 negative cooperativity for nD < 1. 

 

In the case of no cooperativity, the modified Hill plot simply represents a straight line through 

the origin and has a slope of one in all cases. In simple systems, i.e. multiple site receptors 

interacting with monovalent ligands, the modified Hill plot follows an S-shape, and the slope 

is one at very high and very low concentrations. At the origin, nD > 1 for positive 

cooperativity and nD < 1 for negative cooperativity. 

For large cyclic oligomers (such as the Nanoball), the modified Hill plot starts parallel to the 

reference line for low concentrations, and deviates over the concentration range where the 

macrocycle is the most stable species (with a slope nD > 1 at the origin) in the case of strong 

positive cooperativity. For negative cooperativity, the Hill plot is practically undistinguishable 

from the case of no cooperativity. 

                                                                                                                                                   
[*]  The “binding site occupancy” is the number of coordinated binding sites divided by the number of totally 

present binding sites. 
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A sigmoidal binding isotherm with a sharp free-to-bound transition over a narrow 

concentration window, and as well a (modified) Hill plot with a slope greater than one 

indicate positive cooperativity. The cooperativity of the investigated system was evaluated 

using these criteria (Figure 4.6 and Figure 4.7).* 

Both the binding isotherms (Figure 4.6) and the modified Hill plots (Figure 4.7) show that no 

cooperativity can be detected in the case of simple dinuclear copper(II) carboxylates (the 

slopes are practically one in the modified Hill plots over the whole concentration range). In 

contrary, the binding isotherm of the Nanoball 7 reveals a distinct sigmoidal behaviour, and 

the transition from complete dissociation to association is performed in a much smaller 

concentration range (in other words, the Nanoball shows a sharper free-to-bound transition). 

Furthermore, the modified Hill plot is characteristic for a “large cyclic oligomeric” system 

possessing positive cooperativity: the plot starts parallel to the reference line for low 

concentrations (visualised by the green line), deviates at higher concentrations (indicating the 

concentration range where the macrocycle is the most stable species), and the slope at the 

origin is nD ≈ 2 (visualised by the second green line). A slope nD > 1 is characteristic for 

positive cooperativity. 

                                                                                                                                                   
* To evaluate the cooperativity for the formation of the Nanoball 7 and as well for simple dinuclear 

carboxylates, (modified) Hill plots can be used. However, these plots are derived for systems based on one 
single dissociation/association equilibrium. Therefore, a one-step dissociation of the complexes will be 
considered (which has the advantage that all absorbances of the participating species are known). The results 
from more sophisticated models (next section) show that the intermediates are of comparable molar 
absorbances (per site occupancy), making the error in the thus obtained plots comparably small. 

The modified Hill plots, using a simple one-step dissociation model, are nearly identical to Hill plots from the 
more sophisticated models (showing the same trends and comparable slopes at the origin), underlining the 
validity of this simple treatment. Since every model introduces some errors due to the assumptions made, the 
simplest model possible was used here, which also describes the complexes structurally correct as dinuclear 
paddle-wheels or as a whole Nanoball (comprised of 12 paddle-wheel units). 
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Figure 4.6. Binding isotherms[*] for copper(II) acetate in H2O (blue), copper(II) acetate in DMF:H2O 1:1 
(green), copper (II) 4-hydroxybenzoate in DMF:H2O 1:1 (red), and the Nanoball 7 in DMF:H2O 1:1 (black). The 
x-axis was scaled relative to Cu50, the concentration at 50% site occupancy. For copper (II) 4-hydroxybenzoate 
in DMF:H2O 1:1, C50 = 0.05 mol/L was extrapolated from the binding isotherm. 

                                                                                                                                                   
*  totCu  total binding sites concentration (free and bound), 

50Cu  binding sites concentration at =Θ A  50% occupation, 

AΘ   binding site occupancy, given for simple dinuclear paddle-wheel complexes by 

  
tot

A Cu
OOCRCu

CuOOCRCu
OOCRCu ])([2

=
+])([2

])([2
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   and for the Nanoball by 
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A Cu
LCu
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LCu ][24
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Figure 4.7. Modified Hill plots for copper(II) acetate in H2O (top left), copper (II) acetate in DMF:H2O 1:1 (top 
right), copper (II) 4-hydroxybenzoate in DMF:H2O 1:1 (bottom left), and the Nanoball 7 in DMF:H2O 1:1 
(bottom right). The red line passes the origin with a slope of one and is given as a guide for the eye (displaying 
the behaviour of a system without cooperativity). The x-axis was scaled relative to Cu50, the concentration at 
50% site occupancy. For copper (II) 4-hydroxybenzoate in DMF:H2O 1:1, C50 = 0.037 mol/L was extrapolated 
from the binding isotherm. 
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4.2.3 Discussion and evaluation of models for the dissociation equilibria 

To illustrate the findings upon which the final models for the dissociation equilibria are based, 

initially the case of a one-step dissociation of the complexes will be considered and discussed 

(Scheme 4.1). If the data is thus evaluated according to equation 1a for the dinuclear 

complexes and equation 1b for the Nanoball to receive the stability constants, the obtained fits 

to the experimental data are rather poor, showing high residuals between experimental data 

and theoretical model. The predicted absorbances from these theoretical model are too low at 

low concentrations (and also too high at high concentrations), and also predict a sigmoidal 

course of absorbances for the dinuclear complexes (which is not observed experimentally). 

These findings indicate that the dissociation equilibria cannot be represented by simple one-

step models. 

 

Cu2(O2CR)4 2 Cu2+ + 4 (O2CR)–
 

[Cu24(L)24] 24 Cu2+ + 24 (L)2–
 

Scheme 4.1. One-step dissociation equilibria for simple 
copper(II) carboxylates (top) or the Nanoball 7 (bottom). 
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Furthermore, it is known that copper(II) acetate in water behaves essentially as a 1:1 

electrolyte at concentrations greater than about 0.1 M, whereas at lower concentrations, it 

undergoes dissociation as a 2:1 electrolyte.* Also this behaviour cannot be explained by a 

simple one-step dissociation, so a more sophisticated model (based on at least two 

dissociation steps) is required. 

 
                                                                                                                                                   
* The dissociation constants K1 and K2 of copper (II) acetate in water (mole L–1) were earlier determined to be 

   

Cu(OAc)2 Cu(OAc)+ + OAc

Cu2+ +Cu(OAc)+

K1 = 0.10–0.13 

K2 = 0.003–0.030 

-

OAc-
 

in the temperature range of 15–35 °C and for an ionic strength range of 0.0–3.0.[1] 
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A model which regards the dissociation of copper(II) acetate (or other carboxylates) as a 

dinuclear complex gets far too complicated to be evaluated using distinct dissociation 

constants and absorption coefficients for every possible intermediate (it would involve four 

steps of ligand dissociation, and additionally should account for the possibility of an 

equilibrium between mononuclear and dinuclear species for each intermediate).[11] Each 

fitting of a model describing the copper(II) carboxylates as dinuclear species failed, since 

necessarily higher polynomic terms are introduced (due to which signs of cooperativity such 

as a sigmoidal binding isotherm should also be observed, which, as described before, is not 

the case). 

Due to these considerations, a simple model for the dissociation of dinuclear carboxylates 

as proposed in literature was used, involving a two-step dissociation of copper(II) 

carboxylates, which are treated as if they represented an only mononuclear species (Scheme 

4.2). 

Cu(O2CR)2 Cu(O2CR)+ + (O2CR)–

Cu2+ + (O2CR)–Cu(O2CR)+

K1

K2 

Cu(O2CR)2 Cu(O2CR)+ + (O2CR)– Cu2+ + 2 (O2CR)–

1:1 2:1
R =  CH3 or  C6H5OH • •

 
Scheme 4.2. Two-step dissociation equilibria for simple copper(II) carboxylates. 

 

For the dissociation of the Nanoball, a fit based on a one-step dissociation according to 

equation 1b also fails to appropriately describe the experimental data. Still using a one-step 

dissociation, a dependence on copper concentration to the power of 12 (and not, as in equation 

1b, to the power of 48) provides the best description of the sigmoidal curve. Nevertheless, 

especially the slight increase in absorbances at very low concentrations (< 0.002 mol L–1, in 

the region for almost complete dissociation) is still not represented well by this model. A one-

step dissociation with a dependence on copper concentration to the power of 12 predicts 

complete dissociation at low concentrations and a thus nearly constant absorbance. 

As already described for simple dinuclear paddle-wheel units, a model regarding all possible 

intermediates is by far too complicated to be evaluated by standard measurements. Since 

positive chelate cooperativity is suggested from the modified Hill plot, the concentrations of 

possible intermediate species (such as smaller fragments of the Nanoball) are expected to be 
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low. According to the equilibria of the simple dinuclear copper(II) paddle-wheel complexes, 

and expecting an only low concentration for the sum of all intermediates, two equilibria can 

be formulated for the dissociation of the Nanoball according to Scheme 4.3. 

K1

K2 

[Cu12(L)12] Cu2+ + (L)2–12 [Cu(L)]

[Cu12(L)12] 12 [Cu(L)]
Cu2+ + (L)2–12 [Cu(L)]

 
Scheme 4.3. Two-step dissociation equilibria for the Nanoballs. 

Where “[Cu(L)]” might represent both the intermediate species (“polydisperse open 

oligomers”) of the Nanoball as well as the two-step dissociation of the underlying simple 

paddle-wheel complexes. 

 

4.2.4 Thermodynamic stability of simple paddle-wheel complexes in aqueous solvents 

First, the dissociation constants of copper(II) acetate and copper(II) 4-hydroxybenzoate were 

evaluated via spectrophotometry according to the procedure described in literature to compare 

the thermodynamic stability of the Nanoball 7 with simple dinuclear copper(II) paddle-wheel 

complexes. To facilitate the dissociation of the complexes as described in the original 

literature[1a] for copper(II) acetate in water, 0.140 mol/L acetic acid or 4-hydroxybenzoic acid, 

respectively, were added prior to the measurements. The obtained course of molar 

absorbances ( ε , calculated for Cutot, the total concentration of copper atoms in solution 

according to equation 2) versus total copper concentrations Cutot was evaluated at 770 and 

680 nm. Regarding the two steps of dissociation of the simple dinuclear complexes copper(II) 

acetate and copper(II) 4-hydroxybenzoate (Scheme 4.4), the course of molar absorbances can 

be expressed by equation 3[1a] as sum over the contributions from the three species involved. 

Cu(O2CR)2 Cu(O2CR)+ + (O2CR)–

Cu2+ + (O2CR)–Cu(O2CR)+

K1

K2 
 

Scheme 4.4. Two-step dissociation equilibria for simple 
copper(II) carboxylates. 
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As discussed above, the simplifying formulation as mononuclear units Cu(O2CR)2 (and not as 

dinuclear units Cu2(O2CR)4) was chosen according to literature, since the experimental data 

can thus be fit to a much simpler model (containing only two dissociation steps and three 

compounds). The fact that this simpler model is able to completely describe the experimental 

course of absorbances justifies the avoidance of a more complicated model. Furthermore, only 

the extinction coefficients for the dinuclear complexes and Cu2+ are directly available 

experimentally, whereas the extinction coefficients of the intermediate species have to be 

determined during the data fitting. Therefore, the extinction coefficients for the additional 

intermediate species and the respective equilibria constants (which would be introduced using 

a more complex model for the dissociation of [Cu2(O2CR)4]) would not be determined as 

accurately as the constants from the model described in Scheme 4.4 via spectrophotometric 

measurements. 

The two steps of dissociation in Scheme 4.4 are connected with the following equations for 

the equilibria: 

  
])([

])[(•])([
=

22

–
2

+
2

1 CROCu
CROCROCu

K  (4) 
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= +
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2
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2 CROCu
CROCu
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Both Cutot (eqn. 2) and ε  (eqn. 3) can be expressed in dependence of [Cu2+] by substituting 

the concentrations [Cu(O2CR)+] and [Cu(O2CR)2] in the equations 4 and 5 as shown below. 

The total concentration of ligand present in solution is 

 ][•2+])([=])[( +2+
2

–
2 CuCROCuCRO  (6) 

Combining equations 5 and 6 leads to 
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And combining equations 4, 6 and 7 leads to 
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The apparent molar absorbances (absorbance per copper(II) atom) were evaluated and fit to 

the experimental data according to the proposed equilibria via non-linear least squares 

analysis (Gauss-Newton). Since +2Cuε  and 
22 )( CROCuε  can be obtained experimentally, only the 

three variables K1, K2 and +
2 )( CROCu

ε  in equation 2 and 3 have to be determined by the least 

squares fit to the experimental data. As described in literature,[1a] the molar absorbance +2Cuε  

in equation 3 is equal to the molar absorbance coefficient of copper(II), whereas the molar 

absorption of the copper(II) carboxylates (
22 )( CROCuε ) was obtained by adding sodium acetate 

or sodium 4-hydroxybenzoate to shift the equilibrium towards Cu(O2CR)2 at high 

concentrations (Table 4.1). +
2 )( CROCu

ε  as well as finally K1 and K2 were obtained by fitting the 

theoretical course of the molar absorbances to the experimental data at 770 and 680 nm. 

Table 4.1. Molar absorptions for the three species accounted in the dissociation of 
copper(II) acetate and copper(II) 4-hydroxybenzoate. 

L Solvent Wavelength εCu
2+ εCu(O2CR)

+ εCu(O2CR)2 

  (nm) (L mol–1 cm–1) 

CH3COO– H2O 680 7.4 15.9 42.8 

CH3COO– H2O 770 13.9 30.9 47.0 

CH3COO– H2O:DMF 1:1 680 8.9 17.6 58.0 

CH3COO– H2O:DMF 1:1 770 19.8 33.2 62.2 

HOC6H4COO– H2O:DMF 1:1 680 8.9 16.3 128.4 

HOC6H4COO– H2O:DMF 1:1 770 19.8 41.6 121.2 

 

For different pairs of K1 and K2, least square regressions were performed to find the 

dissociation constants that best represent the experimental data (lowest least squares 

residuals). In the first step, the theoretical values Cutot, [Cu(O2CR)+] and [Cu(O2CR)2] were 

fit to match with the experimentally used values for each value of Cutot by least square 

regression using [Cu2+] as a free variable (using eqn. 2, 7 and 8). In the second step, the value 

+
2 )( CROCu

ε  was fit by least square regression to the measured absorptions (at 680 and 770 nm) 

at each Cutot value (using eqn. 3). This procedure was performed for a grid of K1 and K2 

values (using a step size of one unit in the last digit of the reported data), giving a global 

minimum in the least square residuals of measured and theoretical absorptions. The final fits 

are shown in Figure 4.8–Figure 4.10, and the obtained complex dissociation constants are 

summarized in Table 4.2. 
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Figure 4.8. Left: apparent molar absorbances for copper(II) acetate at different concentrations Cutot in H2O 
together with the theoretical course of absorbances for K1 = 0.11 mol/L, K2 = 0.016 mol/L, εCu(O2CR)2 = 42.8 and 
47.0 L mol–1 cm–1, εCu(O2CR)+ = 15.9 and 30.9 L mol–1 cm–1, εCu2+ = 7.4 and 13.9 L mol–1 cm–1 at 680 nm and 770 
nm, respectively. Right: species distribution for copper acetate Cu(OAc)2, the intermediate species Cu(OAc)+ 
and Cu2+. 

 

   
Figure 4.9. Left: apparent molar absorbances for copper(II) acetate at different concentrations Cutot in 
H2O:DMF 1:1 together with the theoretical course of absorbances for K1 = 0.052 mol/L, K2 = 0.0085 mol/L, 
εCu(O2CR)2 = 58.0 and 62.2 L mol–1 cm–1, εCu(O2CR)+ = 17.6 and 33.2 L mol–1 cm–1, εCu2+ = 8.9 and 19.8 L mol–1 cm–

1 at 680 nm and 770 nm, respectively. Right: species distribution for copper acetate Cu(OAc)2, the intermediate 
species Cu(OAc)+ and Cu2+. 
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Figure 4.10. Left: apparent molar absorbances for copper(II) 4-hydroxybenzoate at different concentrations 
Cutot in H2O:DMF 1:1 together with the theoretical course of absorbances for K1 = 0.023 mol/L, K2 = 0.017 
mol/L, εCu(O2CR)2 = 128.4 and 121.2 L mol–1 cm–1, εCu(O2CR)+ = 16.3 and 41.6 L mol–1 cm–1, εCu2+ = 8.9 and 19.8 L 
mol–1 cm–1 at 680 nm and 770 nm, respectively. Right: species distribution for the paddle-wheel complex 
Cu(O2CPhOH)2, the intermediate species Cu(O2CPhOH)+ and Cu2+. 

 

Both dissociation constants for copper(II) acetate are approximately halved when switching 

from H2O to H2O:DMF 1:1 (Table 4.2), which displays a negligible increase in stability when 

compared to the more drastic changes when water is completely replaced by an organic 

solvent.[2,3] Compared to copper(II) acetate, copper(II) 4-hydroxybenzoate shows similar 

stability against dissociation (with a slightly decreased first dissociation constant K1 and a 

slightly increased second dissociation constant K2). 

 

Table 4.2. stepwise complex dissociation constants (mol L–1) and overall 
dissociation constants (pK = –log K1•K2) for the simple dinuclear 
complexes copper(II) acetate and copper(II) 4-hydroxybenzoate. 

R Solvent K1 K2 pK 

CH3 H2O 0.11(3) 0.016(4) 2.8(5) 

CH3 H2O:DMF 1:1 0.052(14) 0.0085(22) 3.4(5) 

HOC6H4 H2O:DMF 1:1 0.023(6) 0.017(4) 3.4(5) 
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4.2.5 Thermodynamic stability of Nanoballs in aqueous solvents 

To investigate the thermodynamic stability of the Nanoball, solutions of 7 in H2O:DMF 1:1 

with different initial concentrations were prepared. To facilitate the dissociation of the 

complexes, two equivalents of acetic acid per copper(II) atom in the solution were added. The 

absorbances slowly decreased after the addition of acetic acid and reached their final value 

after 2-3 months (as monitored by spectrophotometry). No effect on the finally obtained 

absorbances (and thus the equilibrium concentrations) was observed for different 

concentrations of acetic acid per copper(II) atom (until up to four equivalents), ensuring that 

acetic acid is only acting as a catalyst for the dissociation. After six months, the molar 

absorbances for the different initial concentrations of the Nanoball 7 were measured. The 

recorded molar absorbances per copper atom versus the initial concentrations of 7 were 

evaluated at 770 (Figure 4.5) and 680 nm, showing an obviously different course of 

absorbances compared to simple copper(II) carboxylates. 

Below Cutot = 1.7 mmol/L, the obtained molar absorbances show only a slight increase with 

the concentration and nearly equal the molar absorbances of solvated copper(II) ions. This 

indicates that below 1.7 mmol (which can therefore be seen as a lower critical self-assembly 

concentration) only copper(II) and presumably small fragments of the Nanoball are present in 

solution. Above this concentration, a distinct increase in molar absorbance is observed, which 

converges at high concentrations to the molar absorbance of the Nanoball. This behaviour 

resembles supramolecular micelle formation and the behaviour at the critical micelle 

concentration (cmc)[12] and is in agreement with the theoretical course of concentrations for 

supramolecular assemblies around the critical self-assembly concentration.[13] In analogy to 

the dissociation equilibria of the simple dinuclear copper(II) paddle-wheel complexes, the 

experimental data fit a dissociation model in which the Nanoball fragmentates into simple 

species (“CuL”), which is further on in equilibrium with copper(II) ions and free deprotonated 

ligand 3 in solution (Scheme 4.5). Although the structure of the Nanoball is quite 

complicated, and principally there could be many intermediate products involved, the simple 

theoretical model is suitable to fit the experimental data, showing that the concentrations of 

possible intermediates are too low to significantly contribute to the final absorbances. 
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Cu12L12 12 CuL

Cu2+ + L2-CuL

K1

K2 
 

Scheme 4.5. Two-step dissociation equilibria for 
the Nanoball 7. 

The obtained courses of molar absorbances versus concentrations were evaluated at 770 and 

680 nm according to eqn. 9 (regarding the apparent molar absorbances per copper atom), 

  
tot

CuCuLLCu

Cu
CuεCuLεLCuε

ε
][+][+][•12

=
+2

1212 +21212  (9) 

simplifying the Nanoball as [Cu12L12], where 

  ][+][+][•12= +2
1212 CuCuLLCuCu tot . (10) 

The two steps of dissociation in Scheme 4.5 are connected with the following equations for 

the equilibria 

  
][

][
=

1212

12

1 LCu
CuL

K  (11) 

  
][

][•][
=

–2+2

2 CuL
LCu

K  (12) 

As for the dinuclear paddle-wheel complexes, both Cutot and ε  can be expressed in 

dependence of [Cu2+] by substituting the concentrations [CuL] and [Cu12L12] in equation 9 

and 10 using the following equations 14 and 15. 

The total concentration of ligand present in solution is 

 ][=][ +2–2 CuL  (13) 

Combining equations 12 and 13 leads to 

 
2

2+2 ][
=][

K
Cu

CuL  (14) 
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And combining equations 11 and 14 leads to 

 12
21

24+2

1212

][
=][

KK
Cu

LCu  (15) 

Since +2Cuε  and 
1212 LCuε  can be obtained experimentally,* only the three variables K1, K2 and 

CuLε  have to be determined by the least squares to fit the experimental data. Without the 

addition of acid, the Nanoball 7 is kinetically inert in solution, thus its molar absorption 

1212 LCuε  was simply obtained from solutions of 7 in H2O:DMF 1:1. CuLε  as well as finally pK1 

= 32.5 ± 0.41 and pK2 = 2.74 ± 0.25 were obtained by fitting the theoretical course of the 

molar absorbances to the experimental data at 770 and 680 nm (Figure 4.11). The overall 

dissociation constant (dissociation of the Nanoball into Cu2+ and ligand L2–) is pK = p(K1•12 

K2) = 65.4. 

 

   
Figure 4.11. Left: apparent molar absorbances for the Nanoball 7 at different concentrations Cutot in H2O:DMF 
1:1 together with the theoretical course of absorbances for K1 = 10–32,5 mol11/L11, K2 = 10–2,74 mol/L, εCu12L12 = 
218.5 and 215.5 L mol–1 cm–1, εCuL = 21.4 and 36.1 L mol–1 cm–1, εCu2+ = 8.9 and 19.8 L mol–1 cm–1 at 680 nm 
and 770 nm, respectively. εCu12L12 is the absorption per copper(II) centre in the Nanoball. Right: species 
distribution for the Nanoball 7 (Cu12L12), the intermediate species (CuL) and Cu2+. 

                                                                                                                                                   
* εCu2+ = 8.9 and 19.8, εCu12L12 = 218.5 and 215.5 L mol–1 cm–1 at 680 and 770 nm, respectively. εCu12L12 is given 

as molar absorbance per copper atom. 
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A direct comparison of the overall dissociation constant of the Nanoball (K = 10–65.4 mol23 

L-23) with simple dinuclear paddle-wheel complexes (K = 10–3.4 mol2 L–2 for both) is difficult 

due to the different units of these stability constants. However, a comparison is possible for 

the stepwise dissociation constants K1 and K2 (when K1 for the Nanoball is divided into 

appropriate equal dissociation steps). Thus, the value of K1 = 10–32.5 mol11/L11 can be thought 

to be theoretically composed of 11 distinct steps, in each of which one dinuclear unit is 

released from the Nanoball (Scheme 4.6). 

Cu12L12 K1,1

K1,2 

Cu11L11 + CuL

Cu11L11 Cu10L10 + CuL

K1,3 Cu10L10 Cu9L9 + CuL

...
K1,11 Cu2L2 2 CuL

 
Scheme 4.6. Release of one dinuclear unit in each of 
the theoretical eleven dissociation steps. 

Since each of these steps involve the disconnection of at least one carboxylic group from a 

copper paddle-wheel complex of the Nanoball, each release step of CuL can be generally 

compared to the release of (O2CR)– from a simple, dinuclear paddle-wheel complex. Thus K1 

from the dissociation of these simple complexes is comparable to each of the distinct 

dissociation steps (K1,1, K1,2, and so on) of the Nanoball. Simply assuming that all 

dissociation constants of these distinct steps are equal provides us an average value for each 

distinct dissociation step of K1,1 = K1,2 = K1,3 =…= K1,11 = 11
1K = 0.0011 mol/L, which is 20-

50 times less than K1 for the simple dinuclear paddle-wheel complexes (0.051 and 0.023 

mol/L for copper(II) acetate and 4-hydroxybenzoate, respectively). A similar increase in 

stability is observed when regarding the K2 value (0.0018 mol/L for the Nanoball, compared 

to 0.0085 and 0.017 mol/L for copper(II) acetate and 4-hydroxybenzoate, respectively). 

To illustrate the increased stability of the Nanoball compared to the comprising dinuclear 

complexes, it can be exemplarily calculated that at a total concentration Cutot = L2– = 0.055 

mol L–1 of copper(II) ions present in solution (the sum of all copper atoms present in any 

species), 95% of copper(II) ions can be found in the Nanoball, whereas under corresponding 

conditions only 51% or 39% of totally present copper(II) ions can be found in binuclear 

copper(II) acetate or 4-hydroxybenzoate, respectively, showing qualitatively the increased 

stability of the Nanoball over simple binuclear complexes. Moreover, 50% of the copper(II) 
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ions still remain in the Nanoball at a concentration of Cutot = 0.0046 mol L–1, whereas only 

8% or 5% of totally present copper(II) ions can be found in binuclear copper(II) acetate or 4-

hydroxybenzoate, respectively. 

Positive cooperativity[4] is the underlying reason for the increased stability of the 

supramolecular Nanoball 7 against dissociation compared to simple dinuclear paddle-wheel 

complexes. The sigmoidal course, which is already visible from the course of absorbances 

(Figure 4.5), is also represented in the binding isotherms of 7 (Figure 4.6), and the modified 

Hill plot revealed a value of nD ≈ 2 and furthermore showed all indications of positive 

cooperativity for the supramolecular Nanoball (Figure 4.7). In contrast, the simple dinuclear 

copper(II) paddle-wheel complexes show no signs of cooperativity. 

A further simple explanation of the enhanced dissociation stability of the Nanoball 7 in 

comparison with simple copper(II) paddle-wheel complexes is given by the chelate effect (the 

underlying driving force for positive cooperativity in this kind of supramolecular assembly). 

The chelate effect in general is predominantly due to a gain in translational entropy (whereas 

the contribution of ring, conformational or steric strain energies or preorganisation as in 

macrocycles or cryptants are usually comparably small).[14] Since the base of the chelate 

effect is predominantly a result of changes in translational entropy, chelation principally 

causes a similar decrease of overall dissociation constants: a general decrease of pK by a 

value of 1.5-4 is observed per exchange of two monodentated with one comparable bidentate 

ligand.[14] Applying this general observation to the case of the Nanoball, one molecule which 

is comprised of 12 dinuclear copper(II) paddle-wheel subunits (bridged by 24 bifunctional 

ligand molecules) has to be compared with 12 simple dinuclear copper(II) paddle-wheel 

complexes (possessing 48 monofunctional carboxylic ligands in total). When comparing the 

Nanoball with the comprising subunits, 48 monofunctional ligands are replaced with 24 

bifunctional ligands, leading to an expected increase of the overall dissociation constant –log 

K by a value between 36 and 96 (equal to 24 times the effect for exchanging two 

monodentated with one comparable bidentate ligand). The overall dissociation constants of 

the simple dinuclear paddle-wheel complexes is pK = 3.4 for both copper(II) acetate and 

copper(II) 4-hydroxybenzoate in DMF:H2O 1:1, respectively. Therefore, an overall 

dissociation constant for the Nanoball between 40 and 100 would be expected. Indeed, the 

overall dissociation constant of the Nanoball (pK = 65.4) lies in the expected range for an 

increased stability due to the classical chelate effect. 
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4.3 Conclusions 

Nanoballs are thermodynamically more stable than simple dinuclear copper(II) paddle-wheel 

complexes such as copper acetate or benzoate due to the chelate effect (or, in other words, 

positive chelate cooperativity). The increased stability compared to simple dinuclear 

copper(II) complexes represents a promising perspective for using water-soluble Nanoballs 

for technological applications or in antifouling coatings in the future. Furthermore, it must be 

emphasised that the dissociation is only observed in aqueous solvents, whereas in organic 

solvents no indications for dissociation can be detected. 

In a wider context, these results are also capable of explaining the thermodynamic stability of 

the related class of metal-organic frameworks (MOFs).[9] Also here, the stability of these 

three-dimensional supramolecular architectures should exceed the stability of the underlying 

simple complexes from the secondary building units. In this light, the results give a promising 

outlook for the future design of stable and catalytically active MOFs, possibly remaining 

framework topography and preventing metal leaching even when the simple underlying 

complexes are less stable. 
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4.4 Experimental section 

Materials and methods 

UV/vis spectra: J&M TIDAS. Potentiometric titrations: Schott Instruments ProLab 2000 equipped with an 

Ag/AgCl glass electrode. Tetrakis(µ2-4-Hydroxybenzoato-O,O')-bis(dimethylsulfoxide-O)-dicopper 

dimethylsulfoxide solvate 5 was synthesized according to literature.[15] DMF was stored over molecular 

sieve 4 Å prior to use. All other solvents and reagents were of reagent grades and used as received. 

Determination of equilibrium constants 

Spectra were recorded on a J&M TIDAS equipped with 1 cm quartz cuvettes at 25.0 (2) °C in the range of 

500-1100 nm, the ionic strength was fixed at 0.5M using KNO3. Studies were carried out using a precision 

piston microburet (Eppendorf) to add the copper(II) carboxylates to 2 mL of solvent (H2O:DMF 1:1). 

Between 18 and 25 solutions were prepared with a [CuL]tot concentration ranging between 0.0004 and 0.05 

mol/L. For 7, a fixed ratio of [HOAc]/[CuL]tot = 2 was used to facilitate the dissociation of the complexes, 

whereas copper(II) acetate and copper(II) 4-hydroxybenzoate were measured with a constant concentration 

of 0.140 mol/L acetic acid or 4-hydroxybenzoic acid, respectively. For 7, the spectra were measured after 6 

months to ensure complete equilibration. Equilibrium constants were calculated in a similar way as already 

described for copper acetate[1a] using Gauss-Newton non-linear least square fitting. 
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Chapter 5 
 

Comparative study on two pyrazolate-

based cobalt-containing metal-organic 

frameworks in heterogeneous catalytic 

oxidation reactions: 

structures, opposing catalytic behaviour 

and metal leaching 
 

Abstract: Two crystal structures of metal-organic frameworks (MFU-1 and MFU-2) are 

presented, both of which contain redox-active CoII centres coordinated by linear linkers based on 

two 3,5-dimethylpyrazolate moieties as coordinating groups (1,4-bis[(3,5-dimethyl)-pyrazol-4-

yl]benzene, H2–bdpb). Whereas heterogeneous catalysis for the oxidation of cyclohexene using 

tert-butyl hydroperoxide is unambiguously demonstrated for MFU-1, MFU-2 shows catalytic 

activity due to slow metal leaching. Mechanistic details for oxidation reactions employing tert-

butyl hydroperoxide are studied by UV/VIS, IR, X-ray powder diffraction (XRPD) and X-ray 

Photoelectron spectroscopy (XPS) measurements. The catalytic process-accompanying changes 

of redox states and structural changes are investigated by means of cobalt K-edge X-ray 

Extended X-ray Absorption Fine Structure (EXAFS) and X-ray absorption near edge structure 

(XANES) measurements. 
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5.1 Introduction 

Porous metal-organic frameworks (MOFs) constitute a rapidly emerging class of 

multifunctional hybrid materials that might be useful for diverse technical applications such 

as gas or liquid adsorption and separation, molecular recognition, or catalysis.[1] Combining 

bi- or multifunctional ligands (predominantly polycarboxylate ligands) and (transition) metal 

ions, moderately robust MOFs can be prepared, among which 1,4-benzenedicarboxylate 

(1,4-bdc, terephthalic acid) and 4,4'-biphenyldicarboxylate (bpdc) represent versatile linkers, 

for instance, leading to the porous frameworks MOF-5 ([Zn4O(1,4-bdc)3]),[2] IRMOF-9 

([Zn4O(bpdc)3]),[3] or to MIL-101 ([Cr3O(OH,F,H2O)3(1,4-bdc)3]).[4] These microporous 

MOFs are now regarded as archetypal examples of coordination polymers that exhibit 

permanent porosity upon solvent removal. These MOFs in general show good thermal 

stabilities (decomposition occurs at T > 350 °C). A fundamental disadvantage, however, is 

their low hydrolytic stability: Decomposition of the framework occurs rapidly when the gas 

or liquid phase contains a few percentage of H2O,[5] which imposes severe limitations on 

their usage in catalytic oxygenation reactions, where H2O constitutes a major reaction 

product. Preliminary attempts of using MOF-5 as a photo-catalyst have been reported 

recently,[6] however, the fact that these frameworks contain Lewis-acidic ZnII ions only, 

imposes severe limitations on their use in redox catalytic applications in general. 

Attempts to replace single (or multiple) zinc ion(s) within the {Zn4O} coordination unit by a 

redox-active transition metal ion M proofed to be unsuccessful: Starting from a 

heteronuclear mixture of transition metal salts (M and Zn), the crystallization of structurally 

more stable frameworks which contain a different coordination unit ensues, e.g. the 

trinuclear [MZn2(bpdc)3(DMF)2] (M = Co(II), Ni(II), or Cd(II)).[7] It seems that the ligand 

field stabilization energy provided by the set of four carboxylate O-donors in a MOF-5 type 

lattice is too weak to force isomorphic replacement of a zinc ion by an open-shell 3d 

transition metal ion such as Co(II) or Ni(II), since the d10 Zn ion itself has no ligand field 

stabilization. However, according to the well-known Irving-Williams series,[8] the 

thermodynamic stability of complexes should increase, if late 3d transition metal ions (soft 

Lewis acids such as Co(II), Ni(II), or Cu(II)) are coordinated to soft Lewis base atoms such 

as N-heterocyclic aromatic ligands (e.g. pyridine or pyrazole ligands). 



Chapter 5 

109 

 

 

Conceptually different approaches have been reported to circumvent these intrinsic 

disadvantages of MOF-5 type frameworks. Fischer et al. have reported on the gas phase 

deposition of volatile organometallic complexes in the open cavities of MOF-5. Subsequent 

photolytic or reductive cleavage of the precursors led to catalytically active metal clusters 

(Cu, Pd, Au) which are finely dispersed in the MOF-5 framework.[9] Nguyen, Hupp et al. 

were among the first to report on oxidations using a MOF catalyst.[10] They used an 

enantiomerically pure manganese complex of a modified salen ligand as a building block to 

construct a 3D porous framework. A distinct approach towards heterogeneous asymmetric 

catalysis based on a homochiral metal-organic framework was recently proposed by Lin et 

al.[11] However, industrial oxidation or oxygenation reactions typically require very high 

turn-over numbers and frequencies, which so far have not been realized by current MOF 

catalysts. 

To obtain hydrolytically stable cobalt(II)-based MOFs, the soft Lewis acid Co(II) should be 

coordinated to soft Lewis base atoms such as N-heterocyclic aromatic ligands (e.g. pyridine 

or pyrazole ligands). The CSD database revealed two structures based on 3,5-

dimethylpyrazole (3,5-dmpz), which are suitable as secondary building units (SBUs) for the 

construction of metal organic frameworks (MOFs). These prototypic compounds are the 

metal complexes [Co4O(3,5-dmpz)6],[12] a structural analogue of “basic zinc acetate”, 

[Zn4O(ac)6], the prototypic building unit of MOF-5 type frameworks, and [CoII(3,5-

dmpz)]∞,[13] an infinite one-dimensional chain of CoII atoms, of tetrahedrally coordinated 

CoII atoms. By replacing 3,5-dmpz with the linear ligand 1,4-bis[(3,5-dimethyl)-pyrazol-4-

yl]benzene (H2-bdpb) bearing two pyrazole groups,[14] the two MOFs MFU-1[15,16] and 

MFU-2 are derived from [Co4O(3,5-dmpz)6] and [CoII(3,5-dmpz)]∞, respectively, as 

outlined in Figure 5.1. Adjusting the reaction conditions thoroughly (see Experimental Part), 

both phase pure MFU-1 and MFU-2 can be obtained in good yield by reacting the ligand 

H2-bdpb with a suitable Co(II) salt under solvothermal conditions. 
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Figure 5.1. (a) Formal derivation of MOF-5 (= [Zn4O(1,4-bdc)3][2]) from basic zinc 
acetate (= [Zn4O(ac)6])[17] by replacing acetate with 1,4-benzenedicarboxylate (1,4-bdc). 
MOF-5 is constructed from octahedral secondary building units (SBUs) linked by linear 
SBUs. (b) Similar construction of the novel redox-active MOF “MFU-1” from a (pseudo-
)octahedral complex by replacing 3,5-dimethylpyrazolate (3,5-dmpz) in [CoII

4O(3,5-
dmpz)6][12] with 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene (H2-bdpb). (c) Derivation of 
MFU-2 from catena-pyrazolato-cobalt(II),[13] built from one-dimensional pillars as 
SBUs. The MOFs are generated from the corresponding SBUs by connecting the points 
of extension (indicated by grey dots) with 1,4-phenylene units. 

 

In this chapter, detailed crystallographic structure analysis of both MFU-1 and MFU-2 are 

presented. Their catalytic activities towards tert-butyl hydroperoxide are compared with 

respect to their structural features and special emphasis is laid upon elucidation of structural 

stability and metal leaching under catalytic reaction conditions. The local coordination 

environment and the oxidation state of the Co centres are investigated by means of X-ray 

absorption spectroscopy at the Co K-edge (EXAFS and XANES analysis), and changes 

occurring upon catalysis are analysed, revealing details of the presumed catalytic reaction. 

The changes in the IR, UV/VIS and XPS spectra after catalysis are analysed, revealing 

mechanistic details of the reaction. 
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5.2 Results and discussion 

Single crystals of MFU-1 and MFU-2 (Figure 5.2 and Figure 5.3) were grown slowly under 

solvothermal conditions by reacting the ligand H2-bdpb with cobalt chloride or cobalt 

nitrate, respectively, in DMF at 120 °C (for details, see Experimental Part). 

   
Figure 5.2. Optical (left) and scanning electron micrographs (right) of blue cubic crystals of MFU-1 
obtained from solvothermal synthesis. Note the high percentage of intergrown and twinned crystals 
apparent from the image on the right side. 

   
Figure 5.3. Optical (left) and scanning electron micrographs (right) of purple pseudooctahedral crystals 
of MFU-2 obtained from solvothermal synthesis. 

 

For a more efficient bulk synthesis of phase-pure compounds, a microwave system was 

employed (focused microwave irradiation with 300W output power at a frequency of 2.46 

GHz), which reduced the reaction time required from several days to a few minutes and thus 

significantly increased the space time yield. Based on results from X-ray powder diffraction, 

these microcrystals are structurally identical to those obtained from solvothermal synthesis 
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and additionally still show the same porosity (as proofed by BET measurements), albeit the 

crystals obtained from microwave synthesis are significantly smaller and more uniform in 

size.[18] The final crystallographic data and the refinement statistics are summarized in Table 

5.1. 

 

Table 5.1. Crystal, measurement, and refinement data for MFU-1 and MFU-2. 

 MFU-1 MFU-1(interpenetrating) MFU-2 

Formula C48H48Co4N12O C64.56H64.56Co5.38N16.14O1.35 C16H16CoN4 

Formula weight 1044.70 1405.21 323.26 

T (K) 120(2) 120(2) 120(2) 

Crystal colour, habit Blue, cubic Blue, cubic Purple, equant 

Crystal dimensions (mm) 0.073x0.071x0.070 0.073x0.071x0.070 0.054x0.052x0.016 

Crystal system cubic cubic tetragonal 

Space group mP 34  mP 34  P42/ncm 

a (Å) 15.7904(2) 15.7904(2) 18.6070(8) 

b (Å) 15.7904(2) 15.7904(2) 18.6070(8) 

c (Å) 15.7904(2) 15.7904(2) 7.1635(5) 

α (°) 90 90 90 

β (°) 90 90 90 

γ (°) 90 90 90 

V (Å3) 3937.13(9) 3937.13(9) 2480.2(2) 

Z 1 1 4 

Dcalc. (g cm–3) 0.441 0.593 0.866 

F(0 0 0) 536 721 668 

µ (mm–1) 0.429 0.577 5.409 

Θ range (°) 3.65–29.34 3.65–29.34 3.36–58.88 

Index range –20 ≤ h ≤ 21 
–21 ≤ k ≤ 18 
–20 ≤ l ≤ 19 

–20 ≤ h ≤ 21 
–21 ≤ k ≤ 18 
–20 ≤ l ≤ 19 

–20 ≤ h ≤ 11 
–17 ≤ k ≤ 20 
–7 ≤ l ≤ 5 

Number of observations 
(all reflections) 

17696 17696 4583 

Data/restraints/parameters 1975/1/52 1975/1/77 922/6/61 

R[a] [I > 2σ(I)] 0.0529 0.0798 0.0856 

R[b] (all reflections) 0.1390 0.2220 0.2274 

Goodness-of-fit (GOF) 0.964 1.016 0.942 

Δρmax and Δρmin (e Å–3) 0.551/–0.332 1.017/–0.375 1.086/–0.911 
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5.2.1 Crystallography of MFU-1 

Crystallographic data sets for MFU-1 were obtained from different specimen suitable for 

single crystal X-ray diffraction employing both Cu as well as Mo-K radiation. To get rid of 

the occluded DMF solvent molecules, a suspension of the crystals was refluxed multiple 

times with chloroform and dried for at least 12 h in high vacuum (p < 10–4 mbar). The 

crystallographic data from 6 independent measurements uniformly showed a large residual 

electron density in the void regions of the crystal lattice. The residual electron density was 

quite diffuse owing to the strong positional disorder of residual DMF molecules occluded in 

the lattice voids of MFU-1. Thus, all atom coordinates gleaned from the first structure 

solution proved to be unstable in subsequent refinement cycles and collapsed to chemically 

unreasonable structures in all attempts. PLATON/SQUEEZE[19] was employed to correct the 

initial X-ray reflection data set for those regions containing highly disordered components. 

A potential solvent volume of 2528 Å3 (corresponding to approximately 20 DMF molecules) 

containing 241 electrons (corresponding to approximately 2 DMF molecules) was found. A 

further interpretation of the electron density maxima found in the void regions of MFU-1, 

which might indicate partial interpenetration, is given in Appendix A. 

Structure solutions of all data sets invariably suggested space group mP 34 , although 

subsequent refinement cycles clearly showed the presence of unresolved electron density 

maxima in close proximity to the {Co4O} units of the framework. Initial attempts to assign 

this residual electron density to 3-bridging ligand species such as O2– or OH– failed: The 

refinement was neither stable (even if the occupancy factors of this crystallographic site was 

freely refined), nor could spectroscopic studies find further support in favour of this 

structural model. The unassigned electron density as well as the various disorder phenomena 

can be explained in terms of structural linkage isomerism and rotational disorder of 

interconnecting 1,4-phenylene units. This fact is leading to a deviation of the real structure 

of MFU-1 from the idealised model, represented by the highly symmetric solution in space 

group mP 34 , as shown in Figure 5.4. 
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Figure 5.4. Crystal packing diagram of MFU-1. {CoON3} coordination units are 
represented as blue polyhedra. The phenylene moieties of the bridging bdpb ligands occupy 
two alternative (symmetry equivalent) positions with equal probability, one of which is 
displayed in the graphics by thin black lines. Approx. 20% of all {Co4O(dmpz)6} units are 
placed at structurally inverted positions, for which the central oxygen atoms act as centre of 
symmetry. (Only major disorder components are shown; Hydrogen atoms are omitted for 
clarity.) 

 

 

In the chosen (achiral) space group the phenylene moiety of the bridging bdpb ligand 

occupies two alternative positions with 50% probability each. Bdpb ligands and {Co4O} 

units are linked into a cubic network (Figure 5.4) of low density (calcd = 0.44 g·cm–3). The 

structure of MFU-1 is similar to the one of MOF-5, which has a CaB6 type framework 

topology. It encloses (pseudo)-octahedrally-shaped {Co4O(3,5-dmpz)6} secondary building 

units (SBUs) reminiscent of the {Zn4O(CO2)6} SBUs in MOF-5 and phenylene rings as the 

nodes and edges of the cubic 6-connected CaB6 net. The framework has three-dimensional 

intersecting channels that encompass almost spherical voids with a volume of about 2528 Å3 

each. The square windows of MFU-1 are apertures of 9.0 Å (diameter of the in-circle 
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regarding the van-der-Waals radii, Figure 5.4).[20] A structurally related MOF network 

constructed from µ4-oxo-bridged tetrazinc units and 3,3',5,5'-tetramethyl-4,4'-bipyrazolate 

linkers has recently been reported.[21] 

Two different {Co4O} tetrahedra are superimposed by inversion through the central oxygen 

atom, leading to an observed pseudo-cubic arrangement of electron density around the 

central oxygen atom (Figure 5.5). As previously mentioned, all structure solutions and 

refinements (even if performed in the space group P1) gave rise to a strong residual electron 

density, the maxima of which having the same distance to the central oxygen atom as the 

cobalt ions (Figure 5.5). This electron density can be explained in terms of two different 

{Co4O} tetrahedra which are virtually superimposed by inversion, the oxygen atom (O1) 

representing the centre of symmetry, thus leading to an observed pseudo-cubic arrangement 

of electron density maxima assigned to the positions of cobalt atoms (Co1 and Co1B) as 

shown in Figure 5.5. The refinement reveals that 20% of the {Co4O} tetrahedra in MFU-1 

are inverted through their central oxygen atom as a statistically distributed minor disorder 

component. 

 

 
Figure 5.5. ORTEP representations and numbering scheme of the 
asymmetric unit present in crystalline MFU-1. Atoms of the 
anisotropically refined main component (O1, Co1, N1, C1–C5) are 
represented by thermal displacement ellipsoids connected with 
bold (filled) lines, representing bonds. The minor disorder 
component (Co1B, N1B, C1B, C2B, 20% probability) is 
represented by open circles and broken lines. Additionally, 
symmetry generated atoms (from both disorder components) are 
connected by thin lines. 
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As an illustration of the linkage isomerism, an excerpt of a lattice plane of MFU-1 is shown 

in Figure 5.6a, in which the foremost {Co4O(3,5-dmpz)6} secondary building unit is 

symbolised by an open octahedron. This unit can be inverted (employing the central oxygen 

atom as symmetry centre) as shown in Figure 5.6b and the altered unit can be re-inserted 

into the crystal lattice without introducing any kinds of steric repulsion or strain. Thus, at 

first approximation there should be no energetic differences between the different lattice 

isomers emerging from structural differences (neglecting entropic factors, however). 

 
Figure 5.6. Structural lattice isomerism of {Co4O(3,5-dmpz)6} SBUs. a) Adjacent 
SBUs are symmetry-related by simple translations. b) Inversion (employing the 
central oxygen atom as symmetry centre) of a single {Co4O(3,5-dmpz)6} secondary 
building unit symbolised by an open octahedron. Based on the electron density 
distribution in MFU-1, the statistical linkage isomerism is present at approx. 20% 
of the {Co4O(3,5-dmpz)6} SBUs. 
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All X-ray data sets recorded from MFU-1 single crystals so far indicate a strong preference 

for a uniform orientation of secondary building units such that the (occasional) occurrence of 

inverted units (the refined ratio between both components is 80%:20%) leads to a relatively 

strong residual electron density that is ascribed to the cobalt centres located at the alternative 

positions of the minor component. 

 

All X-ray data sets recorded from MFU-1 single crystals so far indicate a strong preference 

for a uniform orientation of secondary building units such that the (occasional) occurrence of 

inverted units (the refined ratio between both components is 0.8:0.2) leads to a relatively 

strong residual electron density that is ascribed to the cobalt centres located at the alternative 

positions of the minor component. An ad hoc explanation for the experimental finding that 

20% of the {Co4O(3,5-dmpz)6} units are statistically inverted might be as follows: There are 

two highly symmetrical space groups in which the MFU-1 structure might be represented, 

namely mP 34  or mF 34 . In the space group setting of mP 34 , all SBUs are symmetry-

related by simple translation. This arrangement is possible only if the pyrazole ring systems 

at both ends of the same bridging ligand are orthogonal to each other (Figure 5.7, top). In the 

space group mF 34  (the one most often used to represent MOF-5), on the other hand, 

adjacent SBUs cannot be brought to congruence by a simple translation. Adjacent SBUs 

connected to the same linker have to be inverted before translation and thus 50% of the 

{Co4O(3,5-dmpz)6} nodes in the space group setting mF 34  are inverted, necessitating, 

however, a parallel arrangement of pyrazole rings at both ends of the bridging ligand, as 

shown in Figure 5.7 (bottom). 
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Figure 5.7. Different arrangements of adjacent {Co4O(3,5-dmpz)6} SBUs 
forced by the space group symmetry settings in the space group mP 34  (top) and 

mF 34  (bottom). {CoN3O} coordination units are drawn as polyhedra. 

 

Assuming that the energetic differences between both conformers of the bridging ligand are 

negligible, a statistically equally weighted distribution should be observed. Thus a 1:1 

occurrence of both conformers would be equivalent to the fact that inversion should occur 

for 25% of the {Co4O(3,5-dmpz)6} units, which comes close to the 20 % of inversion 

disorder experimentally determined for the structure solution in space group mP 34 . 

Nevertheless, it should be kept in mind that the shape and packing density of occluded 

solvent molecules may have a strong influence on this conformational disorder phenomenon. 

A refinement in the space group mF 34  (using a unit cell with doubled cell constants) 

revealed a statistical disorder of the inverted {Co4O(dmpz)6} node as well. Using this space 

group, the main disorder compound also displays adjacent {Co4O} units that are symmetry-

related by simple translation. This finding further supports a statistical disorder of the 

{Co4O} units, showing that no higher crystallographic order is present. However, not all 

atoms of the minor disorder compound can be found in the space group mF 34 . 

Apart from the structural disorder brought into the MFU-1 crystal lattice by linkage 

isomerism, the finally converged structure refinement showed some additional unusual 

crystallographic properties, such as physically doubtful anisotropic displacement parameters 

for the methyl substituents of the pyrazolate moieties (atom C1, Figure 5.5). A closer 

inspection revealed that these artefacts are presumably due to the fact that the {Co4O(3,5-

dmpz)6} secondary building units are chirally distorted (T rather than Td point group 
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symmetry) with both possible enantiomers being equally distributed in the crystal lattice. 

The measured electron density thus represents a superposition of two different enantiomers 

(at equal probability) that show derivations from Td point group symmetry. The chiral 

distortion of the {Co4O(3,5-dmpz)6} secondary building units of MFU-1 can be rationalised 

in terms of the steric repulsion between methyl substituents of the 3,5-dimethylpyrazolate 

ligands. As Figure 5.8c demonstrates, the distortion should lead to a deviation of atom 

positions of the coordinated pyrazolate moieties from idealized Td symmetry (which itself is 

imposed by the symmetry settings of space group mP 34 ). This chiral distortion is apparent 

in the crystal structure of [Co4O(3,5-dmpz)6],[12] where the idealized Td symmetry of each 

individual and discrete coordination unit is reduced to chiral T point group symmetry. 

 

 

 
Figure 5.8. (a) Ball-and-stick model of the complete and fully Td symmetrical 
{Co4O(3,5-dmpz)6} secondary building unit of MFU-1. A chiral distortion of 
this unit is characterized by the interplanar angle φ between the two least-
squares planes through the atom centres O(1)-Co(1)-Co(1)' (= P1) and N(1)-
C(1)-C(3)-C(2)-C(3)'-C(1)'-(N(1)' (= P2). (b, c) Simplified representations of 
the SBU. In the model showing Td symmetry (b), the interplanar angle φ is 0°, 
whereas the T symmetric chiral SBU (c) is characterized by a finite angular  
value. 

 

A deeper inspection of the residual electron density in the void region of MFU-1 indicates 

that MFU-1 is possibly partially filled with a sublattice of the same topology. At least, the 

lowered intensity of the first reflections in the X-ray powder diffraction (XRPD) patterns of 

MFU-1 (subchapter 5.2.3, Figure 5.13) and the reduced surface area, at least, are in 

agreement with this finding. On the other hand, this assignment of interdigitation is not free 

of doubt, as scattering of disordered solvent molecules or unknown guest molecules in the 
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voids of MFU-1 as well may alter the intensities of the reflections. The electron density may 

as well be affected by crystallographic defects or unaccounted twinning, which might only 

feign the observed interdigitation. As described above, the void region cannot be refined 

freely, and not all of the atomic positions of the interpenetrating sublattice can be found in 

the electron density map (and thus have to be put on calculated positions to represent the 

complete interpenetrating fragment, in particular the methyl moieties or the atoms of the 

pyrazolate rings). When the coordinates of the atoms in the interpenetrating (or, more 

accurately, interweaving) species are constrained to be fixed to their initial positions 

(allowing no refinement of the coordinates), a sublattice disordered over four equally 

occupied positions can be assigned from the electron density maxima (which has a total 

occupancy of 8.63% for each of the four superimposed positions, therefore 34.5% of the 

void regions are filled with a sublattice, Figure 5.9). Usually, the MOFs reported up till now 

show either complete interpenetration with a sublattice, or no interpenetration at all.[22] Thus, 

MFU-1 is amongst the first examples in which only partial interpenetration is reported, and 

might contradict the observation reported in literature that either a fully interpenetrated 

network or a fully non-interpenetrated network is favoured.[22] 

 

    
Figure 5.9. Illustration of the interpenetration in MFU-1. Left: representation of the sublattice in the voids of 
MFU-1. Four different positions of a sublattice are superimposed in the void region of MFU-1 (drawn in blue, 
red, green and yellow; the carbon and nitrogen atoms of the latter three are omitted for clarity). Right: MFU-1 
network (blue) together with one of the interpenetrating sublattices (red, one out of four symmetry related 
positions, 34.5% probability). Hydrogen atoms are omitted for clarity. 
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5.2.2 Crystallography of MFU-2 

The crystallographic structure analysis of MFU-2 is based on solvent-free crystals. MFU-2 

crystallizes in the tetragonal crystal system in space group P42/ncm (no. 138). The 

asymmetric unit of the unit cell is displayed in Figure 5.10. The phenylene moieties of the 

bridging bdpb ligands occupy two alternative positions with 87% (C5) and 13% (C5B) 

probability. 

 

 
Figure 5.10. ORTEP representations and numbering scheme 
of the asymmetric unit present in crystalline MFU-2. The 
main component is drawn with solid lines as bonds and front 
ellipses for the atoms, whereas the minor disorder component 
(C5B, 13% probability) is drawn with bold broken lines as 
bonds and open ellipses as atoms. Symmetry related atoms are 
connected by thin lines. 

 

The framework contains quadratic tunnels running through the crystal, consisting of 1D 

chains of cobalt(II) ions bridged by dianionic bdpb ligands that extend along the c-axis of 

the crystal lattice. A similar structure constructed from one-dimensional chains of cobalt(II) 

ions bridged by linear tetrazolate based linkers has been recently reported.[23] Each Co(II) 

centre is coordinated by four nitrogen donor atoms stemming from different ligands. The 

local {CoN4} coordination site adopts D2d point group symmetry, with all Co-N bond 

distances being equal (1.992(5) Å), and two out of six N-Co-N' angles being slightly 

narrowed (106.6(3)°, as opposed to four widened angles (110.9(1)°). Adjacent cobalt(II) 

centres are bridged by bdpb ligands to form 6-membered {Co2N4} rings with a Co···Co 
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distance of 3.5818(3) Å resulting in a PtS-type framework topology.[24] Figure 5.11 shows 

the quadratic channels of 18.61 Å (lengths of the diagonal) in MFU-2 running along the c 

axis. The square channels in MFU-2 have apertures of 6.4 Å (distance between opposed 

phenyl rings regarding the van der Waals radii of 1.7 Å for the carbon atoms).[20] 

PLATON/SQUEEZE[19] was used to further analyze the void region of MFU-2 (but no 

correction of the scattering intensities was performed). A potential solvent volume of 1164 

Å3 was found (corresponding to approximately 8 DMF molecules). 

 
Figure 5.11. Crystal packing diagram of MFU-2. {CoN4} coordination units are 
represented as blue polyhedrons. Hydrogen atoms are omitted for clarity. Only the 
major disorder component out of two alternative positions of the benzene moieties is 
shown. 

 

The structure of MFU-2 is related to the structure of MFU-3,[25] which possesses the same 

structural motif of cross-linked infinite 1D chains of cobalt(II) ions, the bridging ligands, 

however, comprising simple pyrazolate rather than 3,5-dimethylpyrazolate moieties. The 

different substitution pattern of the coordinating pyrazolate ligands leads to marked 
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structural differences. Looking down the chain of cobalt(II) ions in MFU-3, the set of planes 

running through adjacent pyrazole ring systems is strictly orthogonal to each other. In MFU-

2, on the other hand, the least-squares planes through opposite pyrazole rings of the same 

coordination unit display a torsional distortion as a result of the sterical interactions between 

adjacent methyl substituents, thus leading to an interplanar angle of 29° (Figure 5.12, as 

opposed to 0° in MFU-3). As a result of sterically less encumbered coordination geometry, 

MFU-3 shows a pronounced framework flexibility and thus a breathing effect as revealed by 

a formal type-IV gas sorption isotherm, whereas MFU-2 is a rigid network displaying a 

type-I gas sorption isotherm. 

 

 
Figure 5.12. Distortion of the pyrazolate units, characterised 
by the interplanar angle φ between the two least-squares 
planes through the cobalt atoms of two adjacent Co chains (= 
P1) and the pyrazolate rings (= P2). 

 

 

5.2.3 X-ray powder diffraction (XRPD) 

The phase purity of MFU-1 and MFU-2 obtained by each solvothermal and microwave 

synthesis is proofed by XRPD measurements (Figure 5.13 and Figure 5.14), since the angles 

and the intensities of the reflections coincidence, and no further reflections can be observed. 

Furthermore, the lowered intensity of the first reflections in the XRPD patterns of MFU-1 

(Figure 5.13) might hint that partial interpenetration in the MFU-1 network occurs. 
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Figure 5.13. Theoretical XPRD patterns (blue: from structure solution with no interpenetration; red: 
from structure solution with interpenetration), and experimental XRPD patterns of MFU-1 synthesized 
by solvothermal synthesis (black) and by microwave assisted synthesis (green). The XRPD patterns 
indicate that (partial) interpenetration might occur for MFU-1 obtained by both synthetic procedures. 

 

 

 
Figure 5.14. Theoretical XPRD pattern (black) and experimental XRPD patterns of MFU-2 
synthesized by solvothermal synthesis (blue) and by microwave assisted synthesis (red). 
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5.2.4 Thermal stability 

Investigations on the thermal stabilities of MFU-1 and MFU-2 were performed by 

combining thermogravimetric (TG) (samples exposed to flowing nitrogen atmosphere) and 

variable-temperature X-ray powder diffraction (VTXRPD) (samples kept in static air). Both 

untreated (as-synthesised) samples and samples suspended in dichloromethane for 24 h, 

followed by drying in vacuum, were examined by TGA. For the as-synthesised samples, the 

TG analysis of MFU-1 shows a loss of occluded solvent molecules in the temperature range 

of 75–225 °C to yield the solvent-free crystal form (weight loss: 11.9%; expected 12.3% for 

complete loss of DMF from MFU-1•2 DMF, Figure 5.15 left). Whereas the formulation 

MFU-1•2 DMF is in agreement with the observed weight loss and the elemental analyses, 

the voids in crystal structure generally could occupy 20 molecules of DMF per formula unit. 

Whereas a slight loss of solvent molecules might be due to filtering, such an enormous 

difference between observed and expected weight loss might hint that partial 

interpenetration occurs. The BET surface area and pore volume in gas sorption experiments 

are lower than calculated from the crystallographic structure as well, further supporting a 

partial interpenetration of the framework. 

No further weight loss occurs below 340 °C; ligand molecules from the framework are 

degraded in the temperature range of 340 °C–1100 °C (weight loss: 44.1%; expected 66.5% 

for complete loss of bdpb). Upon suspending MFU-1 in dichloromethane for 24 h, followed 

by drying in vacuum, the initially occluded DMF molecules are removed completely, which 

is indicated by a residual weight loss of 2.9% in the temperature range 30–195 °C, with no 

further weight loss occurring below 340 °C. 

TG analysis of MFU-2 indicates a loss of solvent molecules up to 260 ˚C (weight loss: 

21.8%; expected 18.5% for complete loss of DMF from MFU-2•1 DMF, Figure 5.15 right), 

and ligand molecules evaporate in the temperature range of 340˚C–470˚C. Whereas the 

formulation MFU-2• DMF is consistent with the composition gleaned from elemental 

analysis, the void volume of MFU-2 generally would be able to accommodate 2 DMF 

molecules per unit cell, indicating a partial loss of DMF molecules during the work-up 

procedure. 
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Figure 5.15. TG analysis curves of MFU-1 (left) and MFU-2 (right). Black: solvated form occluding 
DMF, red: solvent free form. 

The VTXRPD patterns indicate that the frameworks of MFU-1 (Figure 5.16 and Figure 

5.17) and MFU-2 (Figure 5.18) are stable up to 270 °C and 300 °C, respectively. These 

results furthermore show that both MOF frameworks are stable upon complete removal of 

solvent molecules. 

 
Figure 5.16. VTXRPD patterns of MFU-1 (temperature range: 30–500˚C). Above 300 °C, MFU-1 is 
transformed into Co3O4 and CoO, and between 280–300 °C an amorphous products is obtained 
(Figure 5.17). 
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Figure 5.17. VTXRPD patterns of MFU-1 (Temp. range: 250–300˚C). 

 

 
Figure 5.18. VTXRPD patterns of MFU-2 (Temp. range: 30–500˚C). Above 300 °C, MFU-2 is 
transformed into Co3O4 and CoO. 

 

5.2.5 Gas sorption 

Both MOF compounds exhibit permanent porosity, which has been confirmed by argon gas 

sorption. Prior to measurements, the samples were refluxed several times in dichloromethane 

to exchange the DMF molecules with the more-volatile solvent. The samples were 

subsequently heated at 150 °C for 30 h in high vacuum. The sorption isotherms of MFU-1 

and MFU-2 obtained with argon gas reveal a type I sorption behaviour for both substances, 

which is characteristic of microporous solids (Figure 5.19). 
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Figure 5.19. Representative argon adsorption isotherms at 77 K for a desolvated sample of MFU-1 (left) and 
MFU-2 (right). 

The adsorption data were analysed in the appropriate pressure range[26] to give BET surface 

areas of 1525(51)[27] m2 g–1 for MFU-1 obtained by solvothermal synthesis, and 1485 m2 g–1 

for MFU-1 from microwave synthesis (Figure 5.19). Using a sample from microwave 

synthesis, the BET surface is reduced to 1018(33) m2 g–1 after catalysis, employing tert-

butyl hydroperoxide as described below. For MFU-2, BET surface areas of 1474(50) m2 g–1 

for samples from solvothermal synthesis, and 1461(50) m2 g–1 for samples from microwave 

synthesis are obtained. The BET surface area of MFU-2 examined in sorption cycles after 

catalysis becomes negligible (ca. 3 m2 g–1). 

Theoretical values of the specific surface area as derived from (idealised) crystal lattice 

models are derived from a Monte Carlo integration technique, in which a probe molecule is 

“rolled” over the internal crystal surface.[26] Values obtained for a probe of 3.686 Angstrom 

in diameter are 4117 m2 g–1 for MFU-1 and 1447 m2 g–1 for MFU-2, the latter result 

corresponding well with the average surface areas determined for MFU-2 (1467 m2 g–1). The 

pore volumes were evaluated using the Dubinin-Radushkevich (DR) equation and compared 

to the theoretical values from the crystallographic data (by using PLATON/SQUEEZE). The 

obtained pore volumes are 0.57 mL g–1 for MFU-1 obtained by solvothermal synthesis and 

0.56 mL g–1 for MFU-1 from microwave synthesis (expected: 1.49 mL g–1), and 0.55 mL g–1 

for MFU-2 obtained by solvothermal synthesis and 0.53 mL g–1 for MFU-2 from microwave 

synthesis (expected: 0.55 mL g–1). 

The values of micropore surface areas and volumes for MFU-1 are still high, when 

compared to those of microporous zeolites and aluminophosphates, but significantly lower 

than theoretically predicted values, or the corresponding experimental values of MOF-5 and 
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other structurally similar MOF compounds (600-3400 m2/g).[28] The huge discrepancy 

between experimental and theoretical values of surface area and pore volume for MFU-1 

might be attributed to the presence of partially filled sections within the real crystal structure 

of MFU-1. It could be speculated that a partial filling of voids with a structural identical 

framework (i.e. framework interpenetration) occurs. However, clear-cut evidence from 

crystallographic studies is hampered by the many structural factors by which the real 

structure of MFU-1 differs from its idealised model, as discussed in the previous section. In 

addition, recent studies on the related framework MOF-5 reveal a minor phase consisting of 

doubly interpenetrated MOF-5 networks. In this case, the presence of lattice interpenetration 

changes the symmetry from cubic to trigonal and explains the peak splitting observed in the 

powder XRD patterns, as well as the reduced surface areas and pore volumes.[29] 

The DR equation gives pore diameters of 1.04 nm for MFU-1 and 0.82 nm for MFU-2. To 

further evaluate the pore size distribution of MFU-1 and MFU-2, the argon sorption 

isotherms at 77 K were analysed using nonlocal density functional theory (NLDFT)[30] 

implementing a carbon equilibrium transition kernel for argon adsorption at 77 K based on a 

slit-pore model.[31] The distributions calculated by fitting the adsorption data (Figure 5.20) 

indicate micropores with average dimensions of about 8.2 Å for both MFU-1 and MFU-2 

and narrow pore sized distributions as expectable. 

 

    
Figure 5.20. Pore size distribution for MFU-1 (left) and MFU-2 (right), calculated by fitting NLDFT 
models to the argon adsorption data. 
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Both values from DR and NLDFT analyses are in good agreement with the average pore 

diameters derived from the single crystal X-ray structures (9.0 Å for MFU-1, and 6.4 Å for 

MFU-2, respectively), and thus confirm the structural features of both compounds. 

However, both results have to be regarded carefully and should not be over-interpreted, 

since the available slit-pore model in case of NLDFT is slightly erroneous due to wrong pore 

geometry assumptions, and DR suffers the fact that is does not give a realistic description of 

micropore filling since it is derived from classical, macroscopic theories.[32] 

 

 

5.2.6 Ultraviolet/visible spectroscopy (UV/VIS) 

UV/VIS spectra of both compounds are in complete agreement with the coordination 

environment as revealed by X-ray single crystal structure analysis (Figure 5.21): each Co(II) 

centre is placed in a distorted tetrahedral coordination environment consisting of four 

aromatic N-donors stemming from pyrazolate ligands in the case of MFU-2, and three N-

donors and a single dianionic oxo ligand in the case of MFU-1. The UV/VIS diffuse 

reflectance spectra of both compounds show several similar absorption bands in the UV 

region, which correspond to intraligand n → π* and π → π* transitions. In the visible region, 

MFU-1 has a broad absorption band centred at 610 nm (16.393 cm–1), which can be 

assigned to the spin-allowed d-d transition 4A2(F) → 4T2(P) of tetrahedral Co(II) ions,[33] 

additionally a weak shoulder at 550 nm (18,182 cm–1), and an absorption in the near IR 

region at 1000 nm (10,000 cm–1) due to the 4A2(F) → 4T2(F) transition. A band present at 

270 nm (37,040 cm–1) might be ascribed to a Co2+–O2–charge transfer.[34] MFU-2 possesses 

broad absorption bands centred at 596 nm (16,779 cm–1) due to the  4A2(F) → 4T2(P) of 

tetrahedral Co(II) ions and at >1100 nm (> 9,100 cm–1) for the 4A2(F) → 4T2(F) transition. 

The observed spectral features for both MFU-1 and MFU-2 correspond well with literature 

values of tetrahedral CoII complexes.[33] 
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Figure 5.21. UV/VIS diffuse reflectance spectrum (DRS) (calculated via the Kubelka-Munk function) for 
MFU-1 (left, 50 mg sample in 200 mg BaSO4, diffuse reflection mode) and MFU-2 (right) before (black) and 
after (red) catalysis employing tert-butyl hydroperoxide as oxidant. 

 

After catalysis employing tert-butyl hydroperoxide, an additional, intensive band appears at 

410 nm (24,390 cm–1) in the UV/VIS spectrum of MFU-1, responsible for a colour change 

from blue to green. This single absorption band is characteristic of tetrahedral CoIII 

complexes,[35] and has been previously attributed to a ligand-to-metal charge-transfer 

transition[36a] from an oxygen atom to Co(III). A tetrahedral coordination environment is 

rarely observed for cobalt(III) atoms, and is found, for instance, in the case of 

dodecatungstate as tetrahedral ligand[36a] or for a cobalt(III) imido complex with a 

scorpionate (= hydrotris(pyrazol-1-yl)borato) ligand.[36] In the contrary, the more common 

octahedral CoIII complexes show two bands with nearly identical intensity at 300–450 nm 

for the 1A1g
 → 1T2g transition and at 450–850 nm for the 1A1g → 1T1g transition.[35] In 

contrast, the electronic spectrum of MFU-2 examined after catalysis remains virtually 

unchanged under likewise conditions. 

 

 

5.2.7 Catalytic activity employing tert-butyl hydroperoxide 

The stability of a catalyst against hydrolytic decomposition is a necessary precondition for 

many oxidation processes, since water is often obtained as a side-product. The stability of 

MFU-1 and MFU-2 against hydrolysis was investigated by several experiments. First, 
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crystals of both compounds were placed for 96 h into ethanol (employed as a test protic 

solvent), upon which no discernible changes occurred in the XRPD patterns (Figure 5.22 and 

Figure 5.23). This characteristic remains unaffected when increasing amounts of H2O are 

added to the crystal suspensions (up to 30 v% H2O). In long-term experiments no signs of 

degradation were found if MFU-1 or MFU-2 crystals are stored at ambient conditions (> 6 

months), which stands in sharp contrast to the moisture sensitivity of many zinc 

terephthalate type MOFs. 

 

 
Figure 5.22. XRPD patterns for MFU-1: untreated (black) and placed into ethanol (red) or 
ethanol:water 7:3 (blue) for 96 h. 

 

 
Figure 5.23. XRPD patterns for MFU-2: untreated (black) and placed into ethanol (red) or 
ethanol:water 7:3 (blue) for 96 h. 
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As a test reaction for catalytic activity the liquid-phase oxidation of cyclohexene in the 

presence of MFU-1 or MFU-2 was examined employing tert-butyl hydroperoxide as 

oxidant. In contrast to numerous reports on the (catalytic) oxidation of cyclohexane by CoII 

complexes,[37] the corresponding transformation of cyclohexene has been explored to lesser 

extent.[38] The experimental data demonstrate that oxidation of cyclohexene is fast and 

multiple turnover is achieved in the presence of MFU-1 (Figure 5.24, left), whereas the 

reaction occurring in absence of catalyst under the same conditions is almost negligible (ca. 

1% conversion after 12 h, yields based on cyclohexene). The maximum substrate conversion 

achieved after 22 h was 27.5% with a turnover number (TON) of 46, and the main reaction 

products are tert-butyl-2-cyclohexenyl-1-peroxide, followed by 2-cyclohexen-1-one and 

cyclohexene oxide, as revealed by combined gas chromatographic and mass spectrometric 

product analysis. For MFU-2, the catalytic behaviour is similar (Figure 5.24, right), 

achieving a slightly lower conversion of 16% after 22 h (TON = 27). The product 

distributions in both cases, however, are almost identical. 

     
Figure 5.24. Yield (%) versus time (h) curves for cyclohexene oxidation with MFU-1 (left) or MFU-2 
(right) as catalyst. Reaction conditions: cyclohexene (16 mmol), t-BuOOH (8 mmol), 1,2,4-trichlorobenzene 
(2 mmol, as internal standard), MFU-1 or MFU-2 (0.095 mmol based on cobalt centres), T = 70 °C. Yields 
are based on cyclohexene. 

The frameworks exhibit an exceptionally high selectivity toward allylic substitution, i.e. 

formation of tert-butyl-2-cyclohexenyl-1-peroxide (ca. 66% for MFU-1), which is a typical 

reaction also for the homogeneous catalysis described for cobalt(II) complexes of 

bis(salicylamide) ligands, when alkyl hydroperoxides are used as the terminal oxidant.[38] A 

similar catalytic conversion for the oxidation of cyclohexene was recently achieved by 

immobilization of low-molecular cobalt complexes to alumina supports.[39] 
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After a catalytic test run MFU-1 can be almost completely recovered from the reaction 

vessel. During the reaction with tert-butyl hydroperoxide microcrystals of MFU-1 undergo a 

slow colour change from blue to green, whereas the crystal morphology is retained. X-ray 

powder diffraction data of the recovered catalyst gave no signs of decomposition (Figure 

5.26, left). Furthermore, no changes in the IR spectra were detected (Figure 5.25), further 

indicating that no structural changes occur. Employing MFU-1 in multiple catalytic runs 

leads to a loss of catalytic activity after the first run (Figure 5.26, right), whereas no further 

loss in catalytic activity is observed in subsequent runs. 

 
Figure 5.25. FT-IR spectra of MFU-1 before (red) and after catalysis employing tert-butyl hydroperoxide 
(black), and the Linker 1,4-bis-4'-(3',5'-dimethyl)-pyrazolylbenzene (green), each from 4000-400 cm–1 and 
from 600-100 cm–1. No indications for a structural change after catalysis are seen, especially no formation of 
cobalt alkoxides (additional band for νCo-O expected at 300-600 cm–1), peroxides (additional band for νO-O 
expected at 850 cm–1) or hydroxo complexes (additional bands for νM-O expected at 310-490 cm–1 and for 
CoOH bending at 710-1112 cm–1).[40] Spectra are vertically shifted for comparison. 
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Figure 5.26. Left: XRPD patterns for MFU-1 before catalytic reaction (blue) and after catalytic reaction 
employing tert-butyl hydroperoxide (red). In contrary, MFU-2 turns amorphous after catalysis. Right: 
cyclohexene conversion (%) versus time (h) curves for catalytic oxidation employing MFU-1 in four 
subsequent runs. Reaction conditions: cyclohexene (16 mmol), t-BuOOH (8 mmol), 1,2,4-trichlorobenzene (2 
mmol, as internal standard), MFU-1 (0.095 mmol based on cobalt centres), T = 70 °C. 

The BET surface of MFU-1 is reduced from 1485 m2/g to 1018 m2/g after the first run. The 

partial loss of activity and the reduction of surface area can be ascribed to the formation of 

polar reaction products during catalysis which might block active sites and/or adsorption 

sites in the crystal lattice. 

Despite the seemingly similar catalytic properties of both frameworks, MFU-2 shows 

marked differences when compared to MFU-1 after the reaction with tert-butyl 

hydroperoxide and cyclohexene. For MFU-2, no colour change is observed during catalysis. 

Though the crystal morphology is retained, the X-ray powder diffraction pattern of the 

recovered catalyst shows an amorphous product (Supplementary Material). In accordance 

with the latter finding, the BET analysis reveals a loss of porosity (drop from 1675 m2 g–1to 

ca. 3 m2 g–1). These changes for MFU-2 indicate a decomposition of the catalyst in contrast 

to the characteristics of MFU-1, as will be further exemplified in the following paragraphs. 
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5.2.8 Heterogeneous versus homogeneous catalysis 

When metal ions from a heterogeneous catalyst are leached out into solution, two different 

possibilities arise: The leached metal is whether an active homogeneous catalyst, or it is 

catalytically inactive. It is known from zeolite catalyst that even very small amounts of 

leached metal ions can be the single source of the observed catalytic activity. Thus, filtration 

of the mixture at reaction temperature (to avoid adsorption of leached metal at lower 

temperatures) is necessary for proving the heterogeneity of the catalysis (and the absence of 

catalytically active leached metal).[41] 

To confirm the heterogeneous nature of the catalytic test reactions, hot-filtration experiments 

were performed. Typical catalytic test runs were conducted as previously described. Upon 

reaching a substrate conversion of approx. 50% (which took about 2 h for MFU-1 and 4.5 h 

for MFU-2, respectively), the catalyst particles were removed from the hot solution by 

isothermal filtration. The filtrate obtained from the test run containing MFU-1 showed no 

significant catalytic conversion upon catalyst removal, indicating that contributions of 

soluble species towards catalytic activity are negligible (Figure 5.27). In contrast to this, the 

filtrate from a reaction mixture containing MFU-2 shows only a slightly diminished catalytic 

activity. The different behaviour of both MOFs in hot filtration experiments points to the 

fact that MFU-1 behaves as a truly heterogeneous catalyst, whereas the catalytic activity of 

MFU-2 is mostly due to soluble metal complexes leaching from the framework under 

catalytic conditions. This conclusion gains support from complementary structural 

investigations, which demonstrate a loss of porosity and crystallinity for MFU-2 samples 

under catalytic conditions. 
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Figure 5.27. Conversion (%) versus time (h) curves for cyclohexene 
oxidation with MFU-1 or MFU-2 as catalyst (■,●), and after removing 
the catalyst from suspension after 2 h or 4.5 h (□,○). 

 

All filtrates from experiments described above were additionally analysed by atomic 

absorption spectroscopy (AAS). These studies yielded a surprising result: the amount of 

“free” CoII ions in the filtrate was below 1.1∙10–3% for both test series (and thus beyond the 

lower detection limit of the AAS instrument.). Whereas for MFU-1 this finding is in 

accordance with the heterogeneous nature of the catalyst, the unexpectedly low 

concentration of cobalt ions in the case of MFU-2 indicates that the homogenously dissolved 

species liberated from MFU-2 possess a high catalytic activity. 

Additional AAS experiments indicate that the leaching of Co species from the metal-organic 

frameworks is accelerated with an increasing amount of tert-butyl hydroperoxide. In the 

absence of cyclohexene, both frameworks decompose quickly, leading to a nearly 

quantitative release of soluble Co ions into the solution. Leaching can be vastly reduced by 

increasing the amount of cyclohexene, which indicates that the equilibrium between cobalt 

ions coordinated to the solid frameworks and those forming soluble species, is shifted in 

favour of the MOFs by a careful adjustment of the cyclohexene/ tert-butyl hydroperoxide 

ratio (Table 5.2). Apart from this, the reaction temperature plays a crucial role in leaching 

behaviour: At 80 °C, the catalytic activity of MFU-1 increases remarkably, but in this case 

slight metal leaching is observed in hot filtration experiments. 
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Table 5.2. Concentrations of cobalt ions determined by AAS (after 
a reaction time of 24 h). Reaction conditions: cyclohexene (0, 2.7, 
8 or 16 mmol, as indicated in the table), t-BuOOH (8 mmol), 1,2,4-
trichlorobenzene (2 mmol, as internal standard), MFU-1 or MFU-
2 (0.095 mmol based on cobalt centres), T = 70 °C. 

Leached out Co ions 
(AAS) ratio t-BuOOH:cyclohexene 
MFU-1 MFU-2 

1:0 50.12% 52.30% 

3:1 0.011% 0.004% 

1:1 or 1:2 <0.001% <0.001% 

 

The opposing leaching behaviour between MFU-1 and MFU-2 is presumably due to the 

structure of the {Co4O} unit in MFU-1, primary to the higher accessibility of the free metal 

sites, which obviously allows the stabilization of reactive intermediates and the activated 

tert-butyl hydroperoxide. 

The different spatial separation of the active sites in both networks might explain the 

opposing leaching behaviour. Whereas the {Co4O} nodes in MFU-1 are spatially separated 

from each other, in MFU-2 each Co(II) ion has two other Co(II) ions as direct neighbours in 

the 1-D chain of Co(II) atoms, which might be thus more susceptible to oxidant induced 

degradation. Such a stabilization of single catalytic sites by the framework due to spatial 

separation was first shown using a manganese complex of a modified salen ligand as a 

building block,[10] where heterogenisation reduced oxidant-induced damage of the salen 

struts by prohibiting the intermolecular oxidation between the salen ligands, and as well 

greatly increased the activity of the catalyst. 
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5.2.9 X-ray absorption spectroscopic investigations (EXAFS/XANES) 

In order to investigate structural changes of the coordination and the redox states of the 

cobalt centres of the MOFs before and after catalysis, extended X-ray absorption fine 

structure (EXAFS) and X-ray absorption near edge structure (XANES) measurements were 

performed at the cobalt K-edge. Possible changes (if any) in the catalytic centres (MOF 

nodes) could be undetected by XRD measurements if no long-range crystallographic order is 

present, and might be characterised by EXAFS and XANES measurements as well. 

In EXAFS, an electron is displaced from its shell (or completely from the absorbing atom) 

and interacts with its neighbouring atoms. Depending on the wavelength (energy) of the 

electron and the interatomic distances, constructive or destructive interference of the electron 

waves can occur, thus EXAFS provides information about the local atomic environment 

around the absorbing atom. Close to the edge energy of the absorbing atom, valence shell 

electron transitions have to be considered, and thus the information from X-ray absorption 

near edge structure (XANES) spectroscopy is complementary to UV/VIS spectroscopy, as 

for both the observed features are due to valence shell electron transitions and thus 

influenced by the number, coordination geometry and chemical nature of the surrounding 

ligands. 

Each measurement was repeated at least trice and the average of the measured data was 

taken. The Co K-edge EXAFS spectra were analysed using the standard Athena and Artemis 

FEFF XAFS analysis codes,[42] fitting to models derived from the single crystal structure 

data. The fitted parameters (path lengths, Debye-Waller factors and energy shifts) are given 

in Appendix C. The raw and fitted Fourier transforms of the k3-weighted χ(k) spectra at the 

Co-K-edge are shown in Figure 5.28 and Figure 5.30, and the obtained atomic distances 

before and after catalysis are given in Table 5.3 and Table 5.4 and are compared with the 

values from the crystal structure analyses. A comparison of the XANES spectra of MFU-1 

before and after catalysis is given in Figure 5.29, indicating only a slight increase in the 

average oxidation state after catalysis. 
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Figure 5.28. Left: magnitude and imaginary part of the k3-weighted Fourier transformation of the EXAFS 
spectra of MFU-1 before catalysis (top, k-range = 1-12, fitted from 1.0-5.0 Å with 17 variables for 27 
independent points, R = 0.0004 and reduced χ2 = 82) and after catalysis (bottom, k-range = 1-14, fitted from 
1.0-5.0 Å with 15 variables for 33 independent points, R = 0.0026 and reduced χ2 = 90). The raw data 
(magnitude: black, imaginary part: blue) are shown in solid lines, and the fitting are shown in dashed lines 
(magnitude: red, imaginary part: green). Right: stick representation and labelling of the cluster used for EXAFS 
data analysis. The absorbing Co atom is highlighted as a ball. 

For MFU-1, differences are discernible for the EXAFS spectra before and after catalysis 

(Figure 5.28): While the main features are retained, slight differences in the Fourier-

transformed spectrum above 2 Å can be seen. The region from 0-2 Å corresponds to the first 

coordination shell and is, within statistical accuracy, identical in both cases, revealing that 

the fourfold coordination of Co atoms remains unchanged. In order to derive a model for the 

changes subjected to the [Co4O(3,5-dmpz)6] coordination unit of MFU-1 upon catalysis, 

different structures were tested, of which the model displayed in Figure 5.28 still gave the 

best fit. Differences between both EXAFS fitting curves shown in Figure 5.28 are thus 

expressed in terms of slightly changing distances and Debye-Waller factors. Alternative 

structure models incorporating additional oxygen atoms coordinated to the Co centres gave 

higher R and χ2 values (poorer fits) and furnished unreasonably huge shifts for some 

distances (in particular for the Co···Co distances). 
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Table 5.3. Half of the path length R as obtained by the fit to the EXAFS data, 
corresponding to the bond distance (for single-scattering contributions), for MFU-1 
before and after catalysis, compared with the distances from single crystal X-ray structure 
analysis. The path labelling refers to the cluster reported in Figure 5.28. 

scattering path before catalysis 
(Å) 

after catalysis 
(Å) 

crystal structure 
(Å) 

Coab-O1_1 2.00(3)* 1.87(1)* 1.95* 

Coab-N1_1 1.97(1)* 2.00(1)* 1.98* 

Coab-N1_2 2.88(2) 2.83(1) 2.88 

Coab-C1_1 3.07(2) 3.20(2) 3.07 

Coab-Co1_1 3.18(2) 3.15(3) 3.18 

Coab-C3_1 3.38(4) 3.38(3) 3.53 

Coab-C1_2 4.01(12) 4.04(5) 4.05 

Coab-C2_1 4.09(12) 4.12(5) 4.20 

Coab-N1_1-C2_1-N1_1 4.08(11) 4.19(4) 4.22 

Coab-N1_3 4.29(8) 4.23(2) 4.37 

Coab-C3_2 5.32(9) 5.13(4) 5.35 

Coab-C4_1 5.66(6) 5.38(4) 5.62 

Coab-C1_3 5.71(6) 5.42(4) 5.63 

 

Literature values of Co-O distances for cobalt ions in tetrahedral coordination sites are 

1.93(6) Å for cobalt(II) and 1.81(3) Å for cobalt(III).* For MFU-1 after catalysis, the Co-O 

distance is 1.87(1) Å, according to the EXAFS fitting data, which is lower than the original 

value (2.00(3) Å) before catalysis (Table 5.3), but is still in a value range speaking in favour 

of a cobalt(II) centre in a tetrahedral coordination site. Moreover, the structural changes 

relating to the Co-N distances are negligible. Two scenarios are possible: Either only 

negligible geometrical changes occur equally on all {Co4O} clusters, or only a small fraction 

of the clusters in MFU-1 is changed during the course of catalysis. 

 

                                                                                                                                                 
* The expected distances for tetrahedral Co ions are in the case of Co(II) 1.93(6) Å and 2.00(7) Å for Co–O 

and Co–N, respectively, and in the case of Co(III) 1.81(3) Å and 1.89(5) Å for Co–O and Co–N, 
respectively. CCDC codes for four-coordinated (tetrahedral) Co(II): AAMTCO, ABODUQ, ABUWEA, 
AJEBEW, AJILAG, AKAREJ, FASHOW, LESNUS, NEKXAC; Co(III): ABATIH, ABAVAB, CIDVIV, 
FAJTAL, VESMEM. 
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In order to complement EXAFS data for MFU-1, XANES spectra were examined, providing 

specific information about the valence state(s) of the cobalt ions in MFU-1 before and after 

catalysis. Figure 5.29 shows the XANES spectra of MFU-1 before and after catalysis. The 

shapes of both XANES spectra are very similar, and it can therefore be concluded that the 

local coordination environments for the huge majority of cobalt centres is tetrahedral and 

thus identical. The most significant features of the XANES spectra are characterised by the 

pre-edge peak (indication “P”, Figure 5.29), the absorption edge (indication “A”, Figure 

5.29) and the white-line (indication “W”, Figure 5.29). 

 

 
Figure 5.29. Normalized Co K-edge XANES spectra of MFU-1. P, pre-edge peak; A, peak edge; W, 
white-line. 

The pre-edge structures at Co K-edges (“P”) usually fall into the energy range between 

7709–7712 eV (here: 7710.5 eV) and can be ascribed to quadrupole 1s-3d and/or to 

modifications of dipole transition probability due to hybridisation between 3d and 4p states 

(since the dipole 1s-3d transition is dipole forbidden).[43] When the metal is located in a 

noncentrosymmetric site, such as in a tetrahedral complex, extensive molecular orbital 

mixing of the metal 3d orbitals with the metal 4p orbitals occurs, thus making the 1s to 3d-

4p mixed orbital transition angular momentum allowed. This mixing is known to be more 

extensive in tetrahedral than in (pseudo-)octahedral complexes and increases as the 

coordination number decreases. Perfectly octahedral (centrosymmetric) complexes are 

expected to have no pre-edge features in the XANES spectrum, as both A1g→T2g and 
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A1g→Eg electronic transitions are Laporte forbidden.[44] Thus, for both MFU-1 samples, a 

noncentrosymmetric ligand environment around the cobalt ions is most probable. Comparing 

the samples before and after catalysis, the pre-edge peaks are nearly identical, and only a 

slight decrease in intensities occurs for the MFU-1 sample after catalysis. 

The first strong absorption (“A”) occurs as a shoulder on the low-energy side, as is clearly 

indicated by a distinct peak in the first-derivative plots of all XANES spectra. Because of its 

high intensity, shoulder “A” must be assigned to a metal 1s to 4p transition, a dipole-allowed 

transition. In the absence of any “shake-down” contribution, the energy of shoulder “A”, and 

hence the absorption edge energies (energies of the three metal 4p orbitals) are 7716.1 and 

7716.5 eV before and after catalysis, respectively. A shift in the edge energies usually 

indicates a change in the oxidation state. The peak edge should be shifted to higher energy 

for cobalt centres of larger oxidation-state, a systematic trend which is often utilised to 

estimate the oxidation state of cobalt,[45] whereby a linear dependence of the chemical shift 

on the average valence can be assumed.[46] Examination of reference samples (elemental 

cobalt, Co3O4 and Co(III) pyrazolate)[47] also show this linear relationship (a shift of 3.69 eV 

per oxidation state occurs, see Appendix C for more information), from which an oxidation 

state of +2.08(7) can be extrapolated for MFU-1 after catalysis. As already seen from the 

two spectra in Figure 5.29, this change is quite small (too small to be accurately quantified), 

but discernible, providing further support for the previous statements according to which 

only a small fraction of {Co4O} units are affected after catalytic runs. Finally, a slight 

change in the coordination geometry around cobalt is also indicated by the decrease in the 

intensity of the white line (“W”) that shifts from 7729.4 to 7729.9 eV. These findings from 

XANES are in agreement with the changes observed in the bond lengths (EXAFS), and the 

results from UV/VIS. In conclusion, the most likely explanation for the observed spectral 

and structural changes occurring in MFU-1 upon catalysis is that just a small fraction of 

cobalt centres / coordination units is affected by the catalytic reaction conditions, for which a 

change in the valence state from (II) to (III) seems most likely. The presence of cobalt(III) 

centres is corroborated by UV/VIS and XPS experiments (see next paragraph), the exact 

amount of which is below a concentration level that would allow a more quantitative 

determination and thus disabling us from making a detailed structural characterisation of the 

cobalt species which appears under catalytic conditions. 
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Whereas EXAFS curves of MFU-1 show obvious differences in samples before and after 

catalysis (especially above 2 Å in the Fourier-transformed spectra), the coordination 

environment and valence state of cobalt ions in MFU-2 is completely preserved under 

catalytic conditions (Figure 5.30 and Table 5.4). Since XRPD investigations reveal a loss of 

crystallinity and porosity for this framework under catalytic conditions, the results from 

XAS investigations appear surprising at first glance. However, according to AAS 

investigations under catalytic conditions only a tiny amount of soluble cobalt species leaches 

into solution, which might be explained by a collapse of the porous framework due to the 

removed cobalt ions, comprised from MFU-2-like fragments. 

 

 

 

Figure 5.30. Left: magnitude and imaginary part of the k3-weighted Fourier transformation of the EXAFS 
spectra of MFU-2 before catalysis (top, k-range = 2-13, fitted from 1.1-4.0 Å with 12 variables for 20 
independent points, R = 0.0001 and reduced χ2 = 12) and after catalysis (bottom, k-range = 2-13, fitted from 
1.1-4.0 Å with 13 variables for 20 independent points, R = 0.0001 and reduced χ2 = 37). The raw data 
(magnitude: black, imaginary part: blue) are shown in solid lines, and the fitting are shown in dashed lines 
(magnitude: red, imaginary part: green). Right: stick representation and labelling of the cluster used for EXAFS 
data analysis. The absorbing Co atom is highlighted as a ball. 
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Table 5.4. half of the path length R as obtained by the fit to the EXAFS data, 
corresponding to the bond distance (for SS contributions), for MFU-2 before and 
after catalysis, compared with the distances from single crystal X-ray structure 
analysis. The path labelling refers to the cluster reported in Figure 5.30. 

scattering path before catalysis 
(Å) 

after catalysis 
(Å) 

crystal structure 
(Å) 

Coab-N1_1 1.988(3) 1.983(3) 1.99 

Coab-N2_1 2.025(3) 2.020(3) 1.99 

Coab-N2_2 2.93(4) 2.89(6) 2.89 

Coab-N1_2 2.95(4) 2.91(6) 2.89 

Coab-C3_1 2.92(8) 2.94(6) 3.01 

Coab-C1_1 3.02(8) 3.04(6) 3.01 

Coab-C5_1 3.28(1) 3.27(2) 3.47 

Coab-C4_1 3.39(1) 3.38(2) 3.47 

Coab-Co1_1 3.64(2) 3.61(3) 3.58 

Coab-C1_2 3.92(3) 3.94(4) 3.97 

Coab-C3_2 4.19(6) 4.15(7) 3.97 

Coab-C2_1 3.97(3) 3.99(4) 4.10 

Coab-C2_2 4.33(6) 4.29(7) 4.10 

 

The excellent fits to the EXAFS data for both MFU-1 and MFU-2 for the samples before 

catalysis support the validity of the structure obtained from single crystal X-ray structure 

analysis. In particular, no distinct Co-containing species are observable, suggesting that the 

catalytic activity is due to the metal sites in these two metal-organic frameworks (and not 

due to further unknown Co-containing impurities or side-products in the voids of the 

network). After employing MFU-1 in catalysis, slight changes in the EXAFS and XANES 

spectra are observed. 
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5.2.10 X-ray photoelectron spectroscopy (XPS) 

In addition to the UV/VIS and XANES experiments, also XPS measurements provide 

further evidence for the presence of CoIII after long catalytic runs. Some paramagnetic first-

transition-metal compounds show satellites on the 2p level as a result of a shake-up process 

(3d→4s transition), while diamagnetic compounds do not. Whereas the difference in binding 

energy of the 2p level between CoII and CoIII is too small to determine the oxidation state, 

the absence or presence of these satellites allows to distinguish CoIII from CoII ions, 

respectively.[48] The XPS spectra of MFU-1 before catalysis show such shake-up satellites, 

whereas their intensity is significantly decreased in MFU-1 after catalysis, providing 

evidence for the partial oxidation of CoII to CoIII during the course of catalysis (Figure 5.31). 

 
Figure 5.31. XPS spectra of the 2p regions of the CoIII reference CoIII pyrazolate (top), MFU-1 before (middle) 
and MFU-1 after catalysis (bottom). The shake-up satellites are indicated with “S”. 

 

 

5.2.11 Catalysis in pores – or on external surface? 

The proof that catalysis occurs inside the pores is a non-trivial task owing to the very large 

aperture (0.9 nm) of the MFU-1 channels. To investigate whether the catalytic 

transformation proceeds inside the pores or on the external crystal surface, the effect of 

crystal size on the catalytic activity of MFU-1 was evaluated. On average, crystal specimen 

of MFU-1 obtained from microwave synthesis have an approximately eight-fold higher 

external surface area when compared to those from solvothermal synthesis (Figure 5.32 and 

Figure 5.33). 
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Figure 5.32. Representative scanning electron micrographs of MFU-1 obtained from solvothermal (left) 
and microwave assisted synthesis (right). Please note the different magnifications of both images. 

 
Figure 5.33. Particle size distributions of MFU-1 obtained from microwave assisted (▲) and 
solvothermal (■) synthesis. Distributions were obtained by measuring edge lengths on scanning electron 
micrographs. 

From the particle size distribution, the average specific external surface area was calculated 

as 1.0 m2/g and 8.2 m2/g for MFU-1 obtained from solvothermal and microwave assisted 

synthesis, respectively, using equation 1. 
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(1) 

Where ni is the number of particles in fraction i, di is the mean diameter of particles in 

fraction i, and ρ is the crystallographic density of MFU-1 (0.44 g/cm3). 
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Assuming that the reaction proceeds at the outer crystal surface only, an eight times higher 

catalytic activity should then be observed for crystals obtained from microwave synthesis 

when employing equal amounts of MFU-1 in both test reactions under identical reaction 

conditions. On the other hand, mass transfer limitations can drastically reduce the 

effectiveness of the catalyst, especially when the reaction occurs inside narrow pores or 

channels. Both external mass transfer (rate of transport to the outer surface) as well as 

internal mass transfer (rate of intracrystalline transport) increase in importance with 

increasing particle size.[49,50] It is often observed in zeolite catalysis that the internal mass 

transfer is the rate-determining step.[50] Therefore, initial reaction rates in dependency of 

catalyst loading were determined for crystals obtained from solvothermal and microwave 

synthesis (Figure 5.34). 

Constant activity is observed with low catalyst loadings for both crystal sizes, whereas with 

higher loadings, the activity is diminished owing to external mass transfer (film diffusion). 

In the region of low catalyst loading, the initial reaction rates differ by a factor of two when 

employing MFU-1 obtained from microwave and solvothermal synthesis. Since this factor is 

by far less than a factor of about eight (expected for the catalytic reaction taking place at the 

external crystal surface exclusively), the observed size-dependency of catalytic activity can 

be ascribed to internal mass transfer (pore diffusion) limitations. 

 

 
Figure 5.34. Initial rates for the production of tert-butyl-2-cyclohexenyl-
1-peroxide versus catalyst loading. 

 



Chapter 5 

149 

This statement gleans further support from inhibition studies in which MFU-1 sample were 

treated with cyanide or fluoride anions prior to catalytic tests. These investigations show that 

the catalytic activity is nearly unaffected by treating catalyst particles with such strongly 

coordinating ligands. Since the UV/VIS absorption spectrum of the catalyst does not change 

significantly upon CN– / F– treatment, a coordination of these anions to intracrystalline CoII 

centres (i.e. {CoII
4O} building units) can thus be ruled out. Catalyst poisoning and inhibition 

might still occur at defects on the external surface of MFU-1, which, however, does not 

affect catalytic activity (Figure 5.35). When, for comparison, CoCl2 (0.095 mmol, equivalent 

to the amount of CoII ions in MFU-1 is applied as homogeneous catalyst in acetone (2 mL) 

as a solvent under otherwise same conditions, the initial reaction rate (measured after 0.5 h) 

is reduced by a factor of 10 after addition of four equivalents of fluoride or cyanide, 

demonstrating that F– and CN– anions are appropriate anions for poisening eventual 

defective sites in MFU-1. For poisoning, MFU-1 was treated with 1 M ethanolic solutions 

of tetraethylammonium cyanide or tetrabutylammonium fluoride. MFU-1 was suspended for 

24 h in these ethanolic solutions, where in sum 4 equivalents of F– or CN– were present per 

cobalt center of MFU-1. 

 

 
Figure 5.35. Cyclohexene conversion (%) versus time (h) curves for 
catalytic oxidation employing (■) untreated MFU-1; (●) cyanide treated 
MFU-1; (▲) fluoride treated MFU-1. Reaction conditions: cyclohexene 
(16 mmol), t-BuOOH (8 mmol), 1,2,4-trichlorobenzene (2 mmol, as 
internal standard), MFU-1 (0.095 mmol based on cobalt centers), T = 
70°C. 
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To further investigate whether or not the oxidation reaction takes place inside the pores of 

MFU-1, comparative catalytic test reactions were performed, in which tert-butyl 

hydroperoxide was replaced with the sterically more demanding triphenylmethyl 

hydroperoxide (Ph3COOH). When this more bulky oxidant is used, the rate of the catalytic 

test reaction drops significantly, if compared to the reaction employing tert-butyl 

hydroperoxide (Figure 5.36). After 11 h, the main reaction products employing 

triphenylmethyl hydroperoxide in the presence of MFU-1 are cyclohexenol (7.9%, yields 

based on cyclohexene), cyclohexene oxide (3.5%) and 3-cyclohexenone (2.3%). The 

difference between catalytic activity in presence or in absence of MFU-1 as catalyst is small 

for triphenylmethyl hydroperoxide as oxidant, whereas the difference is much more 

pronounced when tert-butyl hydroperoxide is used as oxidant. This further indicates that the 

more bulky oxidant is not able to pass the pores of MFU-1. 

 

 

 
 

 
Figure 5.36. Left: Conversion (%) versus time (h) curves for cyclohexene oxidation employing tert-butyl 
hydroperoxide with (■) and without (□) MFU-1 catalyst and for cyclohexene oxidation employing 
triphenylmethyl hydroperoxide with (●) and without (○) MFU-1 catalyst. Reaction conditions: cyclohexene 
(16 mmol), t-BuOOH or Ph3COOH (8 mmol), 1,2,4-trichlorobenzene (2 mmol as internal standard), MFU-1 
(0.095 mmol based on cobalt centers), T = 70°C. Right: Overlay of the space-filling structure models of the 
pore opening of MFU-1 (C, grey; H, white; N, light blue; Co, dark blue) and triphenylmethyl hydroperoxide 
(green), showing that the more bulky oxidant triphenylmethyl hydroperoxide is not able to enter the pores (or at 
least will suffer from much stronger diffusion limitation compared to tert-butyl hydroperoxide). 
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Moreover, in contrast to framework activation by tert-butyl hydroperoxide no colour change 

of MFU-1 appears in the presence of Ph3COOH (Figure 5.37). These results indicate that 

activation of the catalyst and the reaction is confined to the particle surface in the case of 

Ph3COOH, whereas the reaction takes place inside the pores of MFU-1 employing tert-butyl 

hydroperoxide, which can freely diffuse inside the framework. 

      
Figure 5.37. UV/VIS diffuse reflectance spectrum (DRS) (calculated via the Kubelka-Munk function) for 
MFU-1 before (black) and after (red) catalysis employing tert-butyl hydroperoxide (left) or triphenylmethyl 
hydroperoxide (right) as oxidant. 

 

 

5.2.12 Mechanistic considerations 

Summarising results from spectroscopic and structural investigations obtained so far, the 

following interpretation seems permissible in light of catalytic properties: although 

tetrahedrally coordinated cobalt(II) centres are present in both frameworks, their metal 

centres are remarkably resistant against oxidation (yielding cobalt(III)) and they show no 

tendency to accept further ligands in their first coordination spheres. The stabilisation of the 

cobalt(II) oxidation state seems to be an intrinsic property of these frameworks. Usually, 

cobalt(III) peroxo complexes of e.g. salen or porphyrin complexes are kinetically inert due 

to their low-spin d6 configuration, thus a large number of such complexes have been isolated 

and characterised at room temperature.[51] However, due to steric hindrance and constraints 

upon the possible distortion of individual coordination environments of the cobalt centres by 

the 3D network, coordination of an additional ligand would constitute an energetically 

unfavourable situation, and thus a strained or „entatic state”.[52] A similar stabilisation is also 
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seen in structurally related tetrahedral cobalt of tridentate scorpionate (= hydrotris(pyrazol-1-

yl)borato) ligands comprising bulky substituents at the pyrazolate moieties.[53] An octahedral 

coordination environment is also disfavoured for these complexes due to sterical reasons, 

and complexes with peroxides or oxygen can be only isolated in rare cases[53a] at low 

temperatures (< –50 °C for peroxo complexes and < –10 °C to 30 °C for dioxygen 

complexes), and the reactive intermediates usually oxidise the pyrazolate ligands in a 

subsequent reaction at higher temperatures. 

Principally, diffusion limitation might be another reason why only a minor part of the metal 

centres participates to the oxidation process.[54] However, in case of oxidation reactions 

involving tert-butyl hydroperoxide and cyclohexene, the previously described experiments 

employing microcrystals of different sizes showed already that diffusion limitation is present 

to some extent, but it does not exert a major influence on the experimental reaction rates in 

MFU-1. 

The fact that tert-butyl-2-cyclohexenyl-1-peroxide is the main reaction product suggests a 

reaction pathway in which freely diffusing peroxy radicals are generated via cleavage of 

tert-butyl hydroperoxide following the route of a Haber-Weiss-type decomposition at the 

Co(II) metal centres.[55] The overall reaction equation for the formation of tert-butyl peroxo 

radicals can be formulated as 

  3 (CH3)3COOH → 2 (CH3)3COO• + (CH3)3COH + H2O (2). 

Further indication for a radical mechanism is found when the reaction is performed in 

dichloromethane as a solvent (compared to the solvent-free method applied generally), in 

which case 3-chlorocyclohexene as additional by-product is found. Moreover, radical trap 

experiments confirm the formation of tert-butyl peroxy radicals and cyclohexenyl radicals 

throughout the course of the catalytic reaction (page 155). In consideration of the homolytic 

bond dissociation energies of the involved substrates and products,[56] a detailed catalytic 

cycle (in analogy to earlier reports for similar reactions)[55] for the formation of tert-butyl 

peroxy radicals via MFU-1 can be proposed (Scheme 5.1). 
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Scheme 5.1. Left: Mechanism for the formation of tert-butyl peroxy radicals catalyzed by the Co(II) 
centres in MFU-1. Right: Homolytic O–H and C–H bond dissociation energies [kJ/mol][55] of the 
involved educts, products and intermediates. 

Thermodynamic considerations suggest that in the first step the weak O–O bond of tert-butyl 

hydroperoxide (rather than the considerably stronger O–H bond) is cleaved by the aid of the 

Co(II) ions in MFU-1. Thus tert-butoxy radicals and hydroxyl radicals might be created 

(Scheme 5.1, (a)).[57] The resulting tert-butoxy radical exchanges a hydrogen atom with 

another tert-butyl hydroperoxide molecule (ΔH ≈ –71 kJ/mol from the bond dissociation 

energies) in a fast subsequent reaction (k = 1.3 • 108 M–1 s–1 for the comparable reaction of 

cumyloxy radicals with tert-butyl hydroperoxide).[58] Consequently, a tert-butyl peroxy 

radical and tert-butanol would be created (Scheme 5.1, (b)). A minor extend might react 

directly with cyclohexene to yield a 3-cyclohexenyl radical (k = 5.7 • 106 M–1 s–1).[59] The 

hydroxyl radicals created in the first step, or hydroxyl anions if electron transfer occurs from 

Co(II), most likely react with another tert-butyl hydroperoxide molecule under formation of 

water. The resulting cobalt hydroperoxo species could react further on whether via fission of 

either the O–O or the Co–O bond (Scheme 5.1, (c)). However, the coordinative bonds 

between the peroxo ligands and the Co(III) centres are probably very weak, owing to the 

steric shielding of the metal ions and the rigid coordination geometry imposed by the 

crystalline framework. This assumption is supported by the minor changes in the EXAFS 

and XANES spectra (page 139) and the unchanged IR spectra after a catalytic run employing 

tert-butyl hydroperoxide (page 134). This special situation presumably leads to formation of 

tert-butyl peroxy radicals by fission of the cobalt–oxygen bond as proposed in Scheme 5.1 

(d) rather than to homolytic fission of the oxygen-oxygen bond of the coordinated peroxo 

ligand. After recovering the initial catalyst by removing the resulting tert-butyl peroxy 

radical from the Co atom in the framework, the catalytic cycle starts over again. 
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In a subsequent step, the formed tert-butylperoxy radicals would react with cyclohexene to 

yield the observed products (Scheme 5.2). Two pathways are possible for the subsequent 

occuring reaction of tert-butyl peroxy radicals with cyclohexene. First, the abstraction of a 

hydrogen atom from the allylic position of cyclohexene, and second the addition of the 

radical to the double bond. Whereas the second case is usually observed, for instance, in the 

case of carbon centred radicals,[60] for tert-butylperoxy radicals predominantly (≈98%) the 

abstraction of an allylic proton is observed.[61] Radical combination of the resulting 3-

cyclohexenyl radical with another tert-butyl peroxy radical yields the observed main 

product, tert-butyl-2-cyclohexenyl-1-peroxide. The by-product 2-cyclohexen-1-one is most 

likely formed via thermal decomposition of the main product.[62] The addition of tert-butoxy 

radicals to the double bond as minor reaction followed by cleavage of a tert-butoxy radical 

should lead to cyclohexene oxide, explaining the formation of the other by-product which is 

observed. 
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Scheme 5.2. Formation of the observed products via the reaction of tert-butylperoxy radicals with 
cyclohexene. 

 

Only the unsymmetric product from the radical recombinations (between tert-butyl peroxy 

and 3-cyclohexenyl radicals) and no symmetric product (3,3'-bicyclohexene from the 

recombination of two 3-cyclohexenyl radicals) is found. Such a preference of the 

unsymmetric product in radical recombination reactions can be explained via the Ingold-

Fischer „persistent radical effect”.[63] Cross-coupling occurs when one radical is „transient” 

(undergoing fast reactions), the other „persistent” (longevity by e.g. sterical crowding), and 

both are generated at comparable reaction rates. Thus, a steady state involving high 

concentrations of persistent and low concentrations of transient radicals occurs, leading to 

preferred cross-coupling. The Ingold-Fischer „persistent radical effect” was already 

observed for the homogenously catalysed and uncatalysed reactions between „persistent” 

tert-butyl peroxy radicals and „transient” cyclohexene radicals.[55e] 
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The fact that no substantial change in the IR, XANES or EXAFS spectra is observed after 

multiple turnovers indicates that the Co(III) species are energetically unfavourable 

intermediates, which thus occur only in small concentrations and tend to decompose 

(recovering the initial Co(II) species of the catalyst whilst liberating the peroxy radicals). 

To proof the radical mechanism of the reaction between tert-butyl hydroperoxide and 

cyclohexene in presence of MFU-1, radical trap experiments using 2,4,6-tris-tert-

butylphenol (TTBP, as radical trap for oxygen centred radicals)[64] and 3,3,6,6-

tetramethylpiperidine-1-oxyl (TEMPO, as radical trap for carbon centred radicals)[65] were 

performed. In presence of the radical traps, the otherwise occurring catalytic oxidation of 

cyclohexene is inhibited (Scheme 5.3 and Table 5.5), and the main products are the adducts 

of the radicals with the radical traps. The occurring products were identified by GC/MS 

analysis as well as 1H and 13C NMR spectroscopy of the filtrated reaction solutions. The 

reaction between tert-butyl hydroperoxide, cyclohexene and the radical traps is negligible in 

absence of MFU-1 under otherwise identical conditions. These experiments proof a radical 

mechanism based on (oxygen centred) peroxy radicals and 3-cyclohexenyl radicals. 
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Scheme 5.3. Main products of the radical trap experiments in the presence of MFU-1 
and their yields after a reaction time of 2 h. 
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Table 5.5. Product distribution for the reaction between cyclohexene and tert-butyl 
hydroperoxide in the presence or absence of MFU-1 and/or radical traps. Yields (%) are based 
on cyclohexene, n.d.: not detectable. Reaction conditions: 16 mmol cyclohexene, 8 mmol tert-
butyl hydroperoxide, 2 mmol 1,2,4-trichlorobenzene (as internal standard), 0.095 mmol MFU-
1 (in the cases where the catalyst is used), 4 mmol TTBP or TEMPO (in the cases where 
radical traps are used), 70 °C, 2 h. The products were determined by GC-MS analyses and 1H 
and 13C NMR spectroscopy. 

yield (%) Catalyst Radical trap 

O
O

 

O

 

O

 

O
N

 

O

O O

 

MFU-1 none 11.9 0.4 0.7   

MFU-1 TEMPO 0.6 0.4 2.4 14.9  

MFU-1 TTBP 0.1 0.1 0.1  6.1 

none none 0.09 n.d. n.d.   

none TEMPO 0.09 n.d. n.d. 0.8  

none TTBP 0.12 n.d. n.d.  0.1 
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5.3 Conclusion 

In summary, in this chapter the solid state structures of two pyrazolate-based metal-organic 

frameworks (MFU-1 and -2) are presented. In these two structures, cobalt(II) centres are 

connected by the linear linker 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene, which can be 

regarded as a N-heterocyclic derivative of terephthalic acid. MFU-1 constitutes a structural 

analogue of the Zn-containing (redox-inactive) MOF-5, featuring oxo-centred tetranuclear 

{Co4O} cores, whereas MFU-2 is composed of cross-linked one-dimensional cobalt(II) 

chains. The results from UV/VIS and XAS are in complete accordance with the structural 

data gleaned from single crystal X-ray analyses, demonstrating phase purity and the absence 

of other impurities containing cobalt(II). Both MOF compounds were compared in a 

catalytic test reaction using cyclohexene as substrate and tert-butyl hydroperoxide as 

oxidant. Although the Co(II) are placed in structurally similar (tetrahedral) coordination 

environments, contrastive metal leaching behaviour is observed for both compounds under 

catalytic conditions: Whereas MFU-1 performs as truly heterogeneous and robust catalyst, 

MFU-2 (albeit showing a similar catalytic activity) suffers from metal leaching into 

solution, clearly demonstrating the importance of conducting metal leaching tests in catalytic 

investigations. 

Employing tert-butyl hydroperoxide as an oxidant, the {Co4O} core of MFU-1 shows small 

geometrical changes under catalytic conditions which are – based on data from XAS and 

UV/VIS investigations – ascribed to an increase in the oxidation state from cobalt(II) to 

cobalt(III), involving, however, only a small fraction of the total metal centres. A summary 

of the most significant results is given in Table 5.6 and Table 5.1. 

 

Table 5.6. Summary of characteristic data for MFU-1 and MFU–2. 

BET surface (m2/g)[a] 
 pore aperture 

(Å) before catalysis theoretical after catalysis 
pore volume 
(cm3/g)[b] 

MFU-1 9.0 1485 (1525) 4117 1018 0.56 (1.49) 

MFU-2 6.4 1477 (1675) 1447 3 0.53 (0.55) 

[a] for samples from microwave synthesis, values for samples from solvothermal synthesis in 
brackets. Theoretical values obtained by the program of Düren et. al.[26] [b] for samples from 
microwave synthesis, in brackets: theoretically expected from PLATON/SQUEEZE. 
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Table 5.7. Summary of characteristic behaviour during catalysis for MFU-1 and MFU–2. 

After catalysis 
 Metal leaching 

in catalysis EXAFS XANES: Co oxidation state XRPD 

MFU-1 No slight geometrical changes 2.08(7) unchanged 

MFU-2 Yes unchanged 2.00(7) amorphous 

 

5.4 Experimental section 

Materials and methods 

Tert-butyl hydroperoxide (70% H2O solution) was dried over anhydrous MgSO4. Tert-butyl-2-

cyclohexenyl-1-peroxide,[66] triphenylmethyl hydroperoxide[67] and cobalt(III) pyrazolate[68] were 

synthesized according to a literature procedure. Other materials were obtained from commercial suppliers 

and used without further purification. Hydrothermal syntheses of the MOFs were carried out on the 

temperature programmable heating block TH20, HLC Biotec, an microwave assisted syntheses were 

performed using a CEM, Discover S-Class aynthetic microwave system. Fourier transform infrared (FT-

IR) spectra were recorded from KBr pellets in the range 4000-400 cm-1 and 400-100 cm-1 on a Bruker IFS 

FT-IR spectrometer. Elemental analyses (C, H, N) were carried out on a Perkin-Elmer 2400 Elemental 

Analyzer. Thermogravimetric analysis (TGA) was performed with a TGA/SDTA851 Mettler Toledo 

analyzer in a temperature range of 30 to 800 °C in flowing nitrogen at a heating rate of 10 °C/min. Two 

powder X-ray diffraction methods were used to characterize MFU-1 and MFU-2. Variable-temperature 

X-ray powder diffraction (VTXRPD) patterns were measured using an Anton Paar HTK 1200N 

diffractometer (θ-θ mode, Cu K radiation, λ = 1.5406 Å) under static air. X-ray powder diffraction data 

for phase analysis were collected on a PANalytical X’Pert PRO diffractometer (θ-θ mode, Cu K 

radiation, λ = 1.5406 Å). Powder diffraction patterns were scanned over the angular range 2θ = 5.0–50.0° 

(2 in steps of 0.0334°, measured for 250 s/step (for all samples except microwave synthesized MFU-1 

with 10 s/step). UV/VIS diffuse reflectance spectra (DRS) were recorded on an Analytik Jena Specord 50 

UV/VIS spectrometer in the range of 190-1100 nm. Argon gas sorption isotherms were measured with a 

Quantachrome Autosorb-I ASI-CP-8 instrument. Prior to measurements, the samples of chloroform-

exchanged MFU-1 and MFU-2 were heated at 150 ˚C for 30 h in high-vacuum to remove the occluded 

solvent molecules. Argon sorption experiments were performed at 77 K in the range of 1.00×10–4 ≤ P/P0 ≤ 

1.00 with Ar. A Physical Electronics Phi-5800 X-ray photoelectron spectrophotometer was used to 

measure XPS bands at 10−8 Pa pressure, with Al Kα1,2 radiation of 1486.6 eV energy. The binding-energy 

scale was calibrated in all cases by setting the C1s binding-energy position to 284.5 eV. Gas 

chromatographic analyses were carried out with a Carlo Erba GC 8380 gas chromatographic instrument 

with a hydrogen flame ionization detector. GC-MS data were recorded on a Varian GC 3800-Varian 

Saturn 2000 MS instrument equipped with a WLD/ECD detector and a Chrompack column (CP-5842, 25 
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m long). EXAFS and XANES measurements were conducted at room temperature, using the doublecrystal 

monochromator (SiGe (111) graded crystals, E/ΔE=4200) at the beamline KMC-2 of the electron storage 

ring at the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung m.b.H. (BESSY II, 

Berlin, Germany).[69] The XANES and EXAFS spectra were recorded at the Co-K-edge, energy 

calibration was performed with cobalt metal foil. Measurements were performed in transmission mode 

using ion chambers, additionally the fluorescence using a fluorescence yield detector (Si-PIN photodiode) 

was recorded. AAS was performed on a Perkin Elmer 4100ZL Zeeman Atomic Absorption Spectrometer. 

30 µL aliquots of the sample solution were dispensed automatically into the atomizer. The standard 

additions method was used for calibration. 

 

The furnace program is given in Table 5.8. Wavelength: 242.5 nm, Slit: 0.2 nm, Pretreatment at 1400 °C 

for 30 s, Atomization at 2500 °C for 4 s; Modifier: 15 µg Mg(NO3)2; Diluent: 0.2% HNO3. Characteristic 

mass: 17.0 pg; Sensitivity: 20.0 µg/L; LOD calculated to 3 µg/L. 

 

Table 5.8. AAS Furnace Program. 

Step Temperature (°C) Ramp time (s) Hold time (s) Argon flow (mL min–1) 

1 110 1 20 250 

2 130 5 30 250 

3 1400 10 20 250 

4 2400 0 5 0 
 

Solvothermal synthesis of MFU-1 

H2-bdpb (10 mg, 0.037 mmol) was dissolved in 4 mL of hot (100–120 °C) N,N-dimethylformamide 

(DMF) with the aid of a ultrasonic bath. After cooling to room temperature, CoCl2·6H2O (40 mg, 0.168 

mmol) was dissolved in the resulting solution and an aqueous solution of 1 M HCl (0.01 mL, 0.01 mmol) 

was added. Then, the solution was placed in a heating tube (10 mL) which was previously treated with a 

5% solution of (CH3)2SiCl2 in chloroform. The heating tube was sealed and heated at a constant rate of 

0.2 °C min–1 to 120 °C and kept at this temperature for 4 days. After hot filtration MFU-1 was washed 

three times with 20 mL of DMF, 10 mL dichloromethane, and suspended afterwards for three times in 3 

mL of dichloromethane for 24 h (followed by centrifugation and decantation each time), and was 

subsequently dried in vacuum for 6 h at room temperature prior to further investigations to yield 9.0 mg 

(8.6 mmol, 70% based on ligand H2-bdpb) blue cubic crystals of phase-pure MFU-1. Elemental analysis 

calcd for Co4O(C16H16N4)•2(C3H7NO): C, 54.44; H, 5.25; N, 16.47; found: C 51.60; H 5.87; N 16.10%. 

IR (KBr pellet, cm-1): 3395(br), 2924(m), 2855(w), 1679(m), 1573(m), 1493(m), 1429(s), 1374(m), 

1332(m), 1286(m), 1216(w), 1108(m), 1049(s), 1013(s), 981(w), 846(m), 754(s), 665(w), 617(w), 582(w), 

524(m), 490(s). 

Bigger single crystals of MFU-1 more suitable for single crystal x-ray structure analysis (edge lengths of 

50-80 µm) than from the above given solvothermal synthesis (edge lengths ca. 5-20 µm), although not 

phase pure (but in presence of MFU-2 instead), were obtained when H2-bdpb (15 mg, 0.056 mmol) was 
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dissolved in hot DMF as described above, and after cooling to room temperature Co(NO3)2·6H2O (100 

mg, 0.34 mmol) was added and the solution was heated immediately to 120 °C, at which temperature it 

was kept for three days. 

Microwave–assisted solvothermal synthesis of MFU-1 

H2-bdpb (96 mg, 0.36 mmol) was dissolved in 16 mL of hot DMF (100-120 °C) aided by an ultrasonic 

bath. After cooling to room temperature, Co(NO3)2·6H2O (138 mg, 0.47 mmol) was dissolved in the 

resulting solution and an aqueous solution of 1 M HCl (0.01 mL, 0.01 mmol) was added. Then, the 

solution was placed in a Pyrex sample tube (35 mL). The tube was sealed and heated for 2 min to 150 °C 

employing a microwave synthesizer (CEM Discover S) at 300W, after which time, 113 mg (0.11 mmol, 

90% based on H2-bdpb) of phase-pure MFU-1 was formed after the work-up as described above. 

Solvothermal synthesis of MFU-2 

H2-bdpb (15 mg, 0.056 mmol) was dissolved in 4 mL of hot DMF (100-120 °C) aided by an ultrasonic 

bath. After cooling to room temperature, Co(NO3)2·6H2O (100 mg, 0.344 mmol) was added and dissolved, 

and the resulting solution was placed in a heating tube (10 mL). The heating tube was sealed and heated at 

a constant rate of 0.15 °C min–1 to 120 ˚C. After 10 hours, the purple product filtrated when still hot, 

washed three times with 20 mL of DMF and 10 mL dichloromethane, and suspended afterwards for three 

times in 3 mL of dichloromethane for 24 h (followed by centrifugation and decantation each time), and 

was subsequently dried in vacuum for 6 h at room temperature prior to further investigations to give 15.5 

mg (0.039 mmol, 70% based on H2-bdpb) of MFU-2. Elemental analysis calcd. for 

Co(C16H16N4)•(C3H7NO): C 57.6, H 5.9, N 17.7; found: C 57.7; H 5.5; N 17.2%. IR (KBr pellet, cm-1): 

3432(br), 3068(m), 3026(m), 2926(m), 1574(s), 1493(m), 1427(s), 1377(m), 1319(m), 1285(m), 1123(m), 

1047(s), 1013(s), 984(w), 847(m), 789(w), 677(w), 614(w), 581(m), 487(m), 437(w). 

Microwave–assisted solvothermal synthesis of MFU-2 

In a Pyrex sample tube (35 mL), H2-bdpb (96 mg, 0.40 mmol) and Co(NO3)2·6H2O (104 mg, 0.36 mmol) 

were suspended at room temperature in 1 mL DMF. The tube was sealed and heated for 8 min at 120 ˚C 

by a microwave synthesizer (CEM Discover S) at 300 W, filtrated when still hot and washed using 3x20 

mL hot DMF and 10 mL dichloromethane to obtain 142 mg (0.36 mmol, 90% based on H2-BDPB) of 

phase-pure MFU-2. 

Catalytic oxidation of cyclohexene employing tert-butyl hydroperoxide 

To a solution of cyclohexene (16 mmol), tert-butyl hydroperoxide (8 mmol) and 1,2,4-trichlorobenzene (2 

mmol, as internal standard) was added MFU-1 or MFU-2 (0.095 mmol based on cobalt centers) at room 

temperature. The reaction mixture was stirred at 70 °C. Aliquots of ca. 50 µL were taken after time steps 

indicated in the paper. Each sample was diluted with 1 mL CH2Cl2 and filtered through a 0.25 µm 

Acrodisc nylon filter. Then, the sample was analyzed by gas chromatography. For investigations on 

catalyst activities in subsequent multiple runs, the catalysts were separated from the reaction mixture by 

centrifugation and rinsed twice with dichloromethane before reuse. To investigate metal leaching from the 

catalyst, the hot reaction mixture was filtered at reaction temperature when approximately 50% of the 

final conversion achieved in a previous run was reached (after 2 h in the case of MFU-1 and after 4.5 h in 
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the case of MFU-2). To investigate the influence of crystal size and catalyst loading on reaction rates, 

different amounts of MFU-1 from solvothermal or microwave synthesis were reacted as described above. 

The initial rates were determined at low substrate conversion, after reaction times of 20–40 minutes. 0.1 

mmol MFU-1 catalyst were reacted with cyclohexene (16 mmol) and tert-butyl hydroperoxide (8 mmol). 

The reaction was filtrated hot after 24 h, evaporated to dryness, the residue was dissolved in 0.2% HNO3 

and afterwards analysed by AAS. The solution contained less than 3 µg/L Co, showing that less than 

1.1∙10–3 % of the catalyst decomposed (for full decomposition of the catalyst, the solution should contain 

330 mg/L of Co). All yields and conversions are based on cyclohexene. Conversion and TON (turnover 

number) were calculated from the equations: TON = 100% • [sum of products] / [amount of Co], 

Conversion = 100% • [sum of products] / [initial amount of cyclohexene], since tert-butyl hydroperoxide 

and tert-butanol show the same retention times. 
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Chapter 6 
 

Catalytic activity of MFU-1 in the oxidation 

of hydrocarbons by molecular oxygen 
 
 

 
By employing a reaction cascade involving N-hydroxy-

phthalimide, even oxidation reactions employing molecular 
oxygen at ambient temperatures are feasible using MFU-1. 

 
 

Abstract: The interaction and eventual activation of molecular oxygen by MFU-1 and MFU-2 

was studied by temperature programmed oxidation (TPO) and evaluation of the isosteric heats of 

adsorption. As a result, activation of molecular oxygen by MFU-1 seems difficult but feasible, 

thus catalytic oxidation reactions employing molecular oxygen on MFU-1 were studied. By 

employing a reaction cascade (involving N-hydroxyphthalimide), oxidation reactions employing 

molecular oxygen at ambient temperatures are feasible using MFU-1. 

 



Catalytic activity of MFU-1 in the oxidation of hydrocarbons by molecular oxygen 

168 

6.1 Introduction 

The direct oxidation of substrates by molecular oxygen is often kinetically unfavoured. 

Molecular oxygen is the most ubiquitous and easily available oxidizing agent. However, 

despite its diradical character, oxygen is a relatively unreactive molecule, especially towards 

strong bonds such as the C-H bonds of hydrocarbons. Due to its triplet electronic ground state, 

the spontaneous oxidation of organic substrates by molecular oxygen is often kinetically 

unfavourable, as its direct utilisation in reactions with singulet state molecules is restricted by 

the Wigner spin conservation rule.[1] The diradical character of the free paramagnetic oxygen 

molecule thus leads to preferred reactions with radicals or paramagnetic metal ions.[2] The 

latter activate oxygen via spin pairing, since coordination to the paramagnetic metal ions 

causes energy splitting of the single occupied degenerated energy levels, formally leading to a 

singulet ground state of the oxygen molecule. In the case of cobalt(II) dioxygen complexes, 

the molecular orbital usually has its highest probability density for the electron located at the 

empty antibonding π orbital, formally leading to a superoxo (O2
–) or peroxo complex (O2

2–) 

by electron transfer from Co(II).[2] The by far most numerous synthetic oxygen complexes are 

known from cobalt(II) compounds, thus oxidation reactions employing MFU-1 should not 

only be possible when employing tert-butyl hydroperoxide as oxidant, but also with molecular 

oxygen. 

In recent years, N-hydroxyphthalimide (NHPI, Scheme 6.1) has been recognized as a valuable 

cocatalyst (acting as electron-transfer mediator) for the aerobic oxidation of organic 

compounds under mild conditions. The use of coupled catalytic systems with electron-transfer 

mediators usually facilitates the procedures by transporting the electrons from the catalyst to 

the oxidant along a low-energy pathway, thereby increasing the efficiency of the oxidation 

and thus complementing the direct oxidation reactions. As a result of the similarities with 

biological systems, this can be dubbed a biomimetic approach.[3] NHPI as such a co-catalyst is 

transferred in combination with transition metal complexes[4,12] into phthalimide-N-oxyl-

radicals (PINO) by molecular oxygen (Scheme 6.1, left), which further on are regenerated to 

NHPI by abstracting a hydrogen atom from a substrate (Scheme 6.1, right). In the case of 

MFU-1, a putative mechanism includes the chemisorption and activation of molecular oxygen 

by one of the cobalt(II) centres (Scheme 6.1). In a subsequent step, the activated oxygen may 

abstract a hydrogen atom from NHPI. Co–O-bond fission would then recover the catalyst. 
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Scheme 6.1. Left: formation of phthalimide-N-oxyl radicals (PINO) from N-hydroxyphthalimide (NHPI) on 
cobalt(II) complexes. Right: transition state for the reaction of PINO with cyclohexene as representative 
substrate. 

 

Another advantage of the reaction cascade employing PINO radicals is their higher reactivity 

compared to peroxy or oxy radicals. Since O–H bond dissociation energies for both NHPI and 

tert-butyl hydroperoxide are nearly identical (~370 kJ/mol),[5] the increased reactivity has to 

thus be explained by a „polar effect”. The presence of two carbonyl groups is responsible for 

a pronounced electrophilic character of PINO, lowering the energy of the transition state for 

hydrogen abstraction (Scheme 6.1, right) and thus increasing its reactivity.[6] 
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6.2 Results and discussion 

6.2.1 Temperature programmed oxidation (TPO) 

In order to probe thermal stabilities and redox behaviour of both frameworks in reactive gas 

atmospheres, temperature-programmed oxidation (TPO) experiments were performed. These 

experiments were performed by Jens Möllmer (Institut für nichtklassische Chemie e.V.) and 

Dr. Volker Hagen (Rubokat GmbH). Their support on the interpretation of this data is highly 

acknowledged. 

fresh samples of MFU-1 and -2 were refluxed with CH2Cl2 prior to drying in high vacuum. 

The samples were then kept at 200 °C for 2 h in order to remove residual solvent molecules 

(observed weight loss: 2%). Upon measuring the TPO in diluted oxygen (1000 ppm of oxygen 

in helium), MFU-1 shows beginning reaction with oxygen starting at 100 °C, and a release of 

CO2 and H2O (indicative for decomposition) from 140 °C on (Figure 6.1). In contrast to 

MFU-1, MFU-2 shows no sign of reaction with oxygen or decomposition below 230°C, 

indicating a higher stability (and thus a lower reactivity) towards molecular oxygen (Figure 

6.2). 

 
Figure 6.1. Temperature programmed oxidation (TPO) for MFU-1. 
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Figure 6.2. Temperature programmed oxidation (TPO) for MFU-2. 

 

Moreover, MFU-1 shows a colour change from blue to green in oxygen atmosphere after 

reaching a temperature of approx. 140°C, which is due to an additional absorption band 

occurring at 410 nm. This colour change might be tentatively ascribed to the oxidation of CoII 

to CoIII ions under retention of the tetrahedral coordination environment. (Figure 6.3). 

 
Figure 6.3. UV/VIS diffuse reflectance spectra (DRS, 
calculated via the Kubelka-Munk function) for MFU-1 
(50 mg sample in 200 mg BaSO4, diffuse reflection 
mode) before (black) and after (red) reaction with 
molecular oxygen as oxidant.  

Beside the changes in the UV/VIS spectra, the MFU-1 sample treated at 140 °C in oxygen 

shows changes in the IR spectrum. Additional bands around 1600–1700 cm–1 evolve, 

indicating the presence of carboxylate or/and amide groups (Figure 6.4). In contrary, MFU-2 

remains unchanged until up to 230 °C. 
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Figure 6.4. FT-IR spectra of MFU-1 before (top) and after treatment with molecular oxygen at 140 °C 
(in absence of any further educt, bottom). Additional bands after treatment with oxygen indicate 
reactions with the organic linker. Especially the broad (unresolved) bands around 1600–1700 cm–1 
indicate the transformation into carboxylate or/and amide groups. 

 

6.2.2 Isosteric heats of adsorption 

To investigate the interaction of both framework compounds with molecular oxygen, the 

isosteric heat of adsorption for different oxygen loadings on MFU-1 and MFU-2 was 

examined, employing a magnetic suspension balance. These experiments and support for their 

interpretation were performed by Jens Möllmer (Institut für nichtklassische Chemie e.V.) and 

Dr. Volker Hagen (Rubokat GmbH). 

Prior to sorption experiments all samples were pre-treated at 200 °C for 2 h to remove 

residual solvent molecules (observed weight loss: 2%). For a correct calculation of the 

isosteric heat of adsorption from the measured adsorption isotherms, a minimum of at least 

three isotherms are necessary.[7] Therefore, oxygen adsorption isotherms for MFU-1 and 

MFU-2 were measured gravimetrically at 298 K, 323 K and 343 K and for pressures up to 4 

MPa. The executed loadings ranging from 0.01–1 mmol g–1 are equivalent to 0.04–4 

molecules of oxygen per Co atom. All isotherms for MFU-1 and MFU-2 can be seen in 

Figure 6.5. 
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Figure 6.5. Oxygen adsorption isotherms of MFU-1 (left) and MFU-2 (right) at 298 K, 323 K and 343 K. Lines 
are from the fitted virial equation. 

Beginning at 120 °C (393 K), MFU-1 in oxygen shows a very slow but steady decrease of 

mass without reaching equilibrium even after 72 h. X-ray powder diffraction indicates that 

CoO and Co3O4 are obtained as final products. Thus, temperatures higher than 343 K were 

avoided. This steady weight loss is attributed to the activation of molecular oxygen at higher 

temperatures, which subsequently leads to oxidation of the organic part of the framework.  

The isosteric heats of adsorption qst was determined by fitting a virial-type equation to the 

adsorption isotherms. The ln(p) values for a given amount adsorbed (n) were calculated from 

the linear regressions determined from the virial equation analysis using the following 

equation:[8] 

 ...)/ln( 3
3

2
210  nAnAnAAnp , (1) 

where p is pressure, n is amount adsorbed and A0, A1 etc. are virial coefficients. A0 is related 

to adsorbate-adsorbent interactions, and at low surface coverage the Henry’s Law constant 

(KH) and is equal to 1/exp(A0).[8] The isosteric heats of adsorption qst were subsequently 

determined using a modified version of the Clausius-Clapeyron equation: 
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The obtained isosteric heats of adsorption of oxygen on MFU-1 and MFU-2 are shown in 

Figure 6.6. From the gravimetric oxygen adsorption isotherms, thus isosteric heats of 

adsorption of 11.1±0.9 kJ mol–1 for MFU-1 and 8.5±0.9 kJ mol–1 for MFU-2 are derived 

throughout the entire range of coverage explored. 
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Figure 6.6. Isosteric heats of adsorption for MFU-1 (left) and MFU-2 (right) at different amounts of 
adsorbed oxygen. 

 

For an analysis of the adsorbate-adsorbent interaction, the Henry-constant at low surface 

coverage is an ideal parameter. In Table 6.1 and Table 6.2 all fitting parameters of the virial 

equation including the Henry-constant KH can be seen. At each temperature, a higher Henry-

constant KH was observed for MFU-1 over MFU-2, indicating a stronger binding of oxygen 

with the binding sites of MFU-1, corresponding well with the higher isosteric heats of 

adsorption. 

 

Table 6.1. Parameters of the virial equations and Henry-constants KH for MFU-1. 

T (K) A3  A2 A1 A0 KH (mmol MPa–1 g–1) 

298   0.3207 –0.8145   1.2916 –0.3561 1.4278 

323   0.5004 –1.1645   1.4714 –0.0334 1.0340 

343   0.3820 –0.9224   1.3236   0.2279 0.7962 

 

Table 6.2. Parameters of the virial equations and Henry-constants KH for MFU-2. 

T (K) A3  A2 A1 A0 KH (mmol MPa–1 g–1) 

298 –0.0018   0.0261   0.0783   0.0200 0.9802 

323   0.0282 –0.0920   0.2227   0.2603 0.7708 

343   0.0133 –0.0299   0.1933   0.4678 0.6264 
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Whereas MFU-1 (isosteric heat of adsorption –ΔHiso = 11.1 kJ mol–1) shows a slightly 

increased isosteric heat of adsorption compared to MFU-2 (–ΔHiso = 8.5 kJ mol–1), a 

somewhat larger value was found for some Co exchanged zeolites and another Co based MOF 

(15.1–18.5 kJ/mol).[9] The range of observed values clearly points to the presence of van der 

Waals complexes, and their slight variations may point to different degrees of shielding of the 

Co(II) binding sites by the organic linkers. 

Despite the implied formation of a van der Waals complex at the indicated temperatures, 

MFU-1 shows a measurable reaction with oxygen above 120 °C in the TPO and during the 

measurement of the gravimetric oxygen adsorption isotherms (see above). In contrast, MFU-2 

– according to TPO measurements – seems to be inert up to a temperature of at least 230 °C. 

A possible explanation for these different reactivities towards molecular oxygen is that the 

cobalt(II) ions in both frameworks are sterically shielded by the organic linkers and thus 

poorly accessible to coordinating molecules. (contrary to compounds possessing open metal 

sites, for which chemisorption was proposed).[9] However, whereas the cobalt centres in 

MFU-2 are completely shielded, two potentially accessible coordination sites in MFU-1 

should still exist, as gleaned from space-filling models (Figure 6.7). The α site of MFU-1 

(Figure 6.7) may be considered to be the “natural” coordination site of the cobalt(II) centres 

because binding of a monodentate ligand would lead to a change of coordination state from 

tetrahedral to trigonal bipyramidal, which – according to a ligand-field theoretical 

approximation – should lead to an energy gain.[10] 

However, as can be seen from Figure 6.7, the α sites in MFU-1 are completely sterically 

shielded by the close packed methyl substituents and a widening of the cobalt coordination 

shell would thus require a huge distortion of the {Co4O(3,5-dmpz)6} SBU, which might still 

be feasible for a molecular complex, but owing to symmetry restraints would be almost 

impossible if the same coordination unit is embedded in a three-dimensional crystalline 

framework. Apart from α sites, each SBU in MFU-1 displays four easily accessible β sites, 

which might serve the purpose of ligand coordination. However, if binding of a ligand 

occured in symmetrical fashion, i.e. if the ligand coordinated to three cobalt(II) centres in a 

3-bridging mode, the individual coordination environments of the cobalt centres would 

become largely distorted. This would constitute an energetically unfavourable situation, i.e. a 

strained or „entatic state”.[11] As an alternative to this energetically unfavourable situation, a 

rapid outer-sphere electron transfer might take place from the {Co4O} cluster core towards an 

oxidising substrate, alleviating the problem of direct coordination. 
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In order to examine the putative free coordination sites in MFU-1, the compound was treated 

with test molecules that are commonly considered to be “strong” ligands in cobalt(II) 

coordination chemistry. In essence, the UV/VIS spectrum of MFU-1 shows no change if the 

compound is exposed to CO atmosphere at room temperature; similarly, treating a MFU-1 

suspension with a solution of cyanide ions in methanol (using tetraethylammonium cyanide) 

gave no indications of spectral changes, and the same behaviour was observed when the 

sample was kept in pure tert-butyl isonitrile. These experimental observations stand in sharp 

contrast to other CoII-based MOFs with more accessible metal sites,[9a] which leads to the 

conclusion that coordinative binding of ligands in MFU-1 becomes largely suppressed owing 

to steric shielding of the cobalt centres and symmetry constraints imposed by the tetranuclear 

coordination units. 

 

 
 

Figure 6.7. Space-filling models of the metal SBUs in MFU-1 (left) and MFU-2 (right), illustrating the 
sterical shielding of the metal ions by the ligand. 

 

6.2.3  Catalytic activity employing molecular oxygen, and mechanism of oxygen (O2) 

activation 

As outlined in the introduction, the by far most numerous synthetic oxygen complexes are 

known from cobalt(II) compounds,[2] thus oxidation reactions employing MFU-1 should not 

only be possible when employing tert-butyl hydroperoxide as an oxidant, but also with 

molecular oxygen. MFU-1 indeed shows a slow but constant reaction with molecular oxygen 

at T > 120 °C, which is accompanied by a colour change from blue to green. A similar 

oxidation behaviour is not seen for MFU-2, which shows no sign of reaction with oxygen or 

decomposition below 230 °C. However, the interactions between O2 and MFU-1 below 120 

°C are weak, as expressed by an isosteric heat of adsorption of about only 11.1 kJ/mol, which 

is probably due to the effective steric shielding of the cobalt centres. The electronic 
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interactions between dioxygen and cobalt centres in MFU-1 are obviously too weak for 

activating oxygen, since all attempts towards gas phase reactions between molecular oxygen 

and different hydrocarbons in the presence of MFU-1 have failed so far, showing no or 

extremely low yield of the anticipated products: no reaction was observed in gas phase 

reactions in the presence of MFU-1 between molecular oxygen and ethene, propene or CO as 

educts at different reaction conditions (1-6 bar, flow rate 4-20 mL/min, 90-200 °C). Only in 

the case of CO an exothermic reaction is observed above 200 °C, which according to XRPD 

measurements is due to the formation of Co3O4. Also the liquid phase oxidation of 

cyclohexene showed no measurable conversion after 72 h at 4 bar oxygen pressure at 50 °C in 

the presence of MFU-1. 

However, when 10 mol-% of NHPI are added, MFU-1 (1 mol-%) is capable to catalyse the 

oxidation of cyclohexene, ethylbenzene or cyclohexanol using atmospheric oxygen at close to 

ambient conditions (i.e. 35 °C, Table 6.3). No conversion was observed in absence of either 

components (MFU-1 or NHPI). Due to the poor solubility of NHPI in most organic solvents, 

the catalytic test reactions were carried out in acetonitrile.[12] 

 

Table 6.3. Oxidation of hydrocarbons by molecular oxygen catalysed by MFU-1 and NHPI for 24 h. 

entry T (°C) educt  Products and yields (%) Conversion 

1 35 

OH

 
 

O

 
94 

 
 

 
 95% 

2 75 
 

 

O

 
1.5 

 
 

 
   2% 

3 35 
 

 

OOH

 
26.6 

O

 
  5.6 

OH

 
0.8 35% 

4 35 
 

 

OOH

 
5.1 

O

 
  1.2 

 
   7% 

5 45 
 

 

OOH

 
1.7 

O

 
14.5 

 
 18% 

Reaction conditions (if not stated otherwise): Atmospheric oxygen, 50 mg (0.31 mmol) NHPI, 15 mg 
MFU-1 (0.038 mmol based on cobalt centres), 150 µL 1,2,4-trichlorobenzene (1.2 mmol, as internal 
standard), 3.0 mmol educt (300 µL cyclohexene, 365 µL ethylbenzene, 270 mg cyclohexanol or 300 µL 
cyclohexane), 5 mL acetonitrile, T = 35 °C, 24 h. The peroxides were identified by the quantitative 
reduction to the corresponding alcohols using triphenylphosphine and identified by their changed retention 
time in GC/MS.[13] 
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Under mild reaction conditions, cyclohexanol (Table 6.3, entry 1) is nearly completely 

transformed to cyclohexanone after 24 h, whereas secondary allylic or benzylic substrates are 

converted to peroxides or ketones, respectively (entry 3-5). Higher temperatures facilitate the 

further decomposition of the peroxides (compare entry 4 and 5, Table 6.3). Non-activated C-

H bonds, such as those from cyclohexane (entry 2), show an only sluggish reaction even at 

elevated temperatures (yielding 1.5% cyclohexanone after 24 h). The observed reactivities are 

qualitatively in agreement with the expected behaviour for oxidation reactions performed by 

the NHPI/PINO system. The second order rate constants for the hydrogen abstraction by 

PINO from different substrates (expressed per active hydrogen atom) at 25 °C in acetonitrile 

are[12b] k = 5.05 M–1 s–1 for cyclohexene, k = 4.52 M–1 s–1 for cyclohexanol, k = 1.12 M–1 s–1 

for ethylbenzene and k = 0.0039 M–1 s–1 for cyclohexane, thus explaining the obtained 

reactivities in the experiments. 

 

When monitoring the time course of the oxidation reaction of cyclohexene in detail (entry 3), 

further mechanistic insights become apparent. During the first 8 hours of the reaction, only 

low conversions are observed (yielding ~0.5% of 3-cyclohexenylperoxide), whereas after this 

induction period, the conversion rate increases rapidly (Figure 6.8). When the solid catalyst is 

filtered of from the reaction mixture after 16 h (at approximately half conversion), the filtrate 

shows a drastically decreased catalytic activity, thus demonstrating that the reaction is of 

heterogeneous nature in this case as well. The remaining reactivity of the filtrate might be due 

to the spontaneous (non-catalysed) decomposition of 2-cyclohexenylperoxide and its reaction 

with NHPI. After a reaction time of 16 h, the MFU-1 catalyst does not change according to 

XRPD (Figure 6.9) and IR analysis (Figure 6.11), and UV/VIS spectra indicate once again the 

partial formation of cobalt(III) for this reaction (Figure 6.10). However, long reaction times 

(greater than 32 h) exert a detrimental effect upon the catalyst, which slowly decomposes to 

form an amorphous product. The decomposition of the framework in the presence of PINO is 

probably accelerated by the products developed during the reaction, in particular due to the 

formation of a huge excess of 3-cyclohexenylperoxide: as seen in the previous chapter, MFU-

1 also decomposes when reacted with tert-butyl hydroperoxide in the absence of other 

oxidizable substrates. 
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Figure 6.8. Conversion (%) and yields (%) for the reaction of 
cyclohexene and oxygen at 35 °C in the presence of catalytic 
amounts of NHPI and MFU-1 versus time. The dotted lines and 
empty data points represent the course of yields and conversion 
when the solid catalyst is removed by hot filtration after 16 h. 

 
Figure 6.9. XRPD patterns for MFU-1 before catalysis (black) and after 16 h of catalytic 
oxidation of cyclohexene employing molecular oxygen in the presence NHPI (red). In contrary, 
after 32 h of catalysis only an amorphous product is obtained. 

 

Contrary to the reaction with molecular oxygen only (and no further educt) at elevated 

temperatures, as discussed in the previous subchapter, in the presence of NHPI and an 

oxidizable educt the spectral changes in the UV and visible region are almost negligible 

(Figure 6.10). Also in the IR spectra, only negligible changes are observed using NHPI/O2 in 

the presence of cyclohexene as educt (Figure 6.11). This leads to the conclusion that, in the 

same way as the MOF is decomposed by tert-butyl hydroperoxide in the absence of any 

oxidizable educt, also in this case an oxidizable educt has to be present. Otherwise, the 

activated oxygen reacts with the organic part of the framework. 
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Figure 6.10. UV/VIS diffuse reflectance spectrum (DRS) (calculated via the Kubelka-Munk function) for 
MFU-1 (50 mg sample in 200 mg BaSO4, diffuse reflection mode) before (black) and after (red) reaction with 
molecular oxygen as oxidant. Left: without any further educt at 140°C for 4 hours, right: at 35 °C in the presence 
of NHPI and cyclohexene as educt. 

 
Figure 6.11. FT-IR spectra of MFU-1 before catalysis (top, black) and MFU-1 after catalysis employing 
molecular oxygen in the presence NHPI for 16 h (middle, red), and for pure NHPI (bottom, green) from 
4000-400 cm–1. No indications for a structural change after catalysis are seen, and only traces of NHPI 
(not visible in the FT-IR) are adsorbed in the pores of MFU-1. Nevertheless, these traces are responsible 
for the catalytic transformation, since no conversions are observed in absence of NHPI. Spectra are 
vertically shifted for comparison. 

 

The reason for the initial inhibition observed in the catalysis reaction is presumably due to 

autocatalysis of the reaction by the formed 2-cyclohexenylperoxide (Scheme 6.2). Whereas 

initially the reaction is driven by the (slow) activation of oxygen on MFU-1 (Scheme 6.2, 

steps 4-7), later on 2-cyclohexenyloxo and -peroxo radicals are formed during the course of 

the reaction, which appear to be activated much faster at the cobalt(II) centres of MFU-1 

(Scheme 6.2, steps 8-10). Accordingly, when catalytic amounts of tert-butyl hydroperoxide (1 
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mol-%) are added at the beginning of the reaction, no inhibition is observed, yielding 19% of 

2-cyclohexenylperoxide after 3 h. This seems to be due to a likewise efficient activation of 

peroxides by MFU-1, when directly compared to the corresponding activation of molecular 

oxygen. During the course of the reaction, the peroxy radicals should thus be mainly in charge 

of hydrogen abstraction from NHPI. A similar participation of peroxides is also seen in 

autoxidation reactions of cyclohexene or cyclopentene catalysed by rhodium, iridium or 

platinum complexes.[14] 

H NHPIPINO .+ +
 

(1) 

OOO2
. + .

 
(2) 

OOHOO NHPI PINO+ +.
 

(3) 

OO H OOH+. + .
 

(4) 

OOH O OH+[MFU-1]+ . [MFU-1]
 

(5) 

OOH O OO OH+ .
+.

 
(6) 

OOH OH O[MFU-1]+ + [MFU-1] + H2O
 

(7) 

Scheme 6.2. Steps for the oxidation of cyclohexene using molecular oxygen and 
MFU-1 as catalyst in the presence of NHPI. 

According to step 1 in Scheme 6.2, the PINO radicals abstract a hydrogen atom from 

cyclohexene, which subsequently reacts with molecular oxygen to yield 3-

cyclohexenylperoxo radicals (step 2). The reaction of cyclohexenylperoxo radicals with NHPI 

leads to cyclohexenylperoxide, regenerating a PINO radical (step 3). The net reaction is thus 

formulated according to steps 1-7. Whereas at the initial stage of the catalytic reaction, PINO 

radicals are predominantly obtained from the reaction of NHPI with molecular oxygen 

(activated by cobalt centres), the former radicals are produced more efficiently at a later stage 

by catalytic decomposition of the reaction product 2-cyclohexenylperoxide, explaining the 

observed inhibition at the beginning of the catalytic reaction (Figure 6.8). 
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6.2.4 Heterogeneous Catalytic Oxidation using NHPI@MFU-1 and Molecular Oxygen 

without further solvent 

The advantage of heterogeneous catalysts lies in the ease of their recovery from reaction 

mixtures, allowing to obtain the reaction products without additional purification steps. 

Additionally, the monomodal and uniform pores system of MFU-1 provides the possibility 

for size-selective catalysis reactions. In this context, the question arises whether PINO reacts 

still inside the pores of MFU-1, or after diffusion into the surrounding solvent. These 

technical advantages are depreciated by the usage of an acetonitrile solution of NHPI, due to 

the high costs of the solvent and the continuous loss of the co-catalyst upon filtration. 

Consequently, the immobilisation of both catalytic compounds, cobalt(II) and NHPI, would 

be preferable. This approach was already successful for cobalt(II) salen complexes and NHPI 

derivates, both being covalently bound to a mesoporous silica carrier.[15] 

If NHPI is adsorbed inside the pores of MFU-1, oxidation catalysis without the use of any 

additional solvent should be feasible. In order to immobilise NHPI in the pores of MFU-1, 15 

mg of MFU-1 were suspended for 3 days in a solution of 50 mg NHPI in 5 mL acetonitrile 

(the same stochiometry as in the catalysis reactions described above). Afterwards, the MFU-1 

material hosting the co-catalyst (termed hereafter “NHPI@MFU-1”) was filtered off and 

dried in vacuum. Indeed, NHPI@MFU-1 catalyses the oxidation of cyclohexene at 35 °C 

without any additional solvent (Figure 6.12, filled symbols and solid lines).* Moreover, the 

activity of this heterogeneous system is only slightly reduced in comparison to the system 

containing a homogeneous acetonitrile solution of NHPI (Figure 6.12, open symbols and 

dotted lines). 

                                                                                                                                                   
* Reaction conditions: 300 µL cyclohexene, 150 µL 1,2,4-trichlorobenzene (1.2 mmol, as internal standard), 15 

mg MFU-1 or NHPI@MFU-1, 15 µL (1 mol-%) tert-butyl hydroperoxide (as initiator), atmospheric oxygen, T 
= 35 °C. 
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Figure 6.12. Conversions (%) and yields (%) versus time for 
the reaction of cyclohexene with molecular oxygen at 35 °C. 
Filled symbols (■,●,...) and solid lines: solvent-free catalysis 
employing NHPI@MFU-1. Open symbols (□,○,...) and dotted 
lines: catalysis using MFU-1 and NHPI dissolved in 
acetonitrile. 

 

Thus, the oxidation of cyclohexene (and presumably a huge range of other organic substrates) 

can be carried out as suspension of NHPI@MFU-1 in the organic substrate, thus avoiding the 

use of additional solvent, simplifying work-up procedures and reducing the amount of waste. 

Compared to the usually drastic conditions employed for the oxidation of cyclohexene (high 

oxygen pressure and high temperatures),[12a,16] the reaction can be carried out using 

NHPI@MFU-1 under more cost-saving and environmental-friendly conditions (35 °C, 

atmospheric oxygen). 
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6.3 Conclusions 

The ability of the networks MFU-1 and MFU-2 to adsorb and activate molecular oxygen was 

examined by the measurement of the isosteric heat of adsorption and by TPO experiments, 

revealing a higher oxygen affinity of MFU-1 as compared to MFU-2. However, the activation 

energy for the formation of an adduct seems to be quite high, as below 120 °C no complex 

formation is indicated. Once formed, and in the absence of any easily oxidisable substrate, 

this highly reactive “entatic” species leads to rapid oxidation of the framework in multiple 

subsequent steps. At temperatures below 120 °C, oxygen shows only weak interactions with 

the cobalt centre of MFU-1, and the resulting adsorbed O2 species might be described as a 

van der Waals complex. The cobalt centres show no tendency to open up their coordination 

spheres, which is explicable in terms of the steric shielding of the cobalt centres by the methyl 

substituents of the coordinated pyrazolate moieties and by symmetry constraints imposed by 

the 3D periodic arrangement of the SBUs, the latter representing a different kind of strained 

(i.e. “entatic”) state of the catalyst. The low coordination ability of the cobalt centres 

represents a distinct advantage in catalytic oxidation reactions, since the formation of stable 

cobalt complexes with oxygen centred ligands is thus avoided, which might otherwise 

constitute a “thermodynamic sink” and thus a potential dead-end of a catalytic cycle.[2] 

Preventing formation of a coordinative bond between O2 and cobalt centres leads to the 

observed low isosteric heats of adsorption (11.1±0.9 kJ/mol for MFU-1 and 8.5±0.9 kJ/mol 

for MFU-2). Owing to the weak binding of O2 at low temperatures, it was not possible to 

characterise any structurally well-defined intermediate species. 

In terms of catalytic applications, the activation of molecular oxygen by MFU-1 becomes a 

feasible task by taking advantage of a co-catalyst (NHPI), which can be immobilised in the 

framework, leading to the composite catalyst NHPI@MFU-1. The immobilised N-

hydroxyphthalimide (NHPI) serves as an electron-transfer mediator, and thus heterogeneous 

oxidation reactions employing molecular oxygen can be performed at near-ambient 

conditions. 
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6.4 Experimental section 

Materials and methods 

Tert-butyl hydroperoxide (70% H2O solution) was dried over anhydrous MgSO4. Other materials were 

obtained from commercial suppliers and used without further purification. Fourier transform infrared (FT-

IR) spectra were recorded from KBr pellets in the range 4000–400 cm–1 and from from CsI pellets in the 

range 600–100 cm–1 on a Bruker IFS FT-IR spectrometer. X-ray powder diffraction data for phase analysis 

were collected on a PANalytical X’Pert PRO diffractometer (θ-θ mode, Cu K radiation, λ = 1.5406 Å). 

Powder diffraction patterns were scanned over the angular range 2θ = 5.0–50.0° (2 in steps of 0.0334°, 

measured for 10 s/step. UV/VIS diffuse reflectance spectra (DRS) were recorded on an Analytik Jena 

Specord 50 UV/VIS spectrometer in the range of 190–1100 nm. Gas chromatographic analyses were carried 

out with a Carlo Erba GC 8380 gas chromatographic instrument with a hydrogen flame ionization detector. 

GC-MS data were recorded on a Varian GC 3800-Varian Saturn 2000 MS instrument equipped with a 

WLD/ECD detector and a Chrompack column (CP-5842, 25 m long). Temperature programmed oxidation 

(TPO) and puls-chemisorption were performed on a Rubotherm/Bel Japan, Inc. BELCAT-B, equipped with 

a quadrupol mass spectrometer. For determining the isosteric heats of adsorption, oxygen adsorption 

isotherms were recorded in a magnetic suspension balance (Rubotherm, Germany)[17] that can be operated 

up to 50 MPa. Two different pressure transducers (Newport Omega, US) were used in a range from vacuum 

up to 5 MPa with an accuracy of 0.05 %. In a typical experiment, a stainless steel sample holder was filled 

with about 0.1 – 0.2 g of MFU-1 or MFU-2, respectively. The balance was evacuated for 12 hours at 573 K 

and 0.3 Pa until constant mass was achieved. For measuring the sorption capacity, the gas was dosed into 

the balance chamber to elevated pressures. Equilibrium was achieved within 2 hours, which is characterized 

by constant weight and pressure over a time range of approximately 15 min. The temperature was kept 

constant with an accuracy of ± 0.1 K for each measurement. Additionally, for each isotherm, a buoyancy 

correction was used to calculate the surface excess mass from the measured values. A detailed description 

of this procedure can be found elsewhere.[18] For the determination of the density of oxygen from pressure 

and temperature, the program FLUIDCAL was used.[19] 

Gas phase oxidations were carried out using a digital "Multibus" pressure gauge/controller with integrated 

interface (FLOW-BUS protocol, Bronkhorst High-Tech BV, RS485) for communication between digital 

devices and the central control via PC. For the setup of the following components see Figure 6.13. Pressure 

controller: Bronkhorst High-Tech, EL-PRESS P-702CV; mass flow controller: Bronkhorst High-Tech, EL-

FLOW F201CV, magnetic valves, optical microscope: Olympus, BX51, mass spectrometer: HIDEN 

Analytical, QIC-20 gas analysis system, quadrupole detector, electron impact ionisation (E.I.) 70 V, 

catalyst cell: Linkam Scientific Instruments Ltd, CCR1000 Catalyst Cell Reactor with ceramic sample 

holder, quartz window, resistance coil (temperature programmable control unit: Linkam Scientific 

Instruments Ltd, TMS94) and Pt/Rh-thermocouple. 

 



Catalytic activity of MFU-1 in the oxidation of hydrocarbons by molecular oxygen 

186 

 
Figure 6.13. Scheme of the setup for gas phase oxidations. 

 

Catalytic oxidation of hydrocarbons by MFU-1 employing molecular oxygen 

N-hydroxyphthalimide (NHPI, 0.31 mmol), MFU-1 (0.038 mmol based on cobalt centers) and 1,2,4-

trichlorobenzene (1.2 mmol, as internal standard) were added to a solution of 3.0 mmol of a carbohydrate 

(whether 300 µL cyclohexene, 365 µL ethylbenzene, 270 mg cyclohexanol or 300 µL cyclohexane) in 5 mL 

acetonitrile, and the reaction mixture was stirred at 35 °C for 24 h under atmospheric oxygen using a reflux 

condenser to avoid the escape of volatile components. Aliquots of ca. 50 µL were taken after time steps 

indicated in the paper. Each sample was diluted with 1 mL CH2Cl2 and filtered through a 0.25 µm Acrodisc 

nylon filter. Then, the sample was analyzed by gas chromatography. To investigate metal leaching from the 

catalyst, the hot reaction mixture was filtered at reaction temperature when approximately 50% of the final 

conversion achieved in a previous run was reached (after 16 h). 

For the immobilization of NHPI, 15 mg MFU-1 (0.038 mmol based on cobalt centers) was suspended for 3 

days in a solution of NHPI (0.31 mmol) in 5 mL acetonitrile (same stochiometry as in catalysis reaction). 

Afterwards the modified MFU-1 (NHPI@MFU-1) was filtrated, washed with acetonitrile and dried in 

vacuum. The modified catalyst NHPI@MFU-1 was used in the catalysis reaction suspended in 300 µL (3.0 

mmol) cyclohexene (as the educt), together with 150 µL 1,2,4-trichlorobenzene (1.2 mmol, as internal 

standard) and tert-butyl hydroperoxide (0.15 mmol, as initiator to prevent the otherwise observed initiation 

time). The mixture was stirred under atmospheric oxygen at 35 °C using a reflux condenser to avoid the 

escape of volatile components. 
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A1 Crystallographic data of compound Tetracosakis(µ4-5-(2-

hydroxyethoxy)benzene-1,3-dicarboxylato)-diaqua-

tetradecakis(dimethylsulfoxid)-octamethanol-tetracosa-copper(II) 

dimethylsulfoxide methanol solvate (6) 

 

 
Figure A1. Atom numbering scheme for compound 6. Hydrogen atoms and non-coordinated solvent molecules 
are omitted for clarity. 
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Figure A2. ORTEP representations of the asymmetric unit present in crystalline 6. All non-hydrogen atoms 
represented by thermal ellipsoids drawn are at the 40% probability level. All hydrogen atoms, minor disorder 
components and free solvent molecules are omitted for clarity. 

 
Table A1. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103) for 6. U(eq) 

is defined as one third of the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Cu(1) 1784(1) -1471(1) 6336(1) 44(1) 

Cu(2) 2331(1) -1995(1) 6730(1) 38(1) 

Cu(3) 778(1) -40(1) 8034(1) 37(1) 

Cu(4) 987(1) -52(1) 9025(1) 36(1) 

Cu(5) -967(1) 1438(1) 6718(1) 37(1) 

Cu(6) -1304(1) 1938(1) 7274(1) 33(1) 

Cu(7) 1994(1) 1307(1) 6387(1) 36(1) 

Cu(8) 2639(1) 1776(1) 6793(1) 33(1) 

Cu(9) 1168(1) 1369(1) 3329(1) 36(1) 

Cu(10) 1601(1) 1841(1) 2797(1) 36(1) 

Cu(11) 2982(1) -138(1) 4652(1) 38(1) 

Cu(12) 3957(1) -167(1) 4479(1) 34(1) 

C(1) -113(6) 731(4) 8644(6) 43(4) 

C(2) -301(5) 898(4) 8221(6) 42(4) 

C(3) -617(5) 1180(4) 8256(7) 47(4) 

C(4) -749(6) 1278(4) 8723(7) 59(5) 
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 x y z U(eq) 

C(5) -568(7) 1107(5) 9142(6) 77(6) 

C(9) 254(6) 439(4) 8614(7) 42(4) 

C(10) -824(5) 1373(4) 7795(7) 43(4) 

C(12) 1863(5) -972(4) 7932(7) 43(4) 

C(13) 1840(6) -833(4) 8390(6) 45(4) 

C(19) 2152(6) -1423(4) 7381(7) 50(5) 

C(20) 1497(6) -543(4) 8466(8) 52(5) 

C(21) 2020(6) 2015(4) 4345(6) 48(4) 

C(22) 1984(5) 1864(4) 4808(6) 40(4) 

C(24) 2603(10) 2260(5) 5193(8) 99(8) 

C(25) 2660(8) 2391(5) 4720(8) 93(8) 

C(26) 2345(7) 2301(5) 4293(7) 79(7) 

C(29) 1750(6) 1876(5) 3880(6) 49(5) 

C(31) -1665(5) 2160(4) 5731(6) 48(5) 

C(32) -1681(5) 2011(5) 5267(6) 51(5) 

C(33) 1900(5) -2182(4) 5171(6) 41(4) 

C(35) 2076(7) -2661(4) 4666(7) 70(6) 

C(39) -1452(5) 1987(5) 6185(7) 45(4) 

C(40) 1931(5) -2006(5) 5664(5) 44(4) 

C(41) 3320(5) -1354(4) 6066(6) 42(4) 

C(42) 3288(6) -1076(4) 5727(6) 48(4) 

C(43) 3709(5) -953(4) 5508(6) 36(4) 

C(44) 4176(5) -1118(4) 5601(6) 44(4) 

C(45) 4211(6) -1402(4) 5912(7) 60(5) 

C(46) 3783(6) -1518(4) 6143(6) 48(4) 

C(49) 2866(6) -1476(4) 6248(6) 50(5) 

C(50) 3651(6) -652(4) 5167(6) 41(4) 

C(51) 246(6) 736(5) 1388(7) 60(5) 

C(52) 452(6) 902(4) 1809(6) 48(4) 

C(53) 824(6) 1138(4) 1786(6) 48(4) 

C(54) 1014(7) 1204(5) 1322(7) 70(6) 

C(55) 823(7) 1024(6) 898(6) 89(8) 

C(56) 427(7) 799(5) 920(7) 69(6) 

C(59) 186(6) -467(4) 8596(7) 46(4) 

C(60) 1031(5) 1318(4) 2264(7) 43(4) 

C(61) -111(5) -2171(4) 6984(6) 43(4) 

C(62) 328(5) -2021(4) 6874(5) 39(4) 

C(63) 796(6) -2195(4) 6900(6) 45(4) 

C(64) 794(5) -2538(4) 7068(6) 50(5) 
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 x y z U(eq) 

C(65) 353(6) -2684(3) 7189(7) 59(5) 

C(66) -85(5) -2503(4) 7159(7) 55(5) 

C(69) 586(5) 1964(5) 3033(6) 48(5) 

C(70) 1264(5) -2028(4) 6770(6) 41(4) 

C(71) 235(5) 2154(4) 7064(6) 43(4) 

C(72) 637(5) 1959(4) 6913(5) 39(4) 

C(73) 1131(5) 2103(4) 6956(6) 38(4) 

C(74) 1202(5) 2442(4) 7124(6) 48(4) 

C(75) 794(5) 2630(4) 7242(6) 49(5) 

C(76) 305(5) 2482(4) 7215(7) 56(5) 

C(77) 1296(5) 3144(3) 7332(7) 57(5) 

C(79) -285(5) 1995(5) 7033(6) 43(4) 

C(80) 1561(5) 1893(4) 6822(6) 41(4) 

C(81) 2372(6) 1057(4) 7928(6) 44(4) 

C(82) 2017(5) 802(4) 7979(6) 44(4) 

C(83) 2004(6) 643(4) 8423(6) 46(4) 

C(84) 2338(6) 732(5) 8829(6) 60(5) 

C(85) 2699(7) 967(5) 8774(7) 69(6) 

C(86) 2728(6) 1145(4) 8312(6) 51(4) 

C(89) 2380(5) 1239(4) 7429(8) 55(5) 

C(90) 1593(6) 383(4) 8476(7) 43(4) 

C(91) -3112(6) 856(4) 6510(6) 43(4) 

C(92) -2635(5) 984(4) 6565(6) 43(4) 

C(93) -2518(5) 1248(4) 6920(6) 43(4) 

C(94) -2897(6) 1362(4) 7200(6) 54(5) 

C(96) -3493(6) 962(4) 6805(7) 57(5) 

C(99) 3249(6) -586(4) 3875(6) 48(5) 

C(100) -2004(6) 1395(4) 6971(6) 40(4) 

C(101) 3506(5) 1051(4) 6081(6) 38(4) 

C(102) 3405(5) 751(4) 5793(6) 38(4) 

C(103) 3791(5) 595(4) 5568(6) 35(4) 

C(105) 4364(5) 1030(4) 5915(6) 39(4) 

C(106) 3982(5) 1184(4) 6136(6) 41(4) 

C(107) 5252(5) 1048(4) 5724(7) 55(5) 

C(108) 5692(6) 1296(4) 5801(8) 76(7) 

C(109) 3064(6) 1221(4) 6300(6) 39(4) 

C(110) 3665(6) 299(3) 5230(6) 34(4) 

C(111) 2704(5) 1066(4) 3199(6) 43(4) 

C(112) 2751(5) 795(4) 3512(6) 40(4) 
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 x y z U(eq) 

C(113) 3216(6) 634(4) 3604(6) 45(4) 

C(114) 3636(6) 750(4) 3355(7) 59(5) 

C(115) 3571(5) 1021(6) 3039(8) 84(7) 

C(116) 3103(6) 1177(5) 2965(7) 59(5) 

C(119) 2204(6) 1258(4) 3128(6) 42(4) 

C(120) 3294(6) 341(4) 3956(6) 44(4) 

C(201) 4711(6) -14(5) 3409(5) 80(6) 

C(202) 4950(6) 425(3) 4173(7) 77(7) 

C(203) 2721(7) 2699(5) 6668(7) 108(9) 

C(204) 3565(7) 2434(6) 6403(6) 102(8) 

C(205) 2407(6) -2938(4) 6623(7) 87(7) 

C(206) 3225(6) -2620(5) 6313(7) 86(7) 

C(36) -1865(6) 2488(4) 5757(6) 48(4) 

C(104) 4271(5) 731(4) 5621(6) 45(4) 

O(1) 300(4) 329(3) 8173(4) 52(3) 

O(2) 494(4) 329(2) 9001(4) 44(3) 

O(3) -760(4) 1236(3) 7381(4) 48(3) 

O(4) -1028(4) 1655(3) 7851(4) 51(3) 

O(5) -760(7) 1199(4) 9579(5) 114(6) 

O(7) 1919(4) -1278(3) 7008(4) 53(3) 

O(8) 2367(4) -1715(3) 7359(4) 58(3) 

O(9) 1437(4) -435(3) 8892(4) 47(3) 

O(10) 1284(4) -414(3) 8060(4) 53(3) 

O(13) 1832(4) 2013(3) 3475(4) 53(3) 

O(14) 1468(4) 1616(3) 3920(4) 51(3) 

O(15) 2530(4) 1949(3) 6096(4) 52(3) 

O(16) 1975(4) 1569(3) 5755(4) 49(3) 

O(17) 2969(7) 2670(4) 4635(5) 137(8) 

O(19) -1220(4) 1707(3) 6132(4) 50(3) 

O(20) -1519(4) 2126(3) 6606(4) 48(3) 

O(21) 1720(4) -1728(3) 5704(4) 57(3) 

O(22) 2189(4) -2164(3) 6027(4) 52(3) 

O(23) 2251(6) -2986(4) 4580(5) 100(5) 

O(25) 2462(4) -1318(3) 6159(4) 54(3) 

O(26) 2915(4) -1752(3) 6514(4) 55(3) 

O(27) 4027(4) -548(2) 4959(4) 43(3) 

O(28) 3214(4) -518(2) 5106(4) 46(3) 

O(29) 4684(4) -1549(3) 5976(5) 79(4) 

O(31) 408(4) -376(3) 8999(4) 49(3) 
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 x y z U(eq) 

O(32) 263(4) -377(3) 8164(4) 48(3) 

O(33) 942(4) 1187(3) 2673(4) 48(3) 

O(34) 1307(4) 1586(3) 2209(4) 48(3) 

O(35) 1083(6) 1079(4) 476(5) 110(5) 

O(37) 590(3) 1684(3) 3253(4) 46(3) 

O(38) 958(3) 2089(2) 2813(4) 46(3) 

O(39) 1216(3) -1739(3) 6573(4) 54(3) 

O(40) 1677(3) -2184(3) 6876(4) 44(3) 

O(41) 326(4) -3023(3) 7345(6) 91(5) 

O(43) -623(3) 2135(3) 7255(4) 44(3) 

O(44) -339(3) 1710(3) 6797(4) 45(3) 

O(45) 1465(3) 1601(3) 6606(4) 48(3) 

O(46) 2011(3) 2009(2) 6934(4) 41(3) 

O(47) 835(3) 2959(3) 7393(5) 60(3) 

O(49) 2645(3) 1511(3) 7413(4) 42(3) 

O(50) 2105(4) 1117(2) 7060(4) 44(3) 

O(51) 1540(4) 266(3) 8896(4) 48(3) 

O(52) 1330(4) 298(3) 8076(4) 54(3) 

O(53) 3063(5) 1031(4) 9185(5) 97(5) 

O(55) 3706(3) -490(3) 3943(4) 47(3) 

O(56) 2886(4) -469(3) 4107(4) 53(3) 

O(57) -1664(4) 1259(3) 6730(4) 51(3) 

O(58) -1934(3) 1667(3) 7228(4) 43(3) 

O(59) -3713(4) 1345(4) 7481(6) 103(6) 

O(61) 2626(3) 1099(2) 6212(4) 42(3) 

O(62) 3180(3) 1483(3) 6567(4) 46(3) 

O(63) 3220(3) 204(2) 5159(4) 43(3) 

O(64) 4043(3) 168(2) 5031(4) 42(3) 

O(65) 4835(4) 1187(3) 5972(5) 60(3) 

O(66) 5576(5) 1594(3) 5516(6) 101(5) 

O(67) 2185(3) 1526(3) 2861(4) 50(3) 

O(68) 1838(3) 1139(3) 3322(4) 44(3) 

O(69) 2911(3) 235(3) 4164(4) 46(3) 

O(70) 3744(3) 215(2) 4023(4) 45(3) 

O(71) 3953(4) 1158(4) 2786(7) 134(8) 

O(806) 1353(5) -1039(3) 6050(5) 91(5) 

C(806) 794(11) -952(13) 6123(18) 290(20) 

O(805) 628(5) -37(3) 7225(4) 79(4) 

O(100) 763(4) 1004(3) 3724(5) 90(5) 
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 x y z U(eq) 

O(201) 4726(3) -208(2) 4347(4) 42(3) 

O(202) 3119(4) 2167(2) 7136(4) 49(3) 

O(203) 2779(3) -2393(2) 7075(4) 45(3) 

O(204) 1507(3) 904(3) 6115(5) 73(4) 

S(1) 5051(1) -7(1) 4021(2) 56(1) 

S(2) 3273(2) 2507(1) 6951(2) 72(2) 

S(3) 2962(2) -2725(1) 6875(2) 56(1) 

S(16) 3499(3) -4380(2) 10173(3) 117(2) 

O(216) 3919(7) -4125(6) 10274(9) 213(12) 

C(231) 2916(7) -4185(8) 10097(12) 240(20) 

C(232) 3472(11) -4578(6) 10763(8) 171(15) 

S(17) -1846(2) -2969(2) 9494(3) 106(2) 

C(233) -1609(9) -2937(6) 10122(6) 125(10) 

O(217) -1391(6) -2976(5) 9197(6) 134(7) 

C(234) -2062(10) -3394(6) 9478(10) 154(12) 

S(18) 1066(5) -5596(3) 8227(4) 177(4) 

C(236) 1398(9) -5270(6) 8599(9) 133(11) 

C(235) 1516(10) -5635(9) 7789(10) 196(15) 

O(218) 605(7) -5430(8) 7988(11) 267(17) 

S(19) 1438(5) -4418(4) 7608(6) 243(6) 

C(237) 832(9) -4502(8) 7870(10) 170(13) 

C(238) 1728(13) -4807(9) 7670(15) 280(20) 

O(106) -1625(4) 2339(3) 7652(4) 62(4) 

O(48) 895(5) 3667(3) 7066(6) 102(5) 

C(78) 1232(7) 3515(4) 7414(9) 82(7) 

S(4) 966(3) 820(3) 6117(4) 163(4) 

O(11) 2711(6) -1414(4) 9138(6) 111(6) 

C(14) 2111(6) -980(5) 8812(7) 62(5) 

C(15) 2431(7) -1264(5) 8746(7) 68(6) 

C(16) 2451(6) -1405(4) 8277(7) 54(5) 

C(805) 384(7) -309(5) 6910(8) 88(6) 

C(207) 812(9) 834(8) 6742(8) 162(12) 

C(30) 2255(6) 1829(4) 5729(6) 47(4) 

C(23) 2268(6) 1991(4) 5234(6) 49(4) 

C(11) 2172(6) -1262(4) 7871(7) 54(5) 

C(208) 597(11) 1166(9) 5845(12) 236(19) 

S(10) 2884(8) -5212(5) 8365(8) 344(10) 

C(219) 3090(9) -4814(6) 8077(10) 134(10) 

O(210) 3404(13) -5351(8) 8590(14) 350(20) 
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C(220) 2720(20) -4950(13) 8897(15) 450(40) 

S(13) 724(6) -1783(4) 8194(6) 278(7) 

O(213) 1036(7) -1590(5) 8644(8) 163(8) 

C(225) 644(15) -1408(10) 7817(12) 290(20) 

C(226) 129(10) -1755(13) 8489(16) 340(30) 

C(27) 3356(10) 2753(8) 5063(10) 157(12) 

C(48) 5200(14) -2058(12) 6196(19) 270(20) 

C(47) 4692(11) -1861(10) 6300(20) 143(18) 

C(447) 4640(30) -1961(12) 5980(60) 150(30) 

O(30) 5562(11) -1828(10) 6520(20) 215(16) 

O(430) 5603(19) -1953(16) 6210(30) 70(30) 

C(18) 2857(13) -1666(9) 9967(15) 216(17) 

C(17) 2555(11) -1368(10) 9649(9) 204(16) 

O(12) 3390(11) -1565(9) 9939(13) 303(16) 

C(7) -596(10) 1022(9) 10041(9) 93(12) 

C(8) -1117(13) 1040(10) 10279(14) 118(15) 

O(6) -1493(11) 835(10) 9978(14) 191(17) 

C(407) -750(30) 964(10) 9996(11) 75(14) 

C(408) -760(30) 1155(13) 10493(16) 120(30) 

O(406) -933(14) 1494(10) 10452(15) 108(17) 

O(219) 1178(14) -4434(12) 7037(10) 400(20) 

C(38) 2505(14) -3556(8) 4810(12) 215(18) 

C(37) 2452(13) -3179(6) 5034(9) 162(15) 

C(67) 761(9) -3218(6) 7507(11) 59(8) 

C(68) 974(13) -3396(10) 7074(13) 113(15) 

O(42) 617(14) -3637(10) 6840(14) 173(15) 

C(367) 812(13) -3217(8) 7290(20) 54(12) 

C(368) 710(30) -3576(12) 7470(20) 110(30) 

O(442) 500(20) -3784(13) 7080(30) 170(30) 

C(457) 921(11) 900(8) 16(8) 76(9) 

C(458) 1271(15) 991(9) -389(14) 105(12) 

O(436) 1344(11) 1349(8) -419(12) 177(15) 

C(57) 1080(20) 782(13) 130(18) 83(16) 

C(58) 1470(20) 869(19) -240(20) 87(16) 

O(36) 1974(18) 822(17) -20(30) 180(30) 

O(18) 3918(16) 3021(12) 4575(17) 400(30) 

C(28) 3540(20) 3109(10) 4930(20) 400(40) 

C(95) -3375(5) 1223(5) 7161(7) 64(5) 

S(6) -1660(6) 2419(4) 8167(6) 165(6) 
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C(211) -1830(10) 2850(6) 8241(11) 76(9) 

C(212) -1078(14) 2410(12) 8504(15) 230(30) 

S(7) -1350(5) 2585(3) 7988(5) 47(5) 

C(213) -1470(50) 2977(9) 7660(40) 300(80) 

C(214) -1740(40) 2660(30) 8480(30) 500(200) 

C(117) 4478(8) 1097(10) 3026(12) 77(12) 

C(118) 4883(15) 1314(11) 2779(13) 107(16) 

O(72) 4864(12) 1225(10) 2254(11) 110(11) 

C(417) 4383(9) 921(7) 2713(13) 55(11) 

C(418) 4684(15) 1032(9) 2290(13) 76(14) 

O(472) 4866(9) 1382(6) 2389(11) 62(9) 

S(12) 859(6) 1526(4) -1542(6) 303(10) 

O(212) 1398(7) 1562(5) -1330(7) 157(8) 

C(223) 846(12) 1297(8) -2074(11) 210(18) 

C(224) 536(11) 1891(6) -1702(10) 172(15) 

S(8) 1800(5) 2448(4) 2049(5) 110(6) 

C(216) 1270(20) 2391(15) 1670(20) 230(40) 

C(215) 1900(40) 2864(7) 2140(30) 380(70) 

S(9) 2262(5) 2256(3) 2000(5) 107(6) 

C(217) 1955(17) 2078(9) 1478(10) 130(19) 

C(218) 2281(9) 2683(5) 1813(9) 29(7) 

O(110) 1963(4) 2224(3) 2422(4) 66(3) 

C(6) -239(7) 821(5) 9107(7) 68(6) 

C(801) -897(18) 687(9) 6250(20) 300(20) 

O(801) -651(6) 1040(4) 6306(6) 122(6) 

C(34) 2100(6) -2502(5) 5127(7) 64(6) 

C(87) 3499(12) 1227(12) 9025(13) 280(20) 

C(88) 3880(30) 1100(30) 9480(19) 630(60) 

O(54) 3688(15) 1241(11) 9929(13) 350(20) 

C(497) -4153(14) 1144(12) 7585(19) 118(17) 

C(498) -4520(40) 1200(40) 7990(40) 530(90) 

O(460) -4330(50) 1450(40) 8340(40) 690(90) 

C(97) -4261(8) 1271(10) 7365(17) 64(15) 

C(98) -4410(40) 972(15) 7690(30) 220(50) 

O(60) -4340(20) 652(12) 7440(30) 230(40) 

C(239) -786(11) -2266(8) 10488(11) 162(12) 

S(20) -404(13) -2103(10) 10077(13) 650(30) 

C(240) -904(16) -1980(12) 9606(13) 290(20) 

O(220) -210(20) -1755(15) 10260(20) 730(70) 
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O(803) 1110(30) -6(15) 9815(18) 39(11) 

C(803) 825(18) -235(14) 10150(20) 39(17) 

O(802) 1191(15) -106(10) 9814(12) 44(9) 

C(802) 896(17) 119(13) 10170(17) 87(18) 

O(804) 999(15) -78(16) 9849(9) 52(10) 

C(804) 1479(13) -113(10) 10188(16) 33(13) 

O(811) -220(18) 305(14) 5397(19) 240(20) 

C(811) 108(13) 149(9) 5037(14) 60(10) 

O(812) 670(30) 2365(16) 5540(30) 550(40) 

C(812) 900(20) 2706(15) 5600(20) 330(30) 

O(807) -480(40) 1470(30) 5140(40) 730(70) 

C(807) -10(40) 1640(30) 5440(40) 670(90) 

O(815) 195(8) -1237(6) 5371(10) 188(9) 

C(815) 237(11) -1549(7) 5679(11) 148(11) 

O(816) 2085(19) -5229(15) 6530(20) 470(30) 

C(816) 1628(16) -5340(12) 6143(17) 260(20) 

O(814) 4143(15) 1946(11) 1454(17) 119(15) 

C(814) 4647(15) 1827(13) 1423(19) 100(20) 

O(818) 3989(17) 1726(14) 1288(18) 190(20) 

C(818) 3910(30) 1852(19) 1800(20) 210(30) 

O(810) 1169(16) 3013(12) 3844(16) 350(20) 

C(810) 1580(20) 2960(16) 3510(20) 350(30) 

O(819) 1280(50) -330(40) 3120(70) 1130(100) 

C(819) 810(50) -120(30) 2960(50) 760(80) 

S(15) 289(17) -2724(14) 8994(15) 920(40) 

O(215) 500(40) -3090(20) 8990(20) 1340(90) 

C(229) 96(10) -2689(8) 9606(10) 153(11) 

C(230) -210(19) -2715(15) 8548(13) 330(30) 

S(14) -2137(11) 1166(8) 8727(13) 491(16) 

O(214) -2080(30) 1143(16) 9290(16) 640(60) 

C(227) -2250(20) 1616(10) 8590(20) 370(30) 

C(228) -2770(20) 1034(18) 8550(30) 610(60) 

O(813) 4158(12) 2203(9) 9394(12) 257(13) 

C(813) 4610(20) 2017(17) 9340(30) 410(40) 

C(808) 2450(20) 927(16) 1490(20) 370(40) 

O(808) 2840(20) 1191(15) 1560(20) 450(30) 

C(809) 2860(30) -200(20) 2400(40) 550(70) 

O(809) 3340(20) -1(14) 2450(20) 430(30) 

O(817) 4650(20) 295(8) 1920(20) 530(40) 
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C(817) 4639(5) -81(4) 1976(6) 390(40) 

S(11) 1230(5) -3419(4) 10314(6) 367(11) 

O(211) 1247(5) -3127(4) 10677(6) 216(11) 

C(221) 1802(5) -3644(4) 10426(6) 189(14) 

C(222) 821(8) -3726(6) 10568(11) 165(12) 

S(5) 2030(3) -460(3) 5161(5) 182(4) 

C(209) 1892(16) -835(6) 4782(12) 250(20) 

C(210) 1402(8) -353(9) 5193(15) 290(30) 

O(205) 2214(4) -177(3) 4802(5) 86(4) 

O(24) 2968(14) -3523(11) 4569(16) 370(20) 

 

 

 

 
Table A2. Bond lengths [Å] and angles [°] for 6. 

Cu(1)-O(7)  1.942(11) 

Cu(1)-O(21)  1.954(11) 

Cu(1)-O(39)  1.974(10) 

Cu(1)-O(25)  1.976(10) 

Cu(1)-O(806)  2.130(11) 

Cu(1)-Cu(2)  2.655(2) 

Cu(2)-O(26)  1.936(11) 

Cu(2)-O(40)  1.941(9) 

Cu(2)-O(22)  1.987(10) 

Cu(2)-O(8)  1.992(11) 

Cu(2)-O(203)  2.104(8) 

Cu(3)-O(32)  1.943(10) 

Cu(3)-O(52)  1.954(10) 

Cu(3)-O(1)  1.969(11) 

Cu(3)-O(10)  1.971(10) 

Cu(3)-O(805)  2.153(10) 

Cu(3)-Cu(4)  2.642(2) 

Cu(4)-O(9)  1.959(10) 

Cu(4)-O(51)  1.967(10) 

Cu(4)-O(2)  1.971(10) 

Cu(4)-O(31)  1.971(10) 

Cu(4)-O(803)  2.11(5) 

Cu(4)-O(802)  2.13(3) 

Cu(4)-O(804)  2.20(3) 

Cu(5)-O(19)  1.945(10) 

Cu(5)-O(44)  1.953(9) 

Cu(5)-O(57)  1.959(10) 

Cu(5)-O(3)  1.960(10) 

Cu(5)-O(801)  2.120(13) 

Cu(5)-Cu(6)  2.652(3) 

Cu(6)-O(43)  1.948(9) 

Cu(6)-O(20)  1.955(10) 

Cu(6)-O(58)  1.957(9) 

Cu(6)-O(4)  1.971(10) 

Cu(6)-O(106)  2.087(10) 

Cu(7)-O(45)  1.934(10) 

Cu(7)-O(50)  1.935(10) 

Cu(7)-O(61)  1.941(9) 

Cu(7)-O(16)  1.967(11) 

Cu(7)-O(204)  2.113(9) 

Cu(7)-Cu(8)  2.649(2) 

Cu(8)-O(49)  1.948(10) 

Cu(8)-O(46)  1.950(9) 

Cu(8)-O(62)  1.962(10) 

Cu(8)-O(15)  1.969(11) 

Cu(8)-O(202)  2.128(8) 
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Cu(9)-O(33)  1.925(10) 

Cu(9)-O(14)  1.947(10) 

Cu(9)-O(37)  1.949(9) 

Cu(9)-O(68)  1.975(9) 

Cu(9)-O(100)  2.118(11) 

Cu(9)-Cu(10)  2.647(3) 

Cu(10)-O(38)  1.947(9) 

Cu(10)-O(34)  1.951(9) 

Cu(10)-O(67)  1.959(9) 

Cu(10)-O(13)  1.966(10) 

Cu(10)-O(110)  2.082(12) 

Cu(11)-O(56)  1.945(11) 

Cu(11)-O(69)  1.949(10) 

Cu(11)-O(63)  1.955(9) 

Cu(11)-O(28)  1.975(10) 

Cu(11)-O(205)  2.095(11) 

Cu(11)-Cu(12)  2.644(2) 

Cu(12)-O(27)  1.961(10) 

Cu(12)-O(64)  1.965(9) 

Cu(12)-O(70)  1.967(10) 

Cu(12)-O(55)  1.970(10) 

Cu(12)-O(201)  2.087(8) 

C(1)-C(2)  1.35(2) 

C(1)-C(6)  1.36(2) 

C(1)-C(9)  1.50(2) 

C(2)-C(3)  1.39(2) 

C(3)-C(4)  1.38(2) 

C(3)-C(10)  1.50(2) 

C(4)-C(5)  1.35(2) 

C(5)-O(5)  1.360(17) 

C(5)-C(6)  1.42(2) 

C(9)-O(2)  1.229(17) 

C(9)-O(1)  1.267(18) 

C(10)-O(4)  1.240(17) 

C(10)-O(3)  1.253(18) 

C(12)-C(13)  1.34(2) 

C(12)-C(11)  1.41(2) 

C(13)-C(14)  1.39(2) 

C(13)-C(20)  1.48(2) 

C(19)-O(7)  1.252(17) 

C(19)-O(8)  1.276(17) 

C(19)-C(11)  1.45(2) 

C(20)-O(9)  1.24(2) 

C(20)-O(10)  1.271(19) 

C(21)-C(22)  1.38(2) 

C(21)-C(26)  1.42(2) 

C(21)-C(29)  1.47(2) 

C(22)-C(23)  1.386(19) 

C(24)-C(25)  1.38(3) 

C(24)-C(23)  1.38(2) 

C(25)-C(26)  1.38(2) 

C(25)-O(17)  1.390(18) 

C(29)-O(13)  1.242(19) 

C(29)-O(14)  1.266(19) 

C(31)-C(32)  1.36(2) 

C(31)-C(36)  1.39(2) 

C(31)-C(39)  1.45(2) 

C(32)-C(33)#1  1.42(2) 

C(33)-C(34)  1.36(2) 

C(33)-C(32)#1  1.42(2) 

C(33)-C(40)  1.48(2) 

C(35)-C(34)  1.37(2) 

C(35)-O(23)  1.375(17) 

C(35)-C(36)#1  1.38(2) 

C(39)-O(19)  1.267(19) 

C(39)-O(20)  1.274(19) 

C(40)-O(21)  1.228(18) 

C(40)-O(22)  1.284(16) 

C(41)-C(46)  1.369(19) 

C(41)-C(42)  1.41(2) 

C(41)-C(49)  1.41(2) 

C(42)-C(43)  1.38(2) 

C(43)-C(44)  1.384(18) 

C(43)-C(50)  1.48(2) 

C(44)-C(45)  1.38(2) 

C(45)-O(29)  1.363(15) 

C(45)-C(46)  1.41(2) 

C(49)-O(25)  1.229(16) 
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C(49)-O(26)  1.289(19) 

C(50)-O(27)  1.244(18) 

C(50)-O(28)  1.256(16) 

C(51)-C(52)  1.36(2) 

C(51)-C(56)  1.40(2) 

C(51)-C(59)#1  1.55(2) 

C(52)-C(53)  1.35(2) 

C(53)-C(54)  1.40(2) 

C(53)-C(60)  1.51(2) 

C(54)-C(55)  1.38(2) 

C(55)-C(56)  1.37(2) 

C(55)-O(35)  1.386(17) 

C(59)-O(31)  1.222(18) 

C(59)-O(32)  1.239(18) 

C(59)-C(51)#1  1.55(2) 

C(60)-O(33)  1.248(19) 

C(60)-O(34)  1.288(18) 

C(61)-C(62)  1.35(2) 

C(61)-C(66)  1.38(2) 

C(61)-C(69)#1  1.48(2) 

C(62)-C(63)  1.400(19) 

C(63)-C(64)  1.41(2) 

C(63)-C(70)  1.46(2) 

C(64)-C(65)  1.36(2) 

C(65)-C(66)  1.34(2) 

C(65)-O(41)  1.389(15) 

C(69)-O(37)  1.239(19) 

C(69)-O(38)  1.284(19) 

C(69)-C(61)#1  1.48(2) 

C(70)-O(39)  1.247(17) 

C(70)-O(40)  1.251(15) 

C(71)-C(76)  1.35(2) 

C(71)-C(72)  1.39(2) 

C(71)-C(79)  1.49(2) 

C(72)-C(73)  1.406(18) 

C(73)-C(74)  1.40(2) 

C(73)-C(80)  1.47(2) 

C(74)-C(75)  1.36(2) 

C(75)-O(47)  1.350(15) 

C(75)-C(76)  1.40(2) 

C(77)-O(47)  1.430(14) 

C(77)-C(78)  1.477(18) 

C(79)-O(43)  1.240(18) 

C(79)-O(44)  1.280(18) 

C(80)-O(46)  1.272(15) 

C(80)-O(45)  1.291(17) 

C(81)-C(86)  1.357(19) 

C(81)-C(82)  1.38(2) 

C(81)-C(89)  1.51(2) 

C(82)-C(83)  1.34(2) 

C(83)-C(84)  1.37(2) 

C(83)-C(90)  1.50(2) 

C(84)-C(85)  1.34(2) 

C(85)-O(53)  1.402(16) 

C(85)-C(86)  1.42(2) 

C(89)-O(50)  1.255(18) 

C(89)-O(49)  1.275(17) 

C(90)-O(51)  1.227(17) 

C(90)-O(52)  1.254(17) 

C(91)-C(92)  1.343(19) 

C(91)-C(96)  1.39(2) 

C(91)-C(99)#1  1.49(2) 

C(92)-C(93)  1.41(2) 

C(93)-C(94)  1.37(2) 

C(93)-C(100)  1.458(19) 

C(94)-C(95)  1.36(2) 

C(96)-C(95)  1.41(2) 

C(99)-O(55)  1.252(16) 

C(99)-O(56)  1.27(2) 

C(99)-C(91)#1  1.49(2) 

C(100)-O(57)  1.267(18) 

C(100)-O(58)  1.269(17) 

C(101)-C(106)  1.346(18) 

C(101)-C(102)  1.412(19) 

C(101)-C(109)  1.50(2) 

C(102)-C(103)  1.37(2) 

C(103)-C(104)  1.361(18) 

C(103)-C(110)  1.483(19) 



Appendix A 

203 

C(105)-C(106)  1.352(19) 

C(105)-O(65)  1.376(13) 

C(105)-C(104)  1.413(19) 

C(107)-O(65)  1.438(15) 

C(107)-C(108)  1.507(16) 

C(108)-O(66)  1.403(17) 

C(109)-O(61)  1.245(15) 

C(109)-O(62)  1.268(16) 

C(110)-O(63)  1.222(15) 

C(110)-O(64)  1.275(16) 

C(111)-C(116)  1.34(2) 

C(111)-C(112)  1.35(2) 

C(111)-C(119)  1.51(2) 

C(112)-C(113)  1.372(19) 

C(113)-C(114)  1.42(2) 

C(113)-C(120)  1.48(2) 

C(114)-C(115)  1.35(2) 

C(115)-C(116)  1.36(2) 

C(115)-O(71)  1.372(17) 

C(119)-O(68)  1.226(18) 

C(119)-O(67)  1.261(17) 

C(120)-O(69)  1.262(18) 

C(120)-O(70)  1.276(16) 

C(201)-S(1)  1.781(13) 

C(202)-S(1)  1.762(14) 

C(203)-S(2)  1.736(15) 

C(204)-S(2)  1.736(16) 

C(205)-S(3)  1.753(13) 

C(206)-S(3)  1.757(15) 

C(36)-C(35)#1  1.38(2) 

O(5)-C(407)  1.44(2) 

O(5)-C(7)  1.44(2) 

O(15)-C(30)  1.246(16) 

O(16)-C(30)  1.259(18) 

O(17)-C(27)  1.49(2) 

O(23)-C(37)  1.480(19) 

O(29)-C(47)  1.49(2) 

O(29)-C(447)  1.61(5) 

O(35)-C(457)  1.44(2) 

O(35)-C(57)  1.48(3) 

O(41)-C(67)  1.402(18) 

O(41)-C(367)  1.50(2) 

O(53)-C(87)  1.47(2) 

O(59)-C(95)  1.372(16) 

O(59)-C(497)  1.44(2) 

O(59)-C(97)  1.47(2) 

O(71)-C(117)  1.48(2) 

O(71)-C(417)  1.49(2) 

O(806)-C(806)  1.53(3) 

O(805)-C(805)  1.463(17) 

O(201)-S(1)  1.496(10) 

O(202)-S(2)  1.483(10) 

O(203)-S(3)  1.499(9) 

O(204)-S(4)  1.456(11) 

S(16)-O(216)  1.492(15) 

S(16)-C(231)  1.70(2) 

S(16)-C(232)  1.757(18) 

S(17)-O(217)  1.494(14) 

S(17)-C(233)  1.729(16) 

S(17)-C(234)  1.755(18) 

S(18)-O(218)  1.461(18) 

S(18)-C(235)  1.75(2) 

S(18)-C(236)  1.786(18) 

S(19)-O(219)  1.61(2) 

S(19)-C(238)  1.70(2) 

S(19)-C(237)  1.83(2) 

O(106)-S(6)  1.417(16) 

O(106)-S(7)  1.455(14) 

O(48)-C(78)  1.36(2) 

S(4)-C(207)  1.753(19) 

S(4)-C(208)  1.77(2) 

O(11)-C(15)  1.350(16) 

O(11)-C(17)  1.47(2) 

C(14)-C(15)  1.41(2) 

C(15)-C(16)  1.37(2) 

C(16)-C(11)  1.36(2) 

C(30)-C(23)  1.47(2) 

S(10)-O(210)  1.53(2) 
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S(10)-C(220)  1.84(3) 

S(10)-C(219)  1.84(2) 

S(13)-O(213)  1.575(18) 

S(13)-C(225)  1.77(2) 

S(13)-C(226)  1.82(2) 

C(27)-C(28)  1.53(3) 

C(48)-O(430)  1.13(6) 

C(48)-O(30)  1.51(3) 

C(48)-C(447)  1.56(3) 

C(48)-C(47)  1.59(3) 

C(18)-O(12)  1.46(2) 

C(18)-C(17)  1.60(3) 

C(7)-C(8)  1.56(3) 

C(8)-O(6)  1.45(3) 

C(407)-C(408)  1.52(3) 

C(408)-O(406)  1.39(3) 

C(38)-O(24)  1.43(3) 

C(38)-C(37)  1.60(3) 

C(67)-C(68)  1.50(3) 

C(68)-O(42)  1.43(2) 

C(367)-C(368)  1.51(3) 

C(368)-O(442)  1.40(3) 

C(457)-C(458)  1.53(2) 

C(458)-O(436)  1.41(3) 

C(57)-C(58)  1.53(3) 

C(58)-O(36)  1.41(3) 

O(18)-C(28)  1.46(3) 

S(6)-C(212)  1.69(2) 

S(6)-C(211)  1.76(2) 

S(7)-C(214)  1.76(3) 

S(7)-C(213)  1.78(3) 

C(117)-C(118)  1.55(3) 

C(118)-O(72)  1.44(3) 

C(417)-C(418)  1.50(3) 

C(418)-O(472)  1.46(3) 

S(12)-O(212)  1.478(16) 

S(12)-C(223)  1.67(2) 

S(12)-C(224)  1.692(19) 

S(8)-O(110)  1.360(14) 

S(8)-C(216)  1.65(2) 

S(8)-C(215)  1.66(3) 

S(9)-O(110)  1.436(15) 

S(9)-C(217)  1.69(2) 

S(9)-C(218)  1.743(19) 

C(801)-O(801)  1.52(3) 

C(87)-C(88)  1.57(3) 

C(88)-O(54)  1.45(3) 

C(497)-C(498)  1.52(3) 

C(498)-O(460)  1.42(3) 

C(97)-C(98)  1.52(3) 

C(98)-O(60)  1.43(3) 

C(239)-S(20)  1.68(3) 

S(20)-O(220)  1.52(3) 

S(20)-C(240)  1.79(3) 

O(803)-C(803)  1.52(3) 

O(802)-C(802)  1.56(3) 

O(804)-C(804)  1.48(3) 

O(811)-C(811)  1.48(3) 

O(812)-C(812)  1.47(3) 

O(807)-C(807)  1.55(3) 

O(815)-C(815)  1.47(2) 

O(816)-C(816)  1.56(3) 

O(814)-C(814)  1.41(3) 

O(818)-C(818)  1.48(3) 

O(810)-C(810)  1.48(3) 

O(819)-C(819)  1.51(3) 

S(15)-O(215)  1.53(3) 

S(15)-C(230)  1.68(3) 

S(15)-C(229)  1.76(3) 

S(14)-O(214)  1.50(3) 

S(14)-C(228)  1.76(3) 

S(14)-C(227)  1.82(3) 

O(813)-C(813)  1.42(3) 

C(808)-O(808)  1.46(3) 

C(809)-O(809)  1.47(3) 

O(817)-C(817)  1.48(3) 

S(11)-O(211)  1.49(3) 

S(11)-C(221)  1.73(3) 
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S(11)-C(222)  1.78(3) 

S(5)-O(205)  1.569(13) 

S(5)-C(210)  1.710(18) 

S(5)-C(209)  1.796(19) 

 

O(7)-Cu(1)-O(21) 170.6(4) 

O(7)-Cu(1)-O(39) 89.3(5) 

O(21)-Cu(1)-O(39) 90.0(5) 

O(7)-Cu(1)-O(25) 90.8(5) 

O(21)-Cu(1)-O(25) 87.3(5) 

O(39)-Cu(1)-O(25) 164.1(4) 

O(7)-Cu(1)-O(806) 93.7(5) 

O(21)-Cu(1)-O(806) 95.7(5) 

O(39)-Cu(1)-O(806) 98.3(5) 

O(25)-Cu(1)-O(806) 97.6(5) 

O(7)-Cu(1)-Cu(2) 83.9(3) 

O(21)-Cu(1)-Cu(2) 86.7(3) 

O(39)-Cu(1)-Cu(2) 82.0(3) 

O(25)-Cu(1)-Cu(2) 82.2(3) 

O(806)-Cu(1)-Cu(2) 177.5(4) 

O(26)-Cu(2)-O(40) 170.3(4) 

O(26)-Cu(2)-O(22) 87.9(5) 

O(40)-Cu(2)-O(22) 88.5(5) 

O(26)-Cu(2)-O(8) 90.5(5) 

O(40)-Cu(2)-O(8) 90.6(5) 

O(22)-Cu(2)-O(8) 164.4(4) 

O(26)-Cu(2)-O(203) 94.0(4) 

O(40)-Cu(2)-O(203) 95.6(4) 

O(22)-Cu(2)-O(203) 102.1(4) 

O(8)-Cu(2)-O(203) 93.5(4) 

O(26)-Cu(2)-Cu(1) 85.2(3) 

O(40)-Cu(2)-Cu(1) 85.3(3) 

O(22)-Cu(2)-Cu(1) 80.8(3) 

O(8)-Cu(2)-Cu(1) 83.6(3) 

O(203)-Cu(2)-Cu(1) 177.0(3) 

O(32)-Cu(3)-O(52) 166.5(5) 

O(32)-Cu(3)-O(1) 89.8(5) 

O(52)-Cu(3)-O(1) 88.7(5) 

O(32)-Cu(3)-O(10) 88.2(5) 

O(52)-Cu(3)-O(10) 90.3(5) 

O(1)-Cu(3)-O(10) 167.3(5) 

O(32)-Cu(3)-O(805) 96.9(5) 

O(52)-Cu(3)-O(805) 96.6(5) 

O(1)-Cu(3)-O(805) 97.4(5) 

O(10)-Cu(3)-O(805) 95.3(5) 

O(32)-Cu(3)-Cu(4) 83.6(3) 

O(52)-Cu(3)-Cu(4) 82.9(3) 

O(1)-Cu(3)-Cu(4) 84.2(3) 

O(10)-Cu(3)-Cu(4) 83.1(3) 

O(805)-Cu(3)-Cu(4) 178.3(4) 

O(9)-Cu(4)-O(51) 89.1(5) 

O(9)-Cu(4)-O(2) 167.7(4) 

O(51)-Cu(4)-O(2) 90.5(4) 

O(9)-Cu(4)-O(31) 88.7(5) 

O(51)-Cu(4)-O(31) 168.0(4) 

O(2)-Cu(4)-O(31) 89.1(4) 

O(9)-Cu(4)-O(803) 102(2) 

O(51)-Cu(4)-O(803) 94.3(15) 

O(2)-Cu(4)-O(803) 90(2) 

O(31)-Cu(4)-O(803) 97.7(15) 

O(9)-Cu(4)-O(802) 90.3(9) 

O(51)-Cu(4)-O(802) 96.7(12) 

O(2)-Cu(4)-O(802) 102.0(9) 

O(31)-Cu(4)-O(802) 95.1(12) 

O(9)-Cu(4)-O(804) 101.2(16) 

O(51)-Cu(4)-O(804) 105.3(13) 

O(2)-Cu(4)-O(804) 90.7(16) 

O(31)-Cu(4)-O(804) 86.7(13) 

O(9)-Cu(4)-Cu(3) 84.5(3) 

O(51)-Cu(4)-Cu(3) 84.1(3) 

O(2)-Cu(4)-Cu(3) 83.3(3) 

O(31)-Cu(4)-Cu(3) 83.9(3) 

O(803)-Cu(4)-Cu(3) 173.3(19) 

O(802)-Cu(4)-Cu(3) 174.7(9) 

O(804)-Cu(4)-Cu(3) 168.9(10) 

O(19)-Cu(5)-O(44) 90.6(4) 

O(19)-Cu(5)-O(57) 87.8(4) 
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O(44)-Cu(5)-O(57) 165.9(5) 

O(19)-Cu(5)-O(3) 169.5(5) 

O(44)-Cu(5)-O(3) 88.1(4) 

O(57)-Cu(5)-O(3) 91.1(5) 

O(19)-Cu(5)-O(801) 95.7(6) 

O(44)-Cu(5)-O(801) 95.0(5) 

O(57)-Cu(5)-O(801) 99.1(6) 

O(3)-Cu(5)-O(801) 94.8(6) 

O(19)-Cu(5)-Cu(6) 86.9(3) 

O(44)-Cu(5)-Cu(6) 82.1(3) 

O(57)-Cu(5)-Cu(6) 83.8(3) 

O(3)-Cu(5)-Cu(6) 82.6(3) 

O(801)-Cu(5)-Cu(6) 176.2(4) 

O(43)-Cu(6)-O(20) 90.7(4) 

O(43)-Cu(6)-O(58) 169.3(4) 

O(20)-Cu(6)-O(58) 88.8(4) 

O(43)-Cu(6)-O(4) 88.6(4) 

O(20)-Cu(6)-O(4) 166.1(5) 

O(58)-Cu(6)-O(4) 89.3(4) 

O(43)-Cu(6)-O(106) 97.5(4) 

O(20)-Cu(6)-O(106) 93.6(5) 

O(58)-Cu(6)-O(106) 93.2(4) 

O(4)-Cu(6)-O(106) 100.3(4) 

O(43)-Cu(6)-Cu(5) 85.5(3) 

O(20)-Cu(6)-Cu(5) 81.5(4) 

O(58)-Cu(6)-Cu(5) 83.9(3) 

O(4)-Cu(6)-Cu(5) 84.6(3) 

O(106)-Cu(6)-Cu(5) 174.3(3) 

O(45)-Cu(7)-O(50) 89.7(5) 

O(45)-Cu(7)-O(61) 167.0(4) 

O(50)-Cu(7)-O(61) 90.5(4) 

O(45)-Cu(7)-O(16) 89.5(5) 

O(50)-Cu(7)-O(16) 169.0(4) 

O(61)-Cu(7)-O(16) 87.8(5) 

O(45)-Cu(7)-O(204) 96.8(4) 

O(50)-Cu(7)-O(204) 93.6(4) 

O(61)-Cu(7)-O(204) 96.2(4) 

O(16)-Cu(7)-O(204) 97.4(4) 

O(45)-Cu(7)-Cu(8) 85.1(3) 

O(50)-Cu(7)-Cu(8) 81.8(3) 

O(61)-Cu(7)-Cu(8) 82.1(3) 

O(16)-Cu(7)-Cu(8) 87.2(3) 

O(204)-Cu(7)-Cu(8) 175.0(3) 

O(49)-Cu(8)-O(46) 91.3(4) 

O(49)-Cu(8)-O(62) 90.2(4) 

O(46)-Cu(8)-O(62) 168.8(4) 

O(49)-Cu(8)-O(15) 165.9(4) 

O(46)-Cu(8)-O(15) 88.6(4) 

O(62)-Cu(8)-O(15) 87.3(5) 

O(49)-Cu(8)-O(202) 93.5(4) 

O(46)-Cu(8)-O(202) 93.2(4) 

O(62)-Cu(8)-O(202) 97.7(4) 

O(15)-Cu(8)-O(202) 100.6(4) 

O(49)-Cu(8)-Cu(7) 86.0(3) 

O(46)-Cu(8)-Cu(7) 83.4(3) 

O(62)-Cu(8)-Cu(7) 85.6(3) 

O(15)-Cu(8)-Cu(7) 79.9(3) 

O(202)-Cu(8)-Cu(7) 176.6(3) 

O(33)-Cu(9)-O(14) 169.0(5) 

O(33)-Cu(9)-O(37) 88.4(4) 

O(14)-Cu(9)-O(37) 91.0(5) 

O(33)-Cu(9)-O(68) 91.1(5) 

O(14)-Cu(9)-O(68) 86.9(4) 

O(37)-Cu(9)-O(68) 166.1(4) 

O(33)-Cu(9)-O(100) 94.5(5) 

O(14)-Cu(9)-O(100) 96.5(5) 

O(37)-Cu(9)-O(100) 93.0(5) 

O(68)-Cu(9)-O(100) 100.9(5) 

O(33)-Cu(9)-Cu(10) 83.2(3) 

O(14)-Cu(9)-Cu(10) 85.8(3) 

O(37)-Cu(9)-Cu(10) 82.8(3) 

O(68)-Cu(9)-Cu(10) 83.3(3) 

O(100)-Cu(9)-Cu(10) 175.3(3) 

O(38)-Cu(10)-O(34) 89.8(4) 

O(38)-Cu(10)-O(67) 168.9(5) 

O(34)-Cu(10)-O(67) 89.6(4) 

O(38)-Cu(10)-O(13) 89.9(5) 

O(34)-Cu(10)-O(13) 167.1(5) 
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O(67)-Cu(10)-O(13) 88.2(4) 

O(38)-Cu(10)-O(110) 95.1(4) 

O(34)-Cu(10)-O(110) 98.3(4) 

O(67)-Cu(10)-O(110) 96.0(5) 

O(13)-Cu(10)-O(110) 94.6(5) 

O(38)-Cu(10)-Cu(9) 85.3(3) 

O(34)-Cu(10)-Cu(9) 85.3(3) 

O(67)-Cu(10)-Cu(9) 83.6(3) 

O(13)-Cu(10)-Cu(9) 81.7(3) 

O(110)-Cu(10)-Cu(9) 176.4(3) 

O(56)-Cu(11)-O(69) 90.1(5) 

O(56)-Cu(11)-O(63) 168.3(4) 

O(69)-Cu(11)-O(63) 87.5(4) 

O(56)-Cu(11)-O(28) 88.0(5) 

O(69)-Cu(11)-O(28) 167.1(4) 

O(63)-Cu(11)-O(28) 91.8(4) 

O(56)-Cu(11)-O(205) 92.1(5) 

O(69)-Cu(11)-O(205) 98.7(4) 

O(63)-Cu(11)-O(205) 99.6(5) 

O(28)-Cu(11)-O(205) 94.2(4) 

O(56)-Cu(11)-Cu(12) 84.1(3) 

O(69)-Cu(11)-Cu(12) 86.9(3) 

O(63)-Cu(11)-Cu(12) 84.3(3) 

O(28)-Cu(11)-Cu(12) 80.2(3) 

O(205)-Cu(11)-Cu(12) 173.3(4) 

O(27)-Cu(12)-O(64) 91.1(4) 

O(27)-Cu(12)-O(70) 168.7(4) 

O(64)-Cu(12)-O(70) 87.9(4) 

O(27)-Cu(12)-O(55) 89.4(4) 

O(64)-Cu(12)-O(55) 167.1(4) 

O(70)-Cu(12)-O(55) 89.1(4) 

O(27)-Cu(12)-O(201) 91.2(4) 

O(64)-Cu(12)-O(201) 97.8(4) 

O(70)-Cu(12)-O(201) 100.0(4) 

O(55)-Cu(12)-O(201) 95.1(4) 

O(27)-Cu(12)-Cu(11) 87.0(3) 

O(64)-Cu(12)-Cu(11) 83.2(3) 

O(70)-Cu(12)-Cu(11) 81.7(3) 

O(55)-Cu(12)-Cu(11) 83.9(3) 

O(201)-Cu(12)-Cu(11) 178.0(3) 

C(2)-C(1)-C(6) 122.1(15) 

C(2)-C(1)-C(9) 120.4(16) 

C(6)-C(1)-C(9) 117.4(15) 

C(1)-C(2)-C(3) 119.8(16) 

C(4)-C(3)-C(2) 119.2(15) 

C(4)-C(3)-C(10) 119.7(15) 

C(2)-C(3)-C(10) 121.1(16) 

C(5)-C(4)-C(3) 120.8(16) 

C(4)-C(5)-O(5) 116.8(16) 

C(4)-C(5)-C(6) 120.1(17) 

O(5)-C(5)-C(6) 122.7(16) 

O(2)-C(9)-O(1) 124.9(15) 

O(2)-C(9)-C(1) 119.9(16) 

O(1)-C(9)-C(1) 115.2(14) 

O(4)-C(10)-O(3) 125.5(16) 

O(4)-C(10)-C(3) 118.5(16) 

O(3)-C(10)-C(3) 116.0(14) 

C(13)-C(12)-C(11) 120.3(15) 

C(12)-C(13)-C(14) 120.3(15) 

C(12)-C(13)-C(20) 121.1(15) 

C(14)-C(13)-C(20) 118.4(17) 

O(7)-C(19)-O(8) 123.6(17) 

O(7)-C(19)-C(11) 119.4(15) 

O(8)-C(19)-C(11) 117.1(15) 

O(9)-C(20)-O(10) 124.3(15) 

O(9)-C(20)-C(13) 121.4(17) 

O(10)-C(20)-C(13) 114.3(18) 

C(22)-C(21)-C(26) 121.1(14) 

C(22)-C(21)-C(29) 121.8(15) 

C(26)-C(21)-C(29) 116.9(16) 

C(21)-C(22)-C(23) 120.1(15) 

C(25)-C(24)-C(23) 118.7(16) 

C(26)-C(25)-C(24) 123.1(17) 

C(26)-C(25)-O(17) 112.1(18) 

C(24)-C(25)-O(17) 123.7(17) 

C(25)-C(26)-C(21) 115.9(17) 

O(13)-C(29)-O(14) 124.8(14) 

O(13)-C(29)-C(21) 117.7(17) 
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O(14)-C(29)-C(21) 117.5(16) 

C(32)-C(31)-C(36) 117.4(15) 

C(32)-C(31)-C(39) 122.2(16) 

C(36)-C(31)-C(39) 120.3(16) 

C(31)-C(32)-C(33)#1 121.2(16) 

C(34)-C(33)-C(32)#1 119.4(15) 

C(34)-C(33)-C(40) 121.0(14) 

C(32)#1-C(33)-C(40) 119.6(14) 

C(34)-C(35)-O(23) 125.4(16) 

C(34)-C(35)-C(36)#1 119.2(15) 

O(23)-C(35)-C(36)#1 115.4(17) 

O(19)-C(39)-O(20) 125.2(14) 

O(19)-C(39)-C(31) 117.3(17) 

O(20)-C(39)-C(31) 117.5(16) 

O(21)-C(40)-O(22) 124.6(15) 

O(21)-C(40)-C(33) 120.2(13) 

O(22)-C(40)-C(33) 115.2(15) 

C(46)-C(41)-C(42) 117.0(15) 

C(46)-C(41)-C(49) 123.6(15) 

C(42)-C(41)-C(49) 118.8(14) 

C(43)-C(42)-C(41) 122.5(14) 

C(42)-C(43)-C(44) 119.4(14) 

C(42)-C(43)-C(50) 119.7(13) 

C(44)-C(43)-C(50) 120.9(14) 

C(45)-C(44)-C(43) 119.0(15) 

O(29)-C(45)-C(44) 114.7(15) 

O(29)-C(45)-C(46) 124.4(14) 

C(44)-C(45)-C(46) 120.8(14) 

C(41)-C(46)-C(45) 121.1(15) 

O(25)-C(49)-O(26) 124.3(17) 

O(25)-C(49)-C(41) 120.2(16) 

O(26)-C(49)-C(41) 115.5(13) 

O(27)-C(50)-O(28) 124.0(15) 

O(27)-C(50)-C(43) 119.6(13) 

O(28)-C(50)-C(43) 116.4(15) 

C(52)-C(51)-C(56) 120.7(16) 

C(52)-C(51)-C(59)#1 122.1(18) 

C(56)-C(51)-C(59)#1 117.2(16) 

C(53)-C(52)-C(51) 121.2(17) 

C(52)-C(53)-C(54) 119.2(15) 

C(52)-C(53)-C(60) 118.9(16) 

C(54)-C(53)-C(60) 121.9(14) 

C(55)-C(54)-C(53) 119.6(15) 

C(56)-C(55)-C(54) 120.6(17) 

C(56)-C(55)-O(35) 124.8(16) 

C(54)-C(55)-O(35) 114.6(16) 

C(55)-C(56)-C(51) 118.5(16) 

O(31)-C(59)-O(32) 128.8(15) 

O(31)-C(59)-C(51)#1 117.4(16) 

O(32)-C(59)-C(51)#1 113.9(16) 

O(33)-C(60)-O(34) 126.1(13) 

O(33)-C(60)-C(53) 117.6(14) 

O(34)-C(60)-C(53) 116.2(16) 

C(62)-C(61)-C(66) 118.0(14) 

C(62)-C(61)-C(69)#1 119.1(15) 

C(66)-C(61)-C(69)#1 122.6(15) 

C(61)-C(62)-C(63) 122.6(14) 

C(62)-C(63)-C(64) 116.5(14) 

C(62)-C(63)-C(70) 121.6(14) 

C(64)-C(63)-C(70) 121.9(13) 

C(65)-C(64)-C(63) 120.4(13) 

C(66)-C(65)-C(64) 120.4(14) 

C(66)-C(65)-O(41) 116.8(15) 

C(64)-C(65)-O(41) 122.8(14) 

C(65)-C(66)-C(61) 122.0(15) 

O(37)-C(69)-O(38) 125.4(14) 

O(37)-C(69)-C(61)#1 117.7(15) 

O(38)-C(69)-C(61)#1 116.9(15) 

O(39)-C(70)-O(40) 125.7(14) 

O(39)-C(70)-C(63) 116.9(13) 

O(40)-C(70)-C(63) 117.4(14) 

C(76)-C(71)-C(72) 121.4(14) 

C(76)-C(71)-C(79) 120.5(14) 

C(72)-C(71)-C(79) 118.0(14) 

C(71)-C(72)-C(73) 118.4(14) 

C(74)-C(73)-C(72) 119.7(13) 

C(74)-C(73)-C(80) 121.5(13) 

C(72)-C(73)-C(80) 118.8(14) 
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C(75)-C(74)-C(73) 120.0(13) 

O(47)-C(75)-C(74) 122.9(13) 

O(47)-C(75)-C(76) 116.9(14) 

C(74)-C(75)-C(76) 120.2(14) 

C(71)-C(76)-C(75) 120.2(15) 

O(47)-C(77)-C(78) 111.5(13) 

O(43)-C(79)-O(44) 124.5(14) 

O(43)-C(79)-C(71) 118.9(15) 

O(44)-C(79)-C(71) 116.5(14) 

O(46)-C(80)-O(45) 123.8(13) 

O(46)-C(80)-C(73) 117.4(14) 

O(45)-C(80)-C(73) 118.8(12) 

C(86)-C(81)-C(82) 121.9(15) 

C(86)-C(81)-C(89) 118.4(15) 

C(82)-C(81)-C(89) 119.6(14) 

C(83)-C(82)-C(81) 119.9(14) 

C(82)-C(83)-C(84) 120.7(15) 

C(82)-C(83)-C(90) 118.7(14) 

C(84)-C(83)-C(90) 120.4(15) 

C(85)-C(84)-C(83) 119.4(16) 

C(84)-C(85)-O(53) 118.1(17) 

C(84)-C(85)-C(86) 121.9(14) 

O(53)-C(85)-C(86) 120.0(15) 

C(81)-C(86)-C(85) 116.0(15) 

O(50)-C(89)-O(49) 124.3(17) 

O(50)-C(89)-C(81) 117.1(14) 

O(49)-C(89)-C(81) 118.6(15) 

O(51)-C(90)-O(52) 125.1(14) 

O(51)-C(90)-C(83) 119.0(14) 

O(52)-C(90)-C(83) 115.9(15) 

C(92)-C(91)-C(96) 122.7(14) 

C(92)-C(91)-C(99)#1 119.8(16) 

C(96)-C(91)-C(99)#1 117.5(14) 

C(91)-C(92)-C(93) 119.0(16) 

C(94)-C(93)-C(92) 118.5(13) 

C(94)-C(93)-C(100) 122.4(14) 

C(92)-C(93)-C(100) 119.1(16) 

C(95)-C(94)-C(93) 122.8(14) 

C(91)-C(96)-C(95) 118.3(14) 

O(55)-C(99)-O(56) 125.1(15) 

O(55)-C(99)-C(91)#1 118.3(17) 

O(56)-C(99)-C(91)#1 116.6(14) 

O(57)-C(100)-O(58) 123.6(13) 

O(57)-C(100)-C(93) 118.7(14) 

O(58)-C(100)-C(93) 117.6(15) 

C(106)-C(101)-C(102) 120.1(14) 

C(106)-C(101)-C(109) 122.1(13) 

C(102)-C(101)-C(109) 117.8(13) 

C(103)-C(102)-C(101) 120.0(13) 

C(104)-C(103)-C(102) 119.9(13) 

C(104)-C(103)-C(110) 121.0(14) 

C(102)-C(103)-C(110) 118.9(12) 

C(106)-C(105)-O(65) 116.6(13) 

C(106)-C(105)-C(104) 121.0(12) 

O(65)-C(105)-C(104) 122.3(13) 

C(101)-C(106)-C(105) 120.0(13) 

O(65)-C(107)-C(108) 107.4(12) 

O(66)-C(108)-C(107) 109.7(13) 

O(61)-C(109)-O(62) 125.3(14) 

O(61)-C(109)-C(101) 119.6(13) 

O(62)-C(109)-C(101) 115.1(13) 

O(63)-C(110)-O(64) 125.6(13) 

O(63)-C(110)-C(103) 118.9(13) 

O(64)-C(110)-C(103) 115.5(13) 

C(116)-C(111)-C(112) 120.8(14) 

C(116)-C(111)-C(119) 119.4(15) 

C(112)-C(111)-C(119) 119.8(15) 

C(111)-C(112)-C(113) 119.8(15) 

C(112)-C(113)-C(114) 119.2(15) 

C(112)-C(113)-C(120) 122.2(15) 

C(114)-C(113)-C(120) 118.7(14) 

C(115)-C(114)-C(113) 119.1(14) 

C(114)-C(115)-C(116) 119.7(16) 

C(114)-C(115)-O(71) 123.9(14) 

C(116)-C(115)-O(71) 116.4(17) 

C(111)-C(116)-C(115) 121.3(17) 

O(68)-C(119)-O(67) 124.4(14) 

O(68)-C(119)-C(111) 117.6(14) 
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O(67)-C(119)-C(111) 118.0(16) 

O(69)-C(120)-O(70) 125.3(14) 

O(69)-C(120)-C(113) 117.7(13) 

O(70)-C(120)-C(113) 117.1(15) 

C(35)#1-C(36)-C(31) 122.3(16) 

C(103)-C(104)-C(105) 119.1(13) 

C(9)-O(1)-Cu(3) 122.8(9) 

C(9)-O(2)-Cu(4) 124.8(10) 

C(10)-O(3)-Cu(5) 125.0(10) 

C(10)-O(4)-Cu(6) 122.3(11) 

C(5)-O(5)-C(407) 121.1(19) 

C(5)-O(5)-C(7) 120.1(17) 

C(19)-O(7)-Cu(1) 125.8(10) 

C(19)-O(8)-Cu(2) 123.0(11) 

C(20)-O(9)-Cu(4) 123.9(10) 

C(20)-O(10)-Cu(3) 124.1(11) 

C(29)-O(13)-Cu(10) 125.9(11) 

C(29)-O(14)-Cu(9) 121.5(11) 

C(30)-O(15)-Cu(8) 129.0(11) 

C(30)-O(16)-Cu(7) 120.0(10) 

C(25)-O(17)-C(27) 114.2(16) 

C(39)-O(19)-Cu(5) 120.3(11) 

C(39)-O(20)-Cu(6) 126.0(10) 

C(40)-O(21)-Cu(1) 121.8(9) 

C(40)-O(22)-Cu(2) 126.0(11) 

C(35)-O(23)-C(37) 115.6(14) 

C(49)-O(25)-Cu(1) 125.5(11) 

C(49)-O(26)-Cu(2) 122.3(10) 

C(50)-O(27)-Cu(12) 120.8(10) 

C(50)-O(28)-Cu(11) 127.9(11) 

C(45)-O(29)-C(47) 112.1(14) 

C(45)-O(29)-C(447) 111(2) 

C(59)-O(31)-Cu(4) 121.1(11) 

C(59)-O(32)-Cu(3) 122.5(10) 

C(60)-O(33)-Cu(9) 125.0(9) 

C(60)-O(34)-Cu(10) 120.3(10) 

C(55)-O(35)-C(457) 119.2(15) 

C(55)-O(35)-C(57) 114(2) 

C(69)-O(37)-Cu(9) 125.2(10) 

C(69)-O(38)-Cu(10) 121.3(10) 

C(70)-O(39)-Cu(1) 124.6(9) 

C(70)-O(40)-Cu(2) 122.3(10) 

C(65)-O(41)-C(67) 123.0(15) 

C(65)-O(41)-C(367) 112.7(18) 

C(79)-O(43)-Cu(6) 122.5(10) 

C(79)-O(44)-Cu(5) 125.3(10) 

C(80)-O(45)-Cu(7) 123.0(9) 

C(80)-O(46)-Cu(8) 124.6(9) 

C(75)-O(47)-C(77) 119.3(11) 

C(89)-O(49)-Cu(8) 120.9(11) 

C(89)-O(50)-Cu(7) 127.1(11) 

C(90)-O(51)-Cu(4) 123.0(9) 

C(90)-O(52)-Cu(3) 124.6(10) 

C(85)-O(53)-C(87) 110.7(17) 

C(99)-O(55)-Cu(12) 123.0(11) 

C(99)-O(56)-Cu(11) 123.7(9) 

C(100)-O(57)-Cu(5) 124.3(9) 

C(100)-O(58)-Cu(6) 124.2(10) 

C(95)-O(59)-C(497) 120(2) 

C(95)-O(59)-C(97) 118.6(18) 

C(109)-O(61)-Cu(7) 126.2(9) 

C(109)-O(62)-Cu(8) 120.2(9) 

C(110)-O(63)-Cu(11) 123.4(9) 

C(110)-O(64)-Cu(12) 122.8(8) 

C(105)-O(65)-C(107) 119.6(11) 

C(119)-O(67)-Cu(10) 123.8(11) 

C(119)-O(68)-Cu(9) 124.3(10) 

C(120)-O(69)-Cu(11) 120.6(9) 

C(120)-O(70)-Cu(12) 125.5(10) 

C(115)-O(71)-C(117) 114.8(15) 

C(115)-O(71)-C(417) 114.9(15) 

C(806)-O(806)-Cu(1) 128(2) 

C(805)-O(805)-Cu(3) 126.8(11) 

S(1)-O(201)-Cu(12) 132.2(5) 

S(2)-O(202)-Cu(8) 131.9(6) 

S(3)-O(203)-Cu(2) 132.0(6) 

S(4)-O(204)-Cu(7) 136.3(8) 

O(201)-S(1)-C(202) 105.1(7) 
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O(201)-S(1)-C(201) 105.2(7) 

C(202)-S(1)-C(201) 98.7(8) 

O(202)-S(2)-C(203) 106.8(7) 

O(202)-S(2)-C(204) 106.9(9) 

C(203)-S(2)-C(204) 97.1(9) 

O(203)-S(3)-C(205) 105.2(7) 

O(203)-S(3)-C(206) 105.5(8) 

C(205)-S(3)-C(206) 99.5(9) 

O(216)-S(16)-C(231) 111.1(14) 

O(216)-S(16)-C(232) 103.0(11) 

C(231)-S(16)-C(232) 100.9(13) 

O(217)-S(17)-C(233) 106.5(10) 

O(217)-S(17)-C(234) 104.0(11) 

C(233)-S(17)-C(234) 100.2(11) 

O(218)-S(18)-C(235) 109.4(15) 

O(218)-S(18)-C(236) 105.2(13) 

C(235)-S(18)-C(236) 96.4(12) 

O(219)-S(19)-C(238) 101.6(17) 

O(219)-S(19)-C(237) 92.9(14) 

C(238)-S(19)-C(237) 101.5(15) 

S(6)-O(106)-Cu(6) 134.4(9) 

S(7)-O(106)-Cu(6) 126.4(8) 

O(48)-C(78)-C(77) 114.0(16) 

O(204)-S(4)-C(207) 108.2(10) 

O(204)-S(4)-C(208) 108.7(13) 

C(207)-S(4)-C(208) 101.4(13) 

C(15)-O(11)-C(17) 118.9(16) 

C(13)-C(14)-C(15) 119.0(17) 

O(11)-C(15)-C(16) 117.6(16) 

O(11)-C(15)-C(14) 122.0(17) 

C(16)-C(15)-C(14) 120.3(14) 

C(11)-C(16)-C(15) 119.5(15) 

O(15)-C(30)-O(16) 123.8(16) 

O(15)-C(30)-C(23) 118.7(15) 

O(16)-C(30)-C(23) 117.4(14) 

C(24)-C(23)-C(22) 120.2(16) 

C(24)-C(23)-C(30) 118.0(14) 

C(22)-C(23)-C(30) 121.6(15) 

C(16)-C(11)-C(12) 120.5(17) 

C(16)-C(11)-C(19) 120.4(16) 

C(12)-C(11)-C(19) 118.9(15) 

O(210)-S(10)-C(220) 99.6(18) 

O(210)-S(10)-C(219) 100.1(16) 

C(220)-S(10)-C(219) 87.2(15) 

O(213)-S(13)-C(225) 93.4(15) 

O(213)-S(13)-C(226) 92.6(15) 

C(225)-S(13)-C(226) 97.8(16) 

O(17)-C(27)-C(28) 103(3) 

O(430)-C(48)-C(447) 140(7) 

O(30)-C(48)-C(447) 125(4) 

O(430)-C(48)-C(47) 128(4) 

O(30)-C(48)-C(47) 96(2) 

O(29)-C(47)-C(48) 105(3) 

C(48)-C(447)-O(29) 101(4) 

O(12)-C(18)-C(17) 102(2) 

O(11)-C(17)-C(18) 103(2) 

O(5)-C(7)-C(8) 97(2) 

O(6)-C(8)-C(7) 109(2) 

O(5)-C(407)-C(408) 111(3) 

O(406)-C(408)-C(407) 115(3) 

O(24)-C(38)-C(37) 101(2) 

O(23)-C(37)-C(38) 101.6(18) 

O(41)-C(67)-C(68) 112(2) 

O(42)-C(68)-C(67) 111(2) 

O(41)-C(367)-C(368) 105(4) 

O(442)-C(368)-C(367) 112(3) 

O(35)-C(457)-C(458) 110(2) 

O(436)-C(458)-C(457) 111(2) 

O(35)-C(57)-C(58) 105(4) 

O(36)-C(58)-C(57) 111(3) 

O(18)-C(28)-C(27) 101(3) 

C(94)-C(95)-O(59) 117.4(15) 

C(94)-C(95)-C(96) 118.6(15) 

O(59)-C(95)-C(96) 123.9(14) 

O(106)-S(6)-C(212) 111.7(17) 

O(106)-S(6)-C(211) 111.1(14) 

C(212)-S(6)-C(211) 100.8(15) 

O(106)-S(7)-C(214) 107(2) 
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O(106)-S(7)-C(213) 102(2) 

C(214)-S(7)-C(213) 97(2) 

O(71)-C(117)-C(118) 112(2) 

O(72)-C(118)-C(117) 109(2) 

O(71)-C(417)-C(418) 112(2) 

O(472)-C(418)-C(417) 109(2) 

O(212)-S(12)-C(223) 108.3(15) 

O(212)-S(12)-C(224) 116.8(15) 

C(223)-S(12)-C(224) 105.6(14) 

O(110)-S(8)-C(216) 123(2) 

O(110)-S(8)-C(215) 119(2) 

C(216)-S(8)-C(215) 109.6(19) 

O(110)-S(9)-C(217) 110.9(15) 

O(110)-S(9)-C(218) 109.8(12) 

C(217)-S(9)-C(218) 100.6(14) 

S(8)-O(110)-Cu(10) 133.4(9) 

S(9)-O(110)-Cu(10) 138.3(9) 

C(1)-C(6)-C(5) 117.9(15) 

C(801)-O(801)-Cu(5) 122(2) 

C(33)-C(34)-C(35) 120.5(15) 

O(53)-C(87)-C(88) 94(4) 

O(54)-C(88)-C(87) 106(3) 

O(59)-C(497)-C(498) 129(4) 

O(460)-C(498)-C(497) 112(3) 

O(59)-C(97)-C(98) 109(5) 

O(60)-C(98)-C(97) 111(3) 

O(220)-S(20)-C(239) 110(3) 

O(220)-S(20)-C(240) 101(2) 

C(239)-S(20)-C(240) 96.7(19) 

C(803)-O(803)-Cu(4) 120(4) 

C(802)-O(802)-Cu(4) 117(3) 

C(804)-O(804)-Cu(4) 123(3) 

O(215)-S(15)-C(230) 106(3) 

O(215)-S(15)-C(229) 102(2) 

C(230)-S(15)-C(229) 112(3) 

O(214)-S(14)-C(228) 104(2) 

O(214)-S(14)-C(227) 105(2) 

C(228)-S(14)-C(227) 95.3(18) 

O(211)-S(11)-C(221) 107.7(13) 

O(211)-S(11)-C(222) 104.4(13) 

C(221)-S(11)-C(222) 97.8(13) 

O(205)-S(5)-C(210) 102.4(12) 

O(205)-S(5)-C(209) 106.7(13) 

C(210)-S(5)-C(209) 94.9(14) 

S(5)-O(205)-Cu(11) 121.8(7) 

Symmetry transformations used to generate equivalent atoms:  

#1 -x,-y+2,-z-1       
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Table A3. Anisotropic displacement parameters (Å2x 103) for 6. The anisotropic displacement factor exponent 

takes the form: -2π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Cu(1) 40(1)  44(1) 49(1)  14(1) 11(1)  14(1) 

Cu(2) 36(1)  41(1) 40(1)  7(1) 8(1)  11(1) 

Cu(3) 48(1)  30(1) 31(1)  1(1) 0(1)  -3(1) 

Cu(4) 44(1)  30(1) 32(1)  0(1) -1(1)  -2(1) 

Cu(5) 32(1)  39(1) 38(1)  -7(1) 2(1)  3(1) 

Cu(6) 28(1)  34(1) 36(1)  -8(1) 0(1)  2(1) 

Cu(7) 31(1)  43(1) 34(1)  -9(1) 5(1)  -4(1) 

Cu(8) 27(1)  37(1) 35(1)  -7(1) 6(1)  -4(1) 

Cu(9) 33(1)  40(1) 35(1)  8(1) -1(1)  -1(1) 

Cu(10) 31(1)  40(1) 35(1)  7(1) -2(1)  -4(1) 

Cu(11) 26(1)  39(1) 48(1)  -4(1) 4(1)  -2(1) 

Cu(12) 24(1)  32(1) 45(1)  -4(1) 3(1)  -1(1) 

C(1) 56(10)  35(9) 38(11)  1(8) 4(8)  6(8) 

C(2) 44(9)  42(9) 38(10)  -7(8) 2(8)  4(7) 

C(3) 26(8)  59(11) 56(13)  -1(10) -1(8)  4(7) 

C(4) 81(12)  52(11) 41(12)  -3(10) -1(10)  30(9) 

C(5) 95(14)  91(16) 46(14)  -7(12) 14(11)  42(12) 

C(9) 49(9)  37(9) 41(11)  -9(9) 5(9)  -12(7) 

C(10) 16(7)  49(11) 63(13)  -11(10) 4(8)  -2(7) 

C(12) 46(9)  33(9) 52(12)  0(8) 9(8)  3(7) 

C(13) 48(9)  42(10) 44(11)  8(9) 5(8)  -1(8) 

C(19) 47(10)  38(10) 66(14)  5(10) 9(9)  9(8) 

C(20) 43(10)  36(10) 77(16)  -7(11) 6(10)  -3(8) 

C(21) 46(9)  55(11) 43(12)  -9(9) 2(8)  -11(8) 

C(22) 39(8)  50(10) 31(10)  -3(8) 2(7)  8(7) 

C(24) 170(20)  74(15) 42(14)  4(12) -31(15)  -43(15) 

C(25) 98(15)  91(16) 81(17)  27(14) -33(14)  -52(13) 

C(26) 99(15)  106(17) 28(11)  -7(11) -16(11)  -21(13) 

C(29) 53(10)  69(13) 22(10)  -3(9) -8(8)  10(9) 

C(31) 33(8)  66(12) 45(12)  -7(10) -4(8)  6(8) 

C(32) 41(9)  69(12) 42(11)  4(10) 2(8)  -4(8) 

C(33) 44(9)  48(10) 28(10)  2(8) -8(7)  10(8) 

C(35) 98(14)  58(13) 56(14)  -4(11) 11(12)  33(11) 

C(39) 30(8)  66(12) 38(12)  17(10) -7(8)  -13(8) 
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C(40) 39(9)  76(13) 16(9)  8(9) -11(7)  -5(9) 

C(41) 39(9)  31(9) 56(12)  -8(8) 5(8)  1(7) 

C(42) 48(10)  39(10) 58(12)  -16(9) 2(9)  -1(8) 

C(43) 31(8)  33(9) 44(10)  -8(8) 3(7)  -4(7) 

C(44) 26(8)  39(9) 67(12)  5(9) 14(8)  0(7) 

C(45) 54(11)  48(11) 78(14)  6(11) 5(10)  -1(9) 

C(46) 52(10)  48(10) 47(11)  4(9) 11(8)  14(8) 

C(49) 44(10)  54(11) 50(12)  -6(10) -6(9)  13(9) 

C(50) 39(9)  40(10) 44(11)  -23(8) 1(8)  -1(8) 

C(51) 59(11)  69(13) 49(13)  13(10) -4(10)  -6(9) 

C(52) 61(10)  42(10) 40(11)  4(8) -2(9)  -12(8) 

C(53) 49(9)  48(10) 47(12)  7(9) -2(8)  -11(8) 

C(54) 76(12)  97(16) 36(12)  8(11) 13(10)  -56(11) 

C(55) 101(15)  140(20) 27(12)  4(13) 4(11)  -68(15) 

C(56) 95(14)  73(13) 36(12)  7(10) -13(11)  -45(11) 

C(59) 45(9)  43(10) 52(13)  19(10) 12(9)  9(8) 

C(60) 30(8)  50(10) 45(12)  -8(9) -16(8)  5(8) 

C(61) 30(8)  55(11) 43(11)  3(9) 1(7)  -4(8) 

C(62) 50(9)  34(9) 31(10)  3(7) -4(7)  -2(7) 

C(63) 43(9)  36(9) 58(12)  -7(9) 11(8)  7(7) 

C(64) 23(8)  57(11) 68(13)  -11(10) -4(8)  8(8) 

C(65) 49(10)  30(9) 98(16)  -8(10) 9(10)  -12(8) 

C(66) 23(8)  58(11) 82(14)  10(10) -8(8)  -13(8) 

C(69) 30(9)  69(13) 43(11)  -3(10) -10(8)  -4(9) 

C(70) 39(9)  40(10) 46(11)  -2(8) 14(8)  10(8) 

C(71) 38(9)  41(10) 46(11)  -8(8) -6(8)  11(7) 

C(72) 36(8)  49(10) 31(9)  -2(8) 4(7)  -3(7) 

C(73) 33(8)  50(10) 32(10)  10(8) 6(7)  11(7) 

C(74) 24(8)  50(11) 71(13)  7(10) 7(8)  -3(7) 

C(75) 42(9)  51(11) 53(12)  -16(9) -10(8)  7(8) 

C(76) 25(8)  60(12) 82(14)  1(11) 0(8)  15(8) 

C(77) 29(8)  55(11) 85(14)  -27(10) 5(8)  -6(8) 

C(79) 27(8)  63(12) 39(11)  4(9) 0(8)  6(8) 

C(80) 31(8)  52(10) 36(10)  19(8) -15(7)  9(7) 

C(81) 56(10)  44(10) 33(10)  1(8) 6(8)  6(8) 

C(82) 40(9)  44(10) 47(11)  14(9) -2(8)  -10(7) 

C(83) 49(9)  45(10) 44(11)  5(9) 9(8)  -4(8) 

C(84) 72(12)  77(13) 29(10)  16(9) 3(9)  -33(10) 

C(85) 73(12)  79(15) 53(13)  -1(11) -3(11)  -16(11) 
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C(86) 57(10)  48(10) 47(12)  9(9) 9(9)  -12(8) 

C(89) 30(9)  40(10) 95(16)  -6(11) 12(9)  0(7) 

C(90) 57(10)  35(9) 38(11)  5(9) 8(9)  -9(8) 

C(91) 56(10)  43(10) 29(10)  0(8) -2(8)  -12(8) 

C(92) 37(8)  44(10) 47(11)  -3(8) -5(8)  -12(7) 

C(93) 35(8)  41(9) 49(11)  -6(8) -11(8)  -11(7) 

C(94) 58(11)  63(12) 38(11)  -26(9) -2(9)  -19(9) 

C(96) 42(9)  64(12) 65(13)  -19(10) 2(9)  -23(9) 

C(99) 51(10)  51(11) 38(11)  2(9) -17(9)  -12(9) 

C(100) 43(9)  48(10) 25(9)  -3(8) -8(8)  -4(8) 

C(101) 43(9)  26(8) 44(10)  -10(7) -3(8)  11(7) 

C(102) 31(8)  40(9) 44(10)  8(8) 10(7)  -2(7) 

C(103) 28(8)  32(8) 45(10)  3(8) 8(7)  3(6) 

C(105) 40(9)  31(9) 47(11)  -1(8) 4(8)  -9(7) 

C(106) 35(8)  35(9) 53(11)  -24(8) 6(8)  0(7) 

C(107) 37(9)  45(10) 87(14)  -17(10) 23(9)  4(7) 

C(108) 44(10)  38(11) 150(20)  -5(13) 18(11)  -3(8) 

C(109) 48(10)  32(9) 37(10)  -4(8) 8(8)  4(7) 

C(110) 46(9)  16(7) 41(10)  3(7) 14(8)  10(7) 

C(111) 28(8)  42(10) 58(12)  -9(9) -2(8)  2(7) 

C(112) 25(8)  32(9) 62(12)  -7(8) -3(7)  -6(6) 

C(113) 48(10)  48(10) 38(10)  -1(8) 8(8)  -2(8) 

C(114) 41(9)  51(11) 86(15)  25(11) 13(9)  20(8) 

C(115) 36(10)  97(17) 120(20)  35(15) 13(11)  10(11) 

C(116) 44(10)  60(12) 71(14)  12(10) -14(10)  1(9) 

C(119) 53(10)  35(9) 33(10)  -4(8) -14(8)  -7(8) 

C(120) 40(10)  41(10) 50(12)  -6(9) -7(9)  0(8) 

C(201) 68(12)  104(17) 68(14)  -10(13) 12(11)  3(12) 

C(202) 34(9)  62(12) 132(19)  15(13) -10(11)  -2(8) 

C(203) 160(20)  91(17) 67(16)  38(13) -26(15)  -63(16) 

C(204) 127(18)  130(20) 46(14)  -8(14) 14(13)  -29(16) 

C(205) 107(15)  53(12) 95(17)  4(12) -27(14)  -11(11) 

C(206) 86(14)  78(15) 99(18)  12(13) 40(12)  28(11) 

C(36) 54(10)  61(12) 29(10)  3(9) 7(8)  -6(9) 

C(104) 24(8)  46(10) 65(12)  -17(9) 2(7)  17(7) 

O(1) 61(7)  43(7) 49(8)  1(6) -13(6)  20(5) 

O(2) 64(7)  43(6) 21(6)  -2(5) -8(5)  11(5) 

O(3) 64(7)  41(7) 37(7)  4(6) -10(6)  25(5) 

O(4) 68(7)  52(7) 33(7)  -9(6) -3(6)  17(6) 
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O(5) 195(16)  106(12) 46(9)  15(9) 31(10)  81(11) 

O(7) 78(7)  31(6) 51(8)  1(6) 16(6)  17(6) 

O(8) 64(7)  46(7) 64(8)  -14(6) 4(6)  13(6) 

O(9) 61(7)  36(6) 44(8)  -4(6) 10(6)  16(5) 

O(10) 62(7)  44(7) 52(8)  -6(6) 6(6)  20(6) 

O(13) 62(7)  59(7) 34(7)  -1(6) -8(6)  -11(6) 

O(14) 46(6)  66(8) 38(7)  7(6) -7(5)  -8(6) 

O(15) 63(7)  54(7) 38(7)  -3(6) -4(6)  -11(6) 

O(16) 51(6)  63(8) 29(6)  -6(6) -12(5)  -19(6) 

O(17) 181(15)  157(16) 65(10)  24(11) -31(11)  -127(14) 

O(19) 54(6)  60(8) 35(7)  3(6) -5(5)  9(6) 

O(20) 52(6)  64(8) 27(7)  14(6) -4(5)  9(5) 

O(21) 66(7)  71(9) 32(7)  8(6) -1(6)  31(7) 

O(22) 70(7)  64(8) 23(6)  0(6) 4(5)  20(6) 

O(23) 147(13)  94(11) 55(9)  -13(9) -8(9)  55(10) 

O(25) 41(6)  49(7) 75(9)  23(6) 20(6)  15(5) 

O(26) 42(6)  51(7) 73(9)  16(7) 13(6)  9(5) 

O(27) 41(6)  39(6) 50(7)  17(5) 12(5)  -2(5) 

O(28) 40(6)  38(6) 62(8)  9(6) 16(5)  -4(5) 

O(29) 48(7)  84(10) 113(12)  55(9) 44(7)  26(6) 

O(31) 64(7)  56(7) 25(6)  -8(5) -8(5)  -25(6) 

O(32) 48(6)  47(7) 47(8)  -7(6) -3(6)  -20(5) 

O(33) 62(7)  44(7) 33(7)  4(6) -13(6)  -16(5) 

O(34) 56(6)  52(7) 33(7)  1(5) -8(5)  -18(6) 

O(35) 160(14)  114(13) 57(10)  -30(9) 17(10)  -59(11) 

O(37) 39(6)  43(7) 60(8)  25(6) 20(5)  9(5) 

O(38) 28(5)  38(6) 71(8)  17(6) 7(5)  3(5) 

O(39) 24(5)  54(7) 84(9)  16(7) 3(5)  4(5) 

O(40) 34(5)  45(6) 55(7)  13(6) 19(5)  7(5) 

O(41) 60(7)  47(8) 165(15)  30(9) 9(8)  8(6) 

O(43) 21(5)  49(7) 61(8)  -15(6) 3(5)  -3(5) 

O(44) 23(5)  51(7) 63(8)  -19(6) 11(5)  1(5) 

O(45) 30(5)  48(7) 66(8)  -16(6) -1(5)  -12(5) 

O(46) 19(5)  47(6) 58(7)  -15(6) 3(5)  3(4) 

O(47) 34(6)  41(7) 107(11)  -23(7) 13(6)  -2(5) 

O(49) 51(6)  45(6) 29(6)  6(5) 3(5)  -15(5) 

O(50) 49(6)  44(6) 37(7)  -3(5) -1(5)  -18(5) 

O(51) 51(6)  53(7) 39(7)  1(6) 0(5)  -17(5) 

O(52) 74(7)  45(7) 43(7)  10(6) -3(6)  -29(6) 
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O(53) 85(9)  129(13) 73(10)  11(9) -16(8)  -61(9) 

O(55) 31(5)  55(7) 55(8)  -14(6) -1(5)  -12(5) 

O(56) 35(6)  60(8) 65(9)  -29(7) 7(6)  -17(5) 

O(57) 33(6)  62(8) 56(8)  -24(6) -2(5)  -12(5) 

O(58) 28(5)  51(7) 52(7)  -16(6) 6(5)  -13(5) 

O(59) 54(8)  149(15) 114(13)  -74(11) 42(8)  -39(8) 

O(61) 28(5)  45(6) 56(7)  -15(6) 12(5)  2(5) 

O(62) 22(5)  57(7) 60(8)  -20(6) 12(5)  0(5) 

O(63) 28(5)  44(6) 58(8)  -24(6) 12(5)  -3(5) 

O(64) 35(5)  40(6) 51(7)  -24(5) 5(5)  0(5) 

O(65) 48(6)  43(7) 91(10)  -24(7) 15(6)  2(5) 

O(66) 89(10)  72(10) 144(15)  0(10) 26(9)  -16(8) 

O(67) 29(5)  58(7) 61(8)  18(6) 2(5)  11(5) 

O(68) 27(5)  44(6) 63(8)  17(6) 9(5)  8(5) 

O(69) 20(5)  54(7) 63(8)  16(6) 6(5)  10(5) 

O(70) 27(5)  40(6) 68(8)  7(6) -1(5)  0(5) 

O(71) 40(7)  134(14) 240(20)  127(14) 50(9)  45(8) 

O(806) 87(9)  88(10) 105(11)  46(9) 37(8)  46(8) 

O(805) 107(10)  84(10) 43(7)  7(7) -1(7)  -14(8) 

O(100) 82(8)  91(10) 97(11)  43(9) 6(8)  -37(8) 

O(201) 22(5)  44(6) 58(7)  -2(6) 3(5)  0(4) 

O(202) 54(6)  36(6) 53(7)  -2(5) -7(5)  -22(5) 

O(203) 45(6)  42(6) 47(7)  3(5) -2(5)  23(5) 

O(204) 41(6)  79(9) 96(10)  -25(8) -10(6)  -38(6) 

S(1) 31(2)  60(3) 78(3)  13(3) 15(2)  -1(2) 

S(2) 77(3)  61(3) 78(4)  -8(3) 1(3)  -23(3) 

S(3) 73(3)  44(3) 50(3)  5(2) -2(2)  21(2) 

S(16) 111(5)  138(6) 102(6)  -19(5) -1(4)  -30(5) 

O(216) 163(17)  280(30) 210(20)  -90(20) 59(16)  -130(20) 

C(231) 150(30)  270(40) 290(50)  190(40) -120(30)  -80(30) 

C(232) 310(40)  90(20) 100(20)  -4(18) -30(30)  0(20) 

S(17) 97(4)  123(6) 98(5)  20(4) 18(4)  41(4) 

C(233) 140(20)  150(30) 84(19)  10(18) 11(17)  -26(19) 

O(217) 113(12)  153(17) 142(17)  42(13) 44(12)  45(12) 

C(234) 200(30)  130(30) 140(30)  -40(20) 80(20)  -20(20) 

S(18) 202(10)  160(9) 170(10)  17(8) 22(8)  -10(8) 

C(236) 170(20)  91(19) 130(20)  1(18) -30(20)  4(18) 

O(218) 152(19)  280(30) 360(40)  -120(30) -30(20)  100(20) 

O(106) 69(7)  71(8) 43(8)  -35(6) -11(6)  13(6) 
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O(48) 99(10)  80(11) 129(14)  18(10) 25(10)  11(9) 

C(78) 51(11)  57(13) 140(20)  1(14) 7(12)  2(10) 

S(4) 121(6)  194(10) 173(9)  2(7) 8(6)  -67(6) 

O(11) 127(12)  134(14) 73(11)  5(10) 13(9)  70(11) 

C(14) 69(11)  67(13) 49(12)  -12(10) 3(10)  2(10) 

C(15) 67(12)  63(13) 69(15)  0(12) -20(11)  21(10) 

C(16) 55(10)  39(10) 67(14)  10(10) -1(10)  18(8) 

C(30) 37(9)  56(11) 50(12)  -15(10) 8(8)  1(8) 

C(23) 48(9)  62(11) 33(10)  10(9) -12(8)  5(9) 

C(11) 44(9)  53(11) 68(14)  -6(10) 16(9)  3(8) 

C(38) 230(30)  250(40) 160(30)  120(30) 30(30)  90(30) 

C(37) 310(40)  70(18) 100(20)  0(17) -10(30)  70(20) 

C(95) 46(10)  88(15) 58(13)  -26(11) 8(9)  -11(10) 

S(12) 271(15)  276(18) 330(20)  -127(16) -140(15)  37(13) 

O(212) 152(16)  200(20) 116(16)  45(15) -13(13)  -42(15) 

C(223) 230(40)  190(40) 200(40)  -110(30) 20(30)  -50(30) 

C(224) 260(40)  150(30) 90(20)  10(20) -50(20)  40(30) 

C(6) 85(13)  67(13) 49(13)  16(11) -6(11)  38(11) 

O(801) 146(13)  98(12) 134(15)  -63(11) 69(11)  7(10) 

C(34) 49(10)  91(15) 50(13)  12(11) -15(9)  13(10) 

S(5) 129(6)  160(9) 275(13)  26(9) 112(7)  -5(6) 

C(209) 500(60)  100(30) 170(30)  -80(30) 110(40)  -70(30) 

C(210) 90(20)  360(60) 440(60)  220(50) 70(30)  60(30) 

O(205) 46(7)  108(11) 105(11)  28(9) 16(7)  -16(7) 
______________________________________________________________________________ 
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A2 Crystallographic data of compound Tetracosakis(µ4-5-(2-(2-

hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylato)-dodecaaqua-

hexakis(dimethyl sulfoxid)-hexamethanol tetracosa-copper(II) (7) 

 

 

 

 
Figure A3. Atomic numbering scheme for the asymmetric unit present in crystalline 7. All hydrogen atoms are 
omitted for clarity. 
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Figure A4. ORTEP representations of the asymmetric unit present in crystalline 7. All non-hydrogen atoms 
represented by thermal ellipsoids drawn are at the 33% probability level. All hydrogen atoms, solvent molecules 
and the side chains (–C2H4OC2H4OH moieties) are omitted for clarity. 

 
Table A4. Atomic coordinates ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for 7. U(eq) 
is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Cu(1) 2800(2) 4174(2) -1439(2) 247(3) 

Cu(2) 3346(2) 4375(2) -1085(2) 227(3) 

Cu(3) 3235(2) 6096(2) 93(2) 245(3) 

Cu(4) 2646(2) 6453(2) 111(3) 278(4) 

O(1) 2563(7) 6238(9) 534(12) 274(15) 

O(2) 3067(8) 5909(7) 532(9) 264(13) 

O(3) 2961(10) 6819(8) 381(9) 253(14) 

O(4) 3445(9) 6504(11) 321(10) 253(16) 

O(5) 3170(11) 7891(9) 1042(11) 380(20) 

O(6) 2601(11) 8587(15) 802(12) 900(80) 

O(7) 2860(20) 9235(14) 1100(19) 900(70) 

O(8) 3172(9) 3836(8) -1632(8) 249(13) 

O(9) 3595(8) 3989(6) -1336(7) 216(12) 

O(10) 2772(9) 6629(8) -315(10) 273(15) 
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 x y z U(eq) 

O(11) 3323(10) 6321(10) -347(9) 287(18) 

O(12) 3635(5) 2960(4) -2427(5) 354(19) 

O(13) 3238(6) 2441(6) -2859(6) 520(30) 

O(14) 2618(8) 2450(9) -3032(9) 650(40) 

O(15) 2459(9) 6017(10) -158(10) 277(17) 

O(16) 2906(8) 5712(6) -144(7) 205(11) 

O(17) 2553(8) 4538(9) -1147(9) 250(14) 

O(18) 2994(8) 4752(7) -906(7) 225(12) 

O(19) 1713(14) 5308(17) -822(17) 610(40) 

O(20) 1185(17) 5350(20) -1023(17) 1020(110) 

O(21) 1360(20) 5214(17) -370(15) 970(90) 

O(22) 2738(8) 3811(8) -1048(9) 261(15) 

O(23) 3205(9) 4007(8) -751(8) 264(16) 

O(24) 2961(8) 4559(7) -1759(7) 226(13) 

O(25) 3401(7) 4715(7) -1480(7) 221(12) 

O(26) 2161(5) 2902(6) -364(5) 301(16) 

O(27) 1437(7) 2720(5) -135(5) 450(20) 

O(28) 668(8) 3027(9) -87(8) 580(30) 

O(29) 2298(7) 4024(7) -1756(8) 297(15) 

O(30) 3788(8) 4553(8) -775(8) 333(16) 

O(31) 3737(7) 5819(7) 93(7) 298(14) 

O(32) 2172(9) 6791(9) 96(10) 281(16) 

C(1) 3354(9) 7611(9) 901(9) 230(20) 

C(2) 3723(10) 7604(8) 1033(8) 270(20) 

C(3) 3888(8) 7277(8) 922(6) 300(30) 

C(4) 3738(10) 6985(8) 713(7) 250(20) 

C(5) 3389(10) 7019(10) 608(8) 200(20) 

C(6) 3206(8) 7326(11) 679(8) 300(30) 

C(7) 4259(11) 7242(13) 1039(11) 260(30) 

C(8) 3300(20) 6760(20) 410(30) 340(60) 

C(9) 2969(13) 8163(16) 1331(18) 600(70) 

C(10) 2875(9) 8421(12) 1121(13) 370(30) 

C(11) 2587(14) 8916(19) 600(12) 570(50) 

C(12) 2542(17) 9235(17) 848(16) 960(130) 

C(13) 3799(4) 3057(4) -2092(5) 250(20) 

C(14) 3581(4) 3339(5) -1966(5) 250(20) 

C(15) 3701(5) 3525(5) -1683(5) 330(30) 

C(16) 4006(5) 3471(6) -1513(6) 240(20) 

C(17) 4218(5) 3203(6) -1628(7) 320(30) 



Crystallographic data 

222 

 x y z U(eq) 

C(18) 4122(5) 2989(5) -1916(6) 330(30) 

C(19) 3495(5) 3759(6) -1541(6) 290(30) 

C(20) 3109(17) 6537(15) -451(15) 290(40) 

C(21) 3762(5) 2615(5) -2588(6) 370(30) 

C(22) 3561(7) 2614(5) -3002(6) 360(30) 

C(23) 3081(8) 2651(7) -3192(7) 940(120) 

C(24) 2658(9) 2788(9) -3297(9) 1000(130) 

C(25) 1947(9) 5254(14) -631(13) 740(130) 

C(26) 2113(12) 4976(11) -742(11) 350(30) 

C(27) 2434(12) 4942(10) -723(10) 360(40) 

C(28) 2650(8) 5231(12) -613(10) 240(20) 

C(29) 2471(12) 5491(10) -451(9) 300(30) 

C(30) 2155(13) 5521(10) -464(10) 330(30) 

C(31) 2621(19) 5820(18) -330(20) 340(50) 

C(32) 2630(20) 4750(20) -910(20) 360(50) 

C(33) 1730(20) 5723(17) -940(20) 780(100) 

C(34) 1330(20) 5732(18) -989(17) 740(90) 

C(35) 821(18) 5220(20) -750(30) 1300(300) 

C(36) 960(30) 5189(16) -370(20) 760(80) 

C(37) 2445(8) 3138(9) -359(11) 240(20) 

C(38) 2608(11) 3007(9) -63(10) 310(30) 

C(39) 2915(11) 3174(10) 0(7) 230(20) 

C(40) 3080(8) 3447(10) -192(10) 203(18) 

C(41) 2860(9) 3542(8) -469(9) 270(30) 

C(42) 2538(10) 3388(10) -577(9) 310(30) 

C(43) 3226(13) 4785(12) -1768(13) 162(17) 

C(44) 2923(15) 3834(15) -766(15) 240(30) 

C(45) 2049(6) 2732(6) -81(6) 320(30) 

C(46) 1736(7) 2519(5) -223(5) 400(30) 

C(47) 1166(8) 2485(7) -116(5) 540(50) 

C(48) 790(9) 2681(9) 66(7) 660(60) 

C(50) 2213(10) 4155(10) -2094(10) 270(20) 

C(51) 1920(20) 6560(20) -510(20) 610(60) 

C(52) 1630(20) 7130(20) -100(20) 590(60) 

S(1) 2062(11) 6979(11) -211(10) 550(20) 
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Table A5. Bond lengths [Å] and angles [°] for 7. 

Cu(1)-O(24)  2.01(2) 

Cu(1)-O(17)  2.01(3) 

Cu(1)-O(22)  2.05(3) 

Cu(1)-O(8)  2.05(3) 

Cu(1)-Cu(2)  2.598(7) 

Cu(2)-O(25)  2.00(2) 

Cu(2)-O(23)  1.97(3) 

Cu(2)-O(9)  2.00(3) 

Cu(2)-O(18)  2.08(3) 

Cu(2)-O(30)  2.16(3) 

Cu(3)-O(4)  1.95(4) 

Cu(3)-O(11)  1.91(3) 

Cu(3)-O(2)  1.93(3) 

Cu(3)-O(16)  2.13(3) 

Cu(3)-O(31)  2.18(3) 

Cu(3)-Cu(4)  2.626(8) 

Cu(4)-O(1)  1.84(4) 

Cu(4)-O(10)  1.82(3) 

Cu(4)-O(3)  2.11(4) 

Cu(4)-O(15)  2.08(4) 

Cu(4)-O(32)  2.22(3) 

O(1)-C(7)#1  1.32(8) 

O(2)-C(7)#1  1.51(12) 

O(3)-C(8)  1.32(8) 

O(4)-C(8)  1.17(8) 

C(1)-O(5)  1.39(3) 

C(1)-C(6)  1.489(15) 

C(1)-C(2)  1.495(15) 

C(2)-C(3)  1.461(15) 

C(3)-C(4)  1.482(15) 

C(3)-C(7)  1.488(15) 

C(4)-C(5)  1.396(14) 

C(5)-C(8)  1.29(7) 

C(5)-C(6)  1.388(14) 

C(7)-O(1)#2  1.32(4) 

C(7)-O(2)#2  1.51(5) 

O(5)-C(9)  1.70(5) 

C(9)-C(10)  1.32(2) 

C(10)-O(6)  1.72(3) 

O(6)-C(11)  1.47(3) 

C(11)-C(12)  1.55(3) 

C(12)-O(7)  1.56(3) 

O(8)-C(19)  1.31(4) 

O(9)-C(19)  1.23(3) 

O(10)-C(20)  1.43(6) 

O(11)-C(20)  1.22(6) 

C(13)-C(18)  1.426(5) 

C(13)-C(14)  1.444(5) 

C(13)-O(12)  1.467(5) 

C(14)-C(15)  1.368(5) 

C(15)-C(19)  1.305(5) 

C(15)-C(16)  1.346(5) 

C(16)-C(17)  1.378(5) 

C(17)-C(20)#3  1.36(4) 

C(17)-C(18)  1.416(5) 

C(20)-C(17)#4  1.36(9) 

O(12)-C(21)  1.531(6) 

C(21)-C(22)  1.754(6) 

C(22)-O(13)  1.503(6) 

O(13)-C(23)  1.615(6) 

C(23)-C(24)  1.742(6) 

C(24)-O(14)  1.648(6) 

O(15)-C(31)  1.18(6) 

O(16)-C(31)  1.37(7) 

O(17)-C(32)  1.23(6) 

O(18)-C(32)  1.40(7) 

C(25)-O(19)  1.17(7) 

C(25)-C(26)  1.305(18) 

C(25)-C(30)  1.44(2) 

C(26)-C(27)  1.234(17) 

C(27)-C(32)  1.28(7) 

C(27)-C(28)  1.44(2) 

C(28)-C(29)  1.348(18) 

C(29)-C(30)  1.212(16) 

C(29)-C(31)  1.45(5) 

O(19)-C(33)  1.65(3) 
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C(33)-C(34)  1.54(3) 

C(34)-O(20)  1.54(3) 

O(20)-C(35)  1.80(3) 

C(35)-C(36)  1.54(3) 

C(36)-O(21)  1.54(3) 

O(22)-C(44)  1.29(4) 

O(23)-C(44)  1.26(5) 

O(24)-C(43)  1.33(4) 

O(25)-C(43)  1.31(4) 

C(37)-C(42)  1.314(14) 

C(37)-C(38)  1.380(14) 

C(37)-O(26)  1.41(3) 

C(38)-C(39)  1.354(14) 

C(39)-C(40)  1.419(15) 

C(39)-C(43)#3  1.47(5) 

C(40)-C(41)  1.394(14) 

C(40)-C(43)#3  1.86(6) 

C(41)-C(42)  1.424(15) 

C(41)-C(44)  1.61(5) 

C(43)-C(39)#4  1.5(3) 

C(43)-C(40)#4  1.9(2) 

O(26)-C(45)  1.330(5) 

C(45)-C(46)  1.541(6) 

C(46)-O(27)  1.415(6) 

O(27)-C(47)  1.369(6) 

C(47)-C(48)  1.762(7) 

C(48)-O(28)  1.516(6) 

O(29)-C(50)  1.42(4) 

O(32)-S(1)  1.44(4) 

S(1)-C(52)  1.80(8) 

S(1)-C(51)  2.03(9) 

 

O(24)-Cu(1)-O(17) 88.5(13) 

O(24)-Cu(1)-O(22) 166.7(12) 

O(17)-Cu(1)-O(22) 90.5(14) 

O(24)-Cu(1)-O(8) 91.7(12) 

O(17)-Cu(1)-O(8) 162.6(14) 

O(22)-Cu(1)-O(8) 85.3(13) 

O(24)-Cu(1)-Cu(2) 81.7(8) 

O(17)-Cu(1)-Cu(2) 83.2(10) 

O(22)-Cu(1)-Cu(2) 85.0(8) 

O(8)-Cu(1)-Cu(2) 79.5(9) 

O(25)-Cu(2)-O(23) 168.0(14) 

O(25)-Cu(2)-O(9) 93.9(11) 

O(23)-Cu(2)-O(9) 85.0(13) 

O(25)-Cu(2)-O(18) 82.4(11) 

O(23)-Cu(2)-O(18) 96.0(13) 

O(9)-Cu(2)-O(18) 166.6(12) 

O(25)-Cu(2)-O(30) 97.3(12) 

O(23)-Cu(2)-O(30) 94.7(13) 

O(9)-Cu(2)-O(30) 97.0(12) 

O(18)-Cu(2)-O(30) 96.2(12) 

O(25)-Cu(2)-Cu(1) 83.3(8) 

O(23)-Cu(2)-Cu(1) 84.6(10) 

O(9)-Cu(2)-Cu(1) 85.0(8) 

O(18)-Cu(2)-Cu(1) 81.8(9) 

O(30)-Cu(2)-Cu(1) 177.8(9) 

O(4)-Cu(3)-O(11) 87.8(17) 

O(4)-Cu(3)-O(2) 92.5(15) 

O(11)-Cu(3)-O(2) 169.9(15) 

O(4)-Cu(3)-O(16) 167.9(14) 

O(11)-Cu(3)-O(16) 92.3(14) 

O(2)-Cu(3)-O(16) 85.3(12) 

O(4)-Cu(3)-O(31) 91.4(14) 

O(11)-Cu(3)-O(31) 93.7(14) 

O(2)-Cu(3)-O(31) 96.4(12) 

O(16)-Cu(3)-O(31) 100.6(11) 

O(4)-Cu(3)-Cu(4) 85.8(11) 

O(11)-Cu(3)-Cu(4) 86.6(12) 

O(2)-Cu(3)-Cu(4) 83.4(9) 

O(16)-Cu(3)-Cu(4) 82.2(8) 

O(31)-Cu(3)-Cu(4) 177.2(9) 

O(1)-Cu(4)-O(10) 173.1(13) 

O(1)-Cu(4)-O(3) 87.9(14) 

O(10)-Cu(4)-O(3) 92.4(15) 

O(1)-Cu(4)-O(15) 91.0(15) 
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O(10)-Cu(4)-O(15) 86.9(15) 

O(3)-Cu(4)-O(15) 164.8(15) 

O(1)-Cu(4)-O(32) 98.1(14) 

O(10)-Cu(4)-O(32) 88.7(14) 

O(3)-Cu(4)-O(32) 95.3(14) 

O(15)-Cu(4)-O(32) 99.9(15) 

O(1)-Cu(4)-Cu(3) 86.5(9) 

O(10)-Cu(4)-Cu(3) 86.7(10) 

O(3)-Cu(4)-Cu(3) 82.5(10) 

O(15)-Cu(4)-Cu(3) 82.4(11) 

O(32)-Cu(4)-Cu(3) 174.8(11) 

C(7)#1-O(1)-Cu(4) 133(5) 

C(7)#1-O(2)-Cu(3) 127(4) 

C(8)-O(3)-Cu(4) 119(4) 

C(8)-O(4)-Cu(3) 127(5) 

O(5)-C(1)-C(6) 126(3) 

O(5)-C(1)-C(2) 111(3) 

C(6)-C(1)-C(2) 122.4 

C(3)-C(2)-C(1) 108.7 

C(2)-C(3)-C(4) 129.1 

C(2)-C(3)-C(7) 113.4(11) 

C(4)-C(3)-C(7) 117.5(11) 

C(5)-C(4)-C(3) 117.0 

C(8)-C(5)-C(6) 129(5) 

C(8)-C(5)-C(4) 110(5) 

C(6)-C(5)-C(4) 119.9 

C(5)-C(6)-C(1) 122.5 

O(1)#2-C(7)-O(2)#2 108(4) 

O(1)#2-C(7)-C(3) 134(4) 

O(2)#2-C(7)-C(3) 118(3) 

C(5)-C(8)-O(3) 100(7) 

C(5)-C(8)-O(4) 133(8) 

O(3)-C(8)-O(4) 125(7) 

C(1)-O(5)-C(9) 162(5) 

C(10)-C(9)-O(5) 100(4) 

C(9)-C(10)-O(6) 150.2 

C(11)-O(6)-C(10) 134.7 

O(6)-C(11)-C(12) 110.6 

C(11)-C(12)-O(7) 106.7 

C(19)-O(8)-Cu(1) 134(2) 

C(19)-O(9)-Cu(2) 133(2) 

C(20)-O(10)-Cu(4) 118(3) 

C(20)-O(11)-Cu(3) 118(4) 

C(18)-C(13)-C(14) 118.5 

C(18)-C(13)-O(12) 137.0 

C(14)-C(13)-O(12) 103.4 

C(15)-C(14)-C(13) 117.1 

C(19)-C(15)-C(16) 115.1 

C(19)-C(15)-C(14) 118.6 

C(16)-C(15)-C(14) 126.1 

C(15)-C(16)-C(17) 117.9 

C(16)-C(17)-C(20)#3 131(2) 

C(16)-C(17)-C(18) 121.5 

C(20)#3-C(17)-C(18) 107(2) 

C(17)-C(18)-C(13) 118.9 

O(9)-C(19)-C(15) 124.2(19) 

O(9)-C(19)-O(8) 107(3) 

C(15)-C(19)-O(8) 127.4(17) 

O(11)-C(20)-O(10) 130(5) 

O(11)-C(20)-C(17)#4 107(7) 

O(10)-C(20)-C(17)#4 121(6) 

C(13)-O(12)-C(21) 115.5 

O(12)-C(21)-C(22) 103.0 

O(13)-C(22)-C(21) 91.8 

C(22)-O(13)-C(23) 78.6 

O(13)-C(23)-C(24) 132.3 

O(14)-C(24)-C(23) 73.0 

C(31)-O(15)-Cu(4) 127(4) 

C(31)-O(16)-Cu(3) 119(3) 

C(32)-O(17)-Cu(1) 138(5) 

C(32)-O(18)-Cu(2) 129(4) 

O(19)-C(25)-C(26) 108(5) 

O(19)-C(25)-C(30) 125(5) 

C(26)-C(25)-C(30) 116.8 

C(27)-C(26)-C(25) 123.3 

C(26)-C(27)-C(32) 127(4) 

C(26)-C(27)-C(28) 120.2 

C(32)-C(27)-C(28) 106(4) 
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C(29)-C(28)-C(27) 114.0 

C(30)-C(29)-C(28) 123.7 

C(30)-C(29)-C(31) 109(4) 

C(28)-C(29)-C(31) 125(5) 

C(29)-C(30)-C(25) 119.8 

O(15)-C(31)-O(16) 108(6) 

O(15)-C(31)-C(29) 121(7) 

O(16)-C(31)-C(29) 103(5) 

O(17)-C(32)-O(18) 105(6) 

O(17)-C(32)-C(27) 131(7) 

O(18)-C(32)-C(27) 124(5) 

C(25)-O(19)-C(33) 109(6) 

C(34)-C(33)-O(19) 91.1 

C(33)-C(34)-O(20) 109.5 

C(34)-O(20)-C(35) 118.8 

C(36)-C(35)-O(20) 107.6 

C(35)-C(36)-O(21) 109.5 

C(44)-O(22)-Cu(1) 120(3) 

C(44)-O(23)-Cu(2) 125(4) 

C(43)-O(24)-Cu(1) 136(3) 

C(43)-O(25)-Cu(2) 135(3) 

C(42)-C(37)-C(38) 131.2 

C(42)-C(37)-O(26) 131(3) 

C(38)-C(37)-O(26) 97(3) 

C(39)-C(38)-C(37) 111.3 

C(38)-C(39)-C(40) 129.5 

C(38)-C(39)-C(43)#3 151(3) 

C(40)-C(39)-C(43)#3 80(3) 

C(41)-C(40)-C(39) 108.3 

C(41)-C(40)-C(43)#3 159(3) 

C(39)-C(40)-C(43)#3 51(3) 

C(40)-C(41)-C(42) 129.2 

C(40)-C(41)-C(44) 129(3) 

C(42)-C(41)-C(44) 102(3) 

C(37)-C(42)-C(41) 110.3 

O(25)-C(43)-O(24) 104(4) 

O(25)-C(43)-C(39)#4 150(6) 

O(24)-C(43)-C(39)#4 106(6) 

O(25)-C(43)-C(40)#4 101(7) 

O(24)-C(43)-C(40)#4 153(8) 

C(39)#4-C(43)-C(40)#4 49(5) 

O(23)-C(44)-O(22) 123(5) 

O(23)-C(44)-C(41) 117(5) 

O(22)-C(44)-C(41) 117(5) 

C(45)-O(26)-C(37) 123(2) 

O(26)-C(45)-C(46) 102.6 

O(27)-C(46)-C(45) 104.8 

C(47)-O(27)-C(46) 105.4 

O(27)-C(47)-C(48) 110.9 

O(28)-C(48)-C(47) 117.9 

S(1)-O(32)-Cu(4) 123(3) 

O(32)-S(1)-C(52) 104(5) 

O(32)-S(1)-C(51) 98(4) 

C(52)-S(1)-C(51) 98(4) 

Symmetry transformations used to generate equivalent atoms:  

#1 -y+1,z+1/2,-x+1/2    #2 -z+1/2,-x+1,y-1/2    #3 z+1/2,x,-y+1/2  

#4 y,-z+1/2,x-1/2  
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Table A6. Anisotropic displacement parameters  (Å2x 103) for 7. The anisotropic 

displacement factor exponent takes the form: -2 π 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________ 

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________ 

Cu(1) 217(7)  267(7) 258(7)  14(8) -64(6)  -45(7) 

Cu(2) 205(6)  244(7) 231(6)  1(7) -72(5)  -23(6) 

Cu(3) 210(6)  275(8) 249(8)  19(8) 17(6)  76(6) 

Cu(4) 232(8)  331(11) 270(9)  46(10) 25(7)  94(8) 

O(1) 200(30)  280(30) 340(30)  -20(30) -30(30)  80(20) 

O(2) 270(30)  240(30) 280(30)  80(20) 40(30)  -10(20) 

O(3) 260(30)  210(30) 290(30)  -30(20) 20(30)  -40(30) 

O(4) 260(30)  210(30) 280(30)  -10(30) -70(30)  -30(30) 

C(1) 160(30)  310(50) 210(40)  10(30) -20(30)  -30(40) 

C(2) 270(40)  210(40) 310(40)  -50(30) -40(40)  90(30) 

C(3) 250(40)  360(50) 280(40)  50(40) -30(40)  50(40) 

C(4) 220(40)  240(40) 300(40)  0(30) -50(30)  20(30) 

C(5) 170(40)  230(40) 200(40)  -20(30) -20(30)  20(40) 

C(6) 290(50)  300(50) 320(50)  20(40) -70(40)  70(40) 

C(8) 340(70)  330(80) 360(70)  20(50) 0(50)  20(50) 

O(5) 440(40)  300(30) 410(40)  -100(30) 70(30)  170(30) 

O(8) 260(30)  220(30) 260(30)  -20(20) 60(30)  20(30) 

O(9) 270(30)  150(20) 220(20)  -76(19) 0(20)  -30(20) 

O(10) 270(30)  290(30) 260(30)  80(30) 50(30)  110(30) 

O(11) 340(40)  300(30) 220(30)  100(30) 20(30)  30(30) 

C(13) 290(40)  240(40) 210(40)  -80(30) 20(40)  10(30) 

C(14) 240(40)  220(40) 290(40)  -50(30) 10(30)  50(30) 

C(15) 370(50)  310(50) 310(50)  -50(40) 0(40)  -30(40) 

C(16) 230(20)  240(20) 240(20)  2(10) -1(10)  6(10) 

C(17) 320(50)  320(50) 310(50)  -60(40) 20(40)  -20(40) 

C(18) 290(50)  370(50) 310(50)  -30(40) -40(40)  20(40) 

C(19) 260(50)  300(50) 300(50)  -60(40) -90(40)  0(40) 

C(20) 290(50)  290(50) 280(50)  -30(40) 30(40)  -30(40) 

O(12) 350(40)  370(40) 340(40)  -40(30) -60(30)  0(30) 

O(15) 300(40)  250(30) 290(30)  -100(30) 20(30)  0(30) 

O(16) 250(30)  180(20) 190(20)  -41(18) -40(20)  10(20) 

O(17) 250(30)  240(30) 270(30)  -10(30) 10(20)  100(20) 

O(18) 210(30)  210(20) 260(30)  -20(20) 30(20)  70(20) 

C(25) 740(130)  730(130) 740(130)  -10(50) -10(50)  -10(50) 
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C(26) 220(40)  390(50) 430(50)  -30(40) -50(40)  60(40) 

C(27) 360(60)  340(50) 380(50)  -100(40) 70(50)  120(50) 

C(28) 170(30)  240(40) 310(40)  -10(40) 20(30)  0(30) 

C(29) 260(50)  300(50) 330(50)  -50(40) 20(40)  10(40) 

C(30) 230(40)  420(50) 340(50)  -90(40) 0(40)  20(40) 

C(31) 290(60)  380(70) 360(60)  -30(50) -20(40)  30(50) 

C(32) 350(60)  380(70) 350(70)  0(40) -40(50)  -40(50) 

O(19) 670(60)  580(60) 590(60)  -50(40) -50(50)  -70(50) 

O(22) 270(30)  290(30) 220(30)  60(30) -80(20)  -120(20) 

O(23) 290(30)  230(30) 270(30)  160(20) -30(30)  -40(20) 

O(24) 270(30)  180(20) 230(30)  110(20) -50(20)  -100(20) 

O(25) 230(30)  270(30) 170(20)  120(20) -30(20)  40(20) 

C(37) 260(40)  240(40) 210(40)  100(30) -60(30)  -10(30) 

C(38) 270(40)  330(50) 340(50)  90(40) -20(40)  -30(40) 

C(39) 290(50)  210(40) 200(40)  90(30) -10(40)  -30(40) 

C(40) 210(30)  220(40) 180(30)  50(30) -110(30)  20(30) 

C(41) 300(50)  240(40) 260(40)  90(40) 10(40)  0(40) 

C(42) 310(50)  310(50) 300(50)  20(40) 10(40)  -110(40) 

C(43) 161(18)  163(19) 162(19)  3(10) -4(10)  -9(10) 

C(44) 220(40)  290(50) 230(40)  0(40) -60(40)  -50(40) 

O(26) 250(30)  350(30) 300(30)  80(30) -10(20)  -120(30) 

O(32) 240(30)  310(30) 290(30)  -60(30) 60(30)  100(30) 

S(1) 510(40)  570(40) 590(40)  -10(30) -20(30)  60(30) 

______________________________________________________________________________ 
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A3 Crystallographic data of compound µ4-5-(2-(2-

hydroxyethoxy)ethoxy)benzene-1,3-dicarboxylato)-hemiaqua-

tetracosa-copper(II) N,N-dimethylformamide solvate (9) 

 

 
Figure A5. ORTEP representations of the asymmetric unit present in crystalline 9 with atomic numbering 
scheme. All non-hydrogen atoms represented by thermal ellipsoids drawn are at the 50% probability level. All 
hydrogen atoms and free solvent molecules are omitted for clarity. 
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Table A7. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for 9. U(eq) 
is defined as one third of  the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 

Cu(1) 7196(1) -2714(1) 9127(1) 23(1) 

Cu(2) 7915(1) -2024(1) 10711(1) 21(1) 

C(1) 9417(6) -2659(9) 8170(10) 38(3) 

C(2) 10051(6) -2614(8) 8764(9) 28(3) 

C(3) 5733(6) -2240(8) 11740(9) 31(3) 

C(4) 10719(6) -2931(9) 7102(9) 35(3) 

C(5) 10069(8) -2942(9) 6492(9) 35(3) 

C(6) 9427(7) -2838(9) 7006(10) 42(4) 

C(7) 8702(7) -2564(9) 8753(10) 36(4) 

C(8) 6425(6) -2243(7) 11117(8) 23(3) 

C(9) 9527(7) -2941(11) 4669(9) 46(4) 

C(10) 4775(7) -2054(10) 6531(10) 44(4) 

C(11) 5334(8) -2722(11) 7922(12) 52(4) 

C(12) 5765(8) -3392(11) 8168(15) 58(5) 

C(13) 7983(7) -4209(8) 11516(11) 36(3) 

C(14) 7799(7) -4883(8) 11013(9) 34(3) 

C(15) 7024(7) -500(7) 8411(10) 31(3) 

C(16) 6680(11) -502(9) 7383(13) 55(5) 

C(17) 6487(9) 147(10) 6908(11) 47(4) 

C(18) 6680(10) 794(10) 7457(12) 53(5) 

C(19) 7831(7) -3556(8) 10915(10) 34(3) 

C(20) 7253(7) -1207(7) 8934(10) 30(3) 

C(21) 6100(15) -363(12) 5174(17) 80(7) 

C(22) 5932(17) -130(20) 4020(20) 137(15) 

C(23) 6887(16) 220(40) 2430(20) 251(12) 

C(24) 7622(16) 140(40) 2120(30) 246(12) 

C(25) 7316(14) 2683(17) -3986(11) 95(11) 

C(26) 8050(20) 1750(17) -4640(20) 122(12) 

C(27) 7763(15) 2784(16) -5861(14) 96(8) 

N(1) 7723(9) 2389(11) -4788(10) 65(5) 

O(1) 6976(5) -1974(6) 11532(7) 36(2) 

O(2) 6370(5) -2559(6) 10141(7) 37(2) 

O(3) 8734(4) -2204(6) 9671(7) 37(2) 

O(4) 8123(4) -2771(6) 8309(6) 34(2) 

O(5) 10154(5) -3065(7) 5348(7) 51(3) 

O(6) 5230(6) -2646(7) 6758(8) 52(3) 

O(7) 6530(5) -3304(7) 7929(8) 45(3) 



Appendix A 

231 

 x y z U(eq) 

O(8) 8054(5) -2969(6) 11405(7) 35(2) 

O(9) 7489(5) -3550(5) 10021(7) 35(2) 

O(10) 7610(5) -1184(5) 9830(7) 38(2) 

O(11) 7005(5) -1776(5) 8464(7) 33(2) 

O(12) 6222(10) 225(7) 5830(9) 83(5) 

O(13) 6492(19) 260(20) 3438(17) 250(12) 

O(14) 7870(20) 535(14) 2978(17) 194(16) 

O(15) 8553(6) -1463(7) 11955(8) 49(3) 

O(16) 6927(9) 3248(12) -4034(11) 88(5) 
 

 

 

Table A8. Bond lengths [Å] and angles [°] for 9. 

Cu(1)-O(11)  1.952(9) 

Cu(1)-O(2)  1.954(9) 

Cu(1)-O(4)  1.956(8) 

Cu(1)-O(9)  1.963(10) 

Cu(1)-O(7)  2.175(10) 

Cu(1)-Cu(2)  2.6369(17) 

Cu(2)-O(8)  1.964(10) 

Cu(2)-O(10)  1.968(10) 

Cu(2)-O(3)  1.971(8) 

Cu(2)-O(1)  1.976(8) 

Cu(2)-O(15)  2.158(9) 

C(1)-C(2)  1.359(17) 

C(1)-C(6)  1.428(17) 

C(1)-C(7)  1.490(15) 

C(2)-C(3)#1  1.410(16) 

C(3)-C(4)#2  1.417(14) 

C(3)-C(8)  1.466(14) 

C(4)-C(5)  1.392(17) 

C(5)-C(6)  1.337(19) 

C(5)-O(5)  1.394(14) 

C(7)-O(4)  1.245(15) 

C(7)-O(3)  1.286(15) 

C(8)-O(1)  1.228(14) 

C(8)-O(2)  1.309(13) 

C(9)-O(5)  1.420(14) 

C(9)-C(10)#3  1.502(16) 

C(10)-O(6)  1.41(2) 

C(11)-O(6)  1.408(17) 

C(11)-C(12)  1.50(3) 

C(12)-O(7)  1.434(18) 

C(13)-C(18)#4  1.37(2) 

C(13)-C(14)  1.435(19) 

C(13)-C(19)  1.44(2) 

C(14)-C(15)#4  1.379(19) 

C(15)-C(16)  1.378(19) 

C(15)-C(20)  1.518(19) 

C(16)-C(17)  1.38(2) 

C(17)-O(12)  1.382(16) 

C(17)-C(18)  1.42(3) 

C(19)-O(9)  1.236(15) 

C(19)-O(8)  1.306(16) 

C(20)-O(10)  1.252(15) 

C(20)-O(11)  1.284(16) 

C(21)-O(12)  1.37(2) 

C(21)-C(22)  1.47(3) 

C(22)-O(13)  1.44(4) 

C(25)-O(16)  1.27(3) 

C(25)-N(1)  1.33(3) 
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C(26)-N(1)  1.35(3) 

C(27)-N(1)  1.48(2) 

O(13)-C(23)  1.40(1) 

C(23)-C(24)  1.40(1) 

C(24)-O(14)  1.33(4) 

 

O(11)-Cu(1)-O(2) 88.9(4) 

O(11)-Cu(1)-O(4) 90.1(4) 

O(2)-Cu(1)-O(4) 169.8(4) 

O(11)-Cu(1)-O(9) 168.8(4) 

O(2)-Cu(1)-O(9) 89.5(4) 

O(4)-Cu(1)-O(9) 89.6(4) 

O(11)-Cu(1)-O(7) 95.0(4) 

O(2)-Cu(1)-O(7) 92.9(4) 

O(4)-Cu(1)-O(7) 97.4(3) 

O(9)-Cu(1)-O(7) 96.2(4) 

O(11)-Cu(1)-Cu(2) 86.6(3) 

O(2)-Cu(1)-Cu(2) 82.4(2) 

O(4)-Cu(1)-Cu(2) 87.3(2) 

O(9)-Cu(1)-Cu(2) 82.1(3) 

O(7)-Cu(1)-Cu(2) 175.0(3) 

O(8)-Cu(2)-O(10) 167.6(4) 

O(8)-Cu(2)-O(3) 90.8(4) 

O(10)-Cu(2)-O(3) 90.8(4) 

O(8)-Cu(2)-O(1) 86.9(4) 

O(10)-Cu(2)-O(1) 89.0(4) 

O(3)-Cu(2)-O(1) 167.8(4) 

O(8)-Cu(2)-O(15) 94.4(4) 

O(10)-Cu(2)-O(15) 97.7(4) 

O(3)-Cu(2)-O(15) 96.1(4) 

O(1)-Cu(2)-O(15) 96.0(4) 

O(8)-Cu(2)-Cu(1) 85.9(2) 

O(10)-Cu(2)-Cu(1) 82.3(3) 

O(3)-Cu(2)-Cu(1) 81.0(2) 

O(1)-Cu(2)-Cu(1) 86.9(2) 

O(15)-Cu(2)-Cu(1) 177.0(3) 

C(2)-C(1)-C(6) 120.7(11) 

C(2)-C(1)-C(7) 119.7(11) 

C(6)-C(1)-C(7) 119.5(11) 

C(1)-C(2)-C(3)#1 121.2(10) 

C(2)#2-C(3)-C(4)#2 116.3(10) 

C(2)#2-C(3)-C(8) 122.9(9) 

C(4)#2-C(3)-C(8) 120.8(10) 

C(5)-C(4)-C(3)#1 121.9(11) 

C(6)-C(5)-C(4) 120.4(10) 

C(6)-C(5)-O(5) 124.8(11) 

C(4)-C(5)-O(5) 114.8(11) 

C(5)-C(6)-C(1) 119.3(11) 

O(4)-C(7)-O(3) 124.2(11) 

O(4)-C(7)-C(1) 120.6(10) 

O(3)-C(7)-C(1) 114.9(11) 

O(1)-C(8)-O(2) 127.3(10) 

O(1)-C(8)-C(3) 119.9(9) 

O(2)-C(8)-C(3) 112.8(10) 

O(5)-C(9)-C(10)#3 107.4(10) 

O(6)-C(10)-C(9)#5 110.9(12) 

O(6)-C(11)-C(12) 110.3(14) 

O(7)-C(12)-C(11) 112.0(15) 

C(18)#4-C(13)-C(14) 118.8(14) 

C(18)#4-C(13)-C(19) 121.8(13) 

C(14)-C(13)-C(19) 119.3(11) 

C(15)#4-C(14)-C(13) 118.0(11) 

C(14)#6-C(15)-C(16) 123.6(13) 

C(14)#6-C(15)-C(20) 117.1(11) 

C(16)-C(15)-C(20) 119.3(12) 

C(15)-C(16)-C(17) 118.6(14) 

O(12)-C(17)-C(16) 124.3(14) 

O(12)-C(17)-C(18) 115.2(14) 

C(16)-C(17)-C(18) 119.6(12) 

C(13)#6-C(18)-C(17) 121.3(14) 

O(9)-C(19)-O(8) 122.4(13) 

O(9)-C(19)-C(13) 122.2(11) 

O(8)-C(19)-C(13) 115.3(10) 

O(10)-C(20)-O(11) 125.8(12) 

O(10)-C(20)-C(15) 117.7(11) 

O(11)-C(20)-C(15) 116.3(10) 
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O(12)-C(21)-C(22) 110(2) 

O(13)-C(22)-C(21) 117(2) 

O(16)-C(25)-N(1) 128.3(18) 

C(26)-N(1)-C(25) 121(2) 

C(26)-N(1)-C(27) 122(2) 

C(25)-N(1)-C(27) 116(2) 

C(8)-O(1)-Cu(2) 119.4(7) 

C(8)-O(2)-Cu(1) 123.9(7) 

C(7)-O(3)-Cu(2) 126.3(8) 

C(7)-O(4)-Cu(1) 120.4(7) 

C(5)-O(5)-C(9) 116.2(10) 

C(10)-O(6)-C(11) 110.4(12) 

C(12)-O(7)-Cu(1) 118.1(9) 

C(19)-O(8)-Cu(2) 121.6(8) 

C(19)-O(9)-Cu(1) 127.8(9) 

C(20)-O(10)-Cu(2) 125.2(9) 

C(20)-O(11)-Cu(1) 120.1(7) 

C(21)-O(12)-C(17) 120.3(14) 

C(22)-O(13)-C(23) 139(4) 

O(13)-C(23)-C(24) 137(3) 

O(14)-C(24)-C(23) 93(3) 

Symmetry transformations used to generate equivalent atoms:  

#1 x+1/2,-y-1/2,-z+2    #2 x-1/2,-y-1/2,-z+2    #3 x+1/2,-y-1/2,-z+1  

#4 -x+3/2,y-1/2,-z+2    #5 x-1/2,-y-1/2,-z+1    #6 -x+3/2,y+1/2,-z+2  

 

 

 
Table A9. Anisotropic displacement parameters  (Å2x 103) for 9. The anisotropic displacement factor exponent 
takes the form: -2 π 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________ 

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________ 

Cu(1) 21(1)  35(1) 15(1)  -2(1) 0(1)  -3(1) 

Cu(2) 20(1)  29(1) 16(1)  -2(1) 1(1)  -2(1) 

C(1) 20(5)  56(10) 37(6)  -16(6) 2(5)  -7(6) 

C(2) 22(5)  41(9) 22(5)  -1(5) -2(4)  -10(5) 

C(3) 21(5)  52(10) 21(5)  -10(5) 1(4)  -2(6) 

C(4) 23(5)  65(10) 18(5)  -14(6) 1(4)  -1(6) 

C(5) 43(7)  39(10) 24(5)  -11(5) -11(5)  2(6) 

C(6) 30(6)  68(12) 28(6)  -15(6) -5(5)  -6(7) 

C(7) 25(6)  53(11) 31(6)  -17(6) 16(5)  -6(6) 

C(8) 15(5)  29(8) 24(5)  -13(5) -2(4)  12(5) 

C(9) 29(6)  92(13) 16(5)  -5(7) -11(4)  -6(8) 

C(10) 24(6)  74(12) 32(6)  -22(7) 0(5)  -9(7) 

C(11) 36(7)  80(13) 40(7)  -9(8) -1(6)  -3(8) 

C(12) 32(7)  77(14) 65(10)  -18(9) -7(7)  -27(8) 

C(13) 32(7)  36(9) 39(7)  -10(5) -9(6)  0(6) 

C(14) 29(6)  48(8) 25(5)  -4(5) -1(5)  -8(6) 
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C(15) 37(7)  25(8) 32(6)  -3(5) 1(5)  10(6) 

C(16) 91(13)  33(10) 40(8)  -7(6) -32(8)  26(9) 

C(17) 64(9)  43(10) 34(7)  3(7) -15(6)  26(8) 

C(18) 77(11)  55(12) 26(7)  1(6) 2(7)  27(9) 

C(19) 23(5)  43(9) 37(6)  -25(6) -4(6)  -3(5) 

C(20) 31(6)  24(8) 36(6)  -2(5) -7(5)  -4(5) 

C(21) 110(18)  68(16) 62(11)  10(10) -31(11)  4(13) 

C(22) 120(20)  230(40) 61(13)  -27(19) -1(13)  -100(30) 

C(23) 380(20)  300(30) 69(10)  -66(15) -17(15)  -10(30) 

C(24) 380(20)  300(30) 63(11)  -65(17) -20(15)  -10(30) 

C(25) 115(19)  160(30) 12(6)  -9(10) -2(8)  -101(19) 

C(26) 210(40)  90(20) 70(14)  -12(13) -15(19)  20(20) 

C(27) 107(16)  150(20) 34(8)  -3(11) 7(9)  -19(17) 

N(1) 66(10)  92(14) 35(6)  -4(7) 1(6)  -24(9) 

O(1) 28(4)  46(6) 34(4)  -20(4) 4(3)  -1(4) 

O(2) 20(4)  56(7) 36(4)  -8(4) 1(3)  -18(4) 

O(3) 23(4)  53(8) 33(4)  -14(4) 2(3)  -11(4) 

O(4) 22(4)  50(7) 31(4)  -15(4) -3(3)  -2(4) 

O(5) 32(5)  94(9) 26(4)  -9(5) 2(3)  7(6) 

O(6) 44(6)  73(9) 38(5)  -1(5) 4(4)  -1(6) 

O(7) 31(5)  67(8) 36(5)  -11(5) 0(4)  -10(5) 

O(8) 35(5)  41(6) 28(4)  0(4) -5(3)  -9(4) 

O(9) 36(5)  32(6) 36(5)  -7(4) -1(4)  1(4) 

O(10) 47(6)  34(7) 34(5)  0(4) -18(4)  1(4) 

O(11) 35(5)  39(6) 27(4)  5(3) -10(4)  4(4) 

O(12) 163(15)  49(9) 36(6)  4(5) -35(8)  -5(9) 

O(13) 380(20)  310(30) 65(9)  -70(15) -23(15)  -10(30) 

O(14) 320(40)  170(20) 92(13)  51(14) -100(20)  -130(30) 

O(15) 59(7)  50(8) 37(5)  -8(5) -23(5)  -8(5) 

O(16) 81(10)  140(16) 44(7)  -10(8) 7(6)  14(10) 

___________________________________________________________________________ 
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A4 Crystallographic data of catena-(hexakis(µ4-Benzene-1,4-bis-

(3,5-dimethylpyrazolato))-bis(µ4-oxo)-octa-cobalt) (MFU-1) 

 

 
Figure A6. ORTEP representations and numbering scheme of the asymmetric unit present in crystalline MFU-1. 
The minor disorder compound is drawn with hollow lines. All non-hydrogen atoms represented by thermal 
ellipsoids drawn are at the 50% probability level. Hydrogen atoms are omitted for clarity. The main compound 
(O1, Co1, N1, C1–C5) is drawn with bold solid lines as bonds and front ellipses for the atoms, whereas the 
minor disorder compound (Co1B, N1B, C1B, C2B, 20% propability) is drawn with bold broken lines as bonds 
and boundary ellipses as atoms. Atoms generated by symmetry operations are drawn as hollow ellipses 
connected by thin lines. 

Table A10. Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for 

MFU-1. U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

O(1) 5000 5000 5000 23(1) 

Co(1) 5712(1) 4288(1) 4288(1) 26(1) 

N(1) 5309(2) 4691(2) 3177(2) 41(1) 

C(1) 6137(3) 3863(3) 2136(4) 130(4) 

C(2) 5493(2) 4507(2) 2364(2) 69(2) 

Co(1B) 4291(1) 4291(1) 4291(1) 27(1) 

N(1B) 4740(9) 4740(9) 3137(12) 55(5) 

C(1B) 3785(10) 3785(10) 2280(20) 139(15) 

C(2B) 4456(10) 4456(10) 2411(13) 64(6) 

C(3) 5000 5000 1823(3) 73(2) 

C(4) 5000 5000 876(3) 85(2) 

C(5) 5002(5) 4293(5) 441(3) 102(2) 

________________________________________________________________________________ 
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Table A11. Bond lengths [Å] and angles [°] for MFU-1. 

O(1)-Co(1)  1.9478(7) 

Co(1)-N(1)  1.971(3) 

N(1)-N(1)#3  1.380(8) 

N(1)-C(2)  1.348(5) 

C(1)-C(2)  1.482(7) 

C(2)-C(3)  1.394(6) 

C(3)-C(4)  1.496(7) 

C(4)-C(5)  1.311(7) 

C(5)-C(5)#10  1.392(10) 

O(1)-Co(1B)  1.939(3) 

Co(1B)-N(1B)  2.080(18) 

N(1B)-N(1B)#3  1.16(4) 

N(1B)-C(2B)  1.31(3) 

C(1B)-C(2B)  1.511(10) 

C(2B)-C(3)  1.53(2) 

 

Co(1B)-O(1)-Co(1B)#1 109.5 

Co(1)#1-O(1)-Co(1) 109.5 

O(1)-Co(1)-N(1)#2 98.09(11) 

N(1)#2-Co(1)-N(1) 118.05(5) 

C(2)-N(1)-N(1)#3 107.8(3) 

C(2)-N(1)-Co(1) 135.0(4) 

N(1)#3-N(1)-Co(1) 117.17(11) 

N(1)-C(2)-C(3) 110.0(4) 

N(1)-C(2)-C(1) 121.9(5) 

C(3)-C(2)-C(1) 128.1(4) 

O(1)-Co(1B)-N(1B)#4 96.5(6) 

N(1B)#4-Co(1B)-N(1B) 118.7(2) 

O(1)-Co(1B)-N(1B)#7 96.5(6) 

N(1B)#3-N(1B)-C(2B) 118.9(13) 

N(1B)#3-N(1B)-Co(1B) 118.8(6) 

C(2B)-N(1B)-Co(1B) 122.3(16) 

N(1B)-C(2B)-C(1B) 127(2) 

N(1B)-C(2B)-C(3) 98.4(15) 

C(1B)-C(2B)-C(3) 135(2) 

C(2)#3-C(3)-C(2) 104.4(5) 

C(2)-C(3)-C(4) 127.8(2) 

C(4)-C(3)-C(2B) 127.4(8) 

C(2B)#3-C(3)-C(2B) 105.3(16) 

C(5)-C(4)-C(5)#3 116.8(6) 

C(5)#5-C(4)-C(3) 121.6(3) 

C(4)-C(5)-C(5)#6 121.6(3) 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+1,-y+1,z    #2 -x+1,y,-z    #3 x,-y+1,-z+1       

#4 -x+1,y,-z+1    #5 -z+1,-x+1,y    #6 -y+1,z,-x+1       

#7 z,x,y    #8 y,x,z    #9 -y+1,-x+1,z       
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Table A12. Anisotropic displacement parameters  (Å2x 103) for MFU-1. The anisotropic displacement factor 

exponent takes the form:  -2 π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

O(1) 23(1)  23(1) 23(1)  0 0  0 

Co(1) 26(1)  26(1) 26(1)  -3(1) 3(1)  3(1) 

N(1) 54(1)  54(1) 17(2)  -3(1) 3(1)  16(2) 

C(1) 178(6)  178(6) 34(3)  -12(2) 12(2)  109(7) 

C(2) 96(3)  96(3) 16(2)  -8(2) 8(2)  17(3) 

C(3) 100(3)  100(3) 18(2)  0 0  3(4) 

C(4) 115(3)  115(3) 26(3)  0 0  -4(5) 

C(5) 196(7)  88(4) 22(2)  10(3) -11(3)  17(6) 
______________________________________________________________________________  

 

 

Table A13. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for MFU-1. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

  
H(1A) 6175 3438 2586 196 

H(1B) 6688 4139 2065 196 

H(1C) 5972 3589 1604 196 

H(1D) 6175 3438 2586 196 

H(1E) 6688 4139 2065 196 

H(1F) 5972 3589 1604 196 

H(2A) 4054 3219 2247 208 

H(2B) 3445 3874 1770 208 

H(2C) 3419 3802 2780 208 

H(2D) 4054 3219 2247 208 

H(2E) 3445 3874 1770 208 

H(2F) 3419 3802 2780 208 

H(5) 5005 3767 734 122 
________________________________________________________________________________ 
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A5 Crystallographic data of MFU-1 (interpenetrated) 

 

 
Figure A7. ORTEP representations and numbering scheme of the asymmetric unit present in crystalline MFU-1 
(unsqueezed, residual electron density interpreted as interpenetrating species). The minor disorder compound is 
drawn with hollow lines, the interpenetrating species with broken lines (8.63% probability). All non-hydrogen 
atoms represented by thermal ellipsoids drawn are at the 50% probability level. Hydrogen atoms are omitted for 
clarity. 
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Table A14.  Crystal data and structure refinement for MFU-1 (interpenetrating). 

Formula  C64.56H64.56Co5.38N16.14O1.35 

Formula weight  1405.21 

T (K)  120(2) 

Wavelength (Å) 0.71073  

Crystal system  cubic 

Space group  mP 34  

a = b = c (Å) 15.7904(2) 

α = β = γ (°) 90° 

V (Å3) 3937.13(9)  

Z 1 

Dcalc. (g cm–3) 0.593 

µ (mm–1) 0.577 

F(0 0 0) 721 

Crystal dimensions (mm) 0.073 x 0.071 x 0.070 

Θ range [°] 3.65–29.34 

Index ranges –20 ≤ h ≤ 21, –21 ≤ k ≤ 18, –s20 ≤ l ≤ 19 

Reflections collected 17696 

Independent reflections 1975 [R(int) = 0.0615] 

Completeness to theta = 29.34° 96.2 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1975 / 1 / 77 

Goodness-of-fit on F2 1.016 

Final R indices [I>2sigma(I)] R1 = 0.0798, wR2 = 0.2115 

R indices (all data) R1 = 0.1143, wR2 = 0.2220 

Absolute structure parameter 0.48(7) 

Δρmax and Δρmin (e Å–3) 1.017 and –0.375 e.Å-3 
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Partial Interpenetration/Interweaving 

A deeper inspection of the residual electron density in the void region of MFU-1 indicates 

that MFU-1 is eventually partially filled with a sublattice of the same topology. At least, the 

lowered intensity of the first reflections in the XRPD patterns of MFU-1 and the reduced 

surface area are in agreement with this finding. On the other hand, this assignment of 

interdigitation is not free of doubt, as scattering of the solvent as well may alter the intensities 

of the reflections. The electron density may as well be affected by crystallographic defects or 

unaccounted twinning, which might only feign the observed interdigitation. As described 

above, the void region cannot be refined freely, and not all of the atomic positions of the 

interpenetrating sublattice can be found in the electron density map (and thus have to be put 

on calculated positions to represent the complete interpenetrating fragment, in particular the 

methyl moieties or the atoms of the pyrazolate rings). When the coordinates of the atoms in 

the interpenetrating (or, more accurately, interweaving) species are constrained to be fixed to 

their initial positions (allowing no refinement of the coordinates), a sublattice disordered over 

four equally occupied positions can be assigned from the electron density maxima (which has 

a total occupancy of 8.63% for the four superimposed positions, therefore 34.5% of the void 

regions are filled with a sublattice as illustrated in Figure A8). Usually, the MOFs reported up 

till now whether show complete interpenetration with a sublattice, or no interpenetration at 

all.* Thus, MFU-1 is amongst the first examples where only partial interpenetration is 

reported, and might contradict the observation reported in literature that either a fully 

interpenetrated network or a fully non-interpenetrated network is favoured.* 

                                                                                                                                                   
* a) S. Ma, D. Sun, M. Ambrogio, J. A. Fillinger, S. Parkin, H.-C. Zhou, J. Am. Chem. Soc. 2007, 129, 1858–

1859; b) J. J. Zhang, L. Wojtas, R. W. Larsen, M. Eddaoudi, M. J. Zaworotko, J. Am. Chem. Soc. 2009, 131, 
17040–17041; c) I. A. Baburin, V. A. Blatov, L. Carlucci, G. Ciani, D. M. Proserpio, J. Solid State Chem. 
2005, 178, 2452–2474. 
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Figure A8. Illustration of the interpenetration in MFU-1. Top: representation of the sublattice in the voids of 
MFU-1. Four different positions of a sublattice are superimposed in the void region of MFU-1 (drawn in blue, 
red, green and yellow; The carbon and nitrogen atoms of the latter three are omitted for clarity). Bottom: MFU-1 
network (blue) together with the interpenetrating sublattices (red, one out of four symmetry related positions, 
34.5% probability). Hydrogen atoms are omitted for clarity. 



Crystallographic data 

242 

Table A15. Atomic coordinates ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for MFU-

1 (interpenetrating).  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

O(1) 5000 5000 5000 19(2) 

Co(1) 5712(1) 4288(1) 4288(1) 27(1) 

N(1) 5309(3) 4691(3) 3172(3) 42(1) 

C(1) 6147(5) 3853(5) 2135(7) 124(5) 

C(2) 5502(4) 4498(4) 2368(4) 68(3) 

Co(1B) 4292(2) 4292(2) 4292(2) 19(2) 

N(1B) 4731(14) 4731(14) 3157(16) 38(6) 

C(2B) 4485(19) 4485(19) 2380(30) 78(12) 

C(1B) 3817(18) 3817(18) 2260(40) 104(19) 

C(3) 5000 5000 1823(5) 68(3) 

C(4) 5000 5000 879(5) 86(3) 

C(5) 4999(9) 4265(8) 438(5) 107(4) 

Co(2) 1880(3) 1880(3) 466(4) 21(2) 

Co(3) 445(3) 445(3) 445(3) 7(2) 

O(2) 1202(6) 1202(6) 1202(6) 7 

N(2) 3005(6) 1443(6) 865(6) 22(6) 

N(3) -820(6) 821(6) 821(6) 49(7) 

N(4) -1383(6) 1384(6) 687(6) 34(9) 

C(6) 4054(6) 2265(6) -12(6) 130(30) 

C(7) 3812(6) 1638(6) 658(6) 73(14) 

C(8) 4349(6) 1156(6) 1156(6) 31(10) 

C(9) 5299(6) 1159(6) 1159(6) 62(19) 

C(10A) 5698(6) 1725(6) 1313(6) 17(11) 

C(10B) 5729(6) 285(6) 1542(6) 27(13) 

C(11) 0(6) 0(6) 1899(6) 170(40) 

C(12) -621(6) 622(6) 1494(6) 22(8) 

C(13) -1079(6) 1079(6) 2029(6) 57(17) 

C(14) -1586(6) 1586(6) 1586(6) 56(10) 

C(15) -2181(6) 2181(6) 2181(6) 230(50) 

C(16) -1071(6) 1072(6) 2978(6) 55(17) 

C(17A) -316(6) 1289(6) 3353(6) 39(17) 

C(17B) -1824(6) 1144(6) 3435(6) 12(11) 

________________________________________________________________________________ 



Appendix A 

243 

Table A16. Bond lengths [Å] and angles [°] for  MFU-1 (interpenetrating). 

O(1)-Co(1B)  1.936(5) 

O(1)-Co(1)#1  1.9473(11) 

Co(1)-N(1)  1.979(5) 

N(1)-C(2)  1.340(8) 

N(1)-N(1)#2  1.379(12) 

C(1)-C(2)  1.487(12) 

C(2)-C(3)  1.414(9) 

Co(1B)-N(1B)  2.04(3) 

N(1B)-N(1B)#2  1.20(6) 

N(1B)-C(2B)  1.34(5) 

C(2B)-C(3)  1.45(5) 

C(2B)-C(1B)  1.503(10) 

C(3)-C(4)  1.491(10) 

C(4)-C(5)  1.354(12) 

C(5)-C(5)#3  1.382(15) 

Co(2)-O(2)  1.909(7) 

Co(2)-N(2)  2.007(8) 

Co(2)-N(4)#4  2.131(10) 

Co(3)-O(2)  2.070(18) 

Co(3)-N(3)  2.167(4) 

N(2)-N(2)#5  1.2914 

N(2)-C(7)  1.3510 

N(3)-C(12)#6  1.15(2) 

N(3)-N(4)  1.2745 

N(3)-Co(3)#4  2.168(8) 

C(6)-C(7)  1.4987 

C(7)-C(8)  1.3837 

C(8)-C(7)#5  1.3837 

C(8)-C(9)  1.4996 

C(9)-C(10A)#5  1.1204 

C(9)-C(10A)  1.1204 

C(9)-C(10B)#5  1.6532 

C(9)-C(10B)  1.6532 

C(10A)-C(10B)#5  1.6495 

C(11)-C(12)  1.5279 

C(12)-C(13)  1.3256 

C(13)-C(14)  1.3305 

C(13)-C(16)  1.4997 

C(14)-N(4)#6  1.490(13) 

C(14)-C(15)  1.6276 

C(16)-C(17A)#7  1.38(2) 

C(16)-C(17B)#7  1.394(14) 

C(17A)-C(17B)#7  1.562(5) 

 

Co(1B)-O(1)-Co(1B)#2 109.5 

Co(1)#1-O(1)-Co(1)#2 109.5 

O(1)-Co(1)-N(1) 98.20(17) 

N(1)-Co(1)-N(1)#8 118.00(8) 

C(2)-N(1)-N(1)#2 108.8(4) 

C(2)-N(1)-Co(1) 134.2(5) 

N(1)#2-N(1)-Co(1) 117.06(17) 

N(1)-C(2)-C(3) 108.8(6) 

N(1)-C(2)-C(1) 123.1(7) 

C(3)-C(2)-C(1) 128.1(6) 

O(1)-Co(1B)-N(1B) 96.6(9) 

N(1B)-Co(1B)-N(1B)#9 118.7(3) 

N(1B)#2-N(1B)-C(2B) 114(2) 

N(1B)#2-N(1B)-Co(1B) 118.6(9) 

C(2B)-N(1B)-Co(1B) 127(3) 

N(1B)-C(2B)-C(3) 103(3) 

N(1B)-C(2B)-C(1B) 121(4) 

C(3)-C(2B)-C(1B) 135(4) 

C(2)-C(3)-C(2)#2 104.9(7) 

C(2B)#2-C(3)-C(2B) 105(3) 

C(2)-C(3)-C(4) 127.5(3) 

C(2B)#2-C(3)-C(4) 127.5(17) 

C(5)-C(4)-C(5)#2 118.1(10) 

C(5)-C(4)-C(3) 120.9(5) 

C(4)-C(5)-C(5)#3 120.9(5) 

O(2)-Co(2)-N(2) 96.4(2) 

N(2)-Co(2)-N(2)#10 120.6(8) 

O(2)-Co(2)-N(4)#4 96.2(6) 

N(2)-Co(2)-N(4)#4 117.9(7) 

O(2)-Co(3)-N(3) 102.5(5) 

N(3)-Co(3)-N(3)#4 115.4(3) 

Co(2)-O(2)-Co(2)#9 111.6(4) 
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Co(2)-O(2)-Co(3) 107.2(5) 

N(2)#5-N(2)-C(7) 109.3 

N(2)#5-N(2)-Co(2) 117.73(19) 

C(7)-N(2)-Co(2) 132.92(19) 

C(12)#6-N(3)-N(4)#6 122.3(5) 

C(12)#6-N(3)-Co(3) 134.5(7) 

N(4)-N(3)-Co(3) 142.02(6) 

N(2)-C(7)-C(8) 108.4 

N(2)-C(7)-C(6) 124.1 

C(8)-C(7)-C(6) 127.4 

C(7)-C(8)-C(7)#5 104.4 

C(7)-C(8)-C(9) 127.8 

C(10A)#5-C(9)-C(8) 124.5 

C(10A)#5-C(9)-C(10B)#5 110.8 

C(8)-C(9)-C(10B)#5 114.2 

N(3)-C(12)-C(13) 106.9 

N(3)-C(12)-C(11) 137.4 

C(13)-C(12)-C(11) 115.7 

C(12)-C(13)-C(14) 108.7 

C(12)-C(13)-C(16) 129.0 

C(14)-C(13)-C(16) 122.3 

C(13)#6-C(14)-N(4)#6 104.0(3) 

C(13)-C(14)-C(15) 113.0 

N(4)#6-C(14)-C(15) 142.9(7) 

C(17A)#7-C(16)-C(17B)#7 119.7(4) 

C(17A)#7-C(16)-C(13) 115.8(4) 

C(17B)#7-C(16)-C(13) 120.7(3) 

Symmetry transformations used to generate equivalent atoms:  

#1 x,-y+1,-z+1    #2 -x+1,-y+1,z    #3 -x+1,y,-z       

#4 -x,y,-z    #5 x,z,y    #6 -z,-x,y    #7 -y,-x,z       

#8 -z+1,-x+1,y    #9 z,x,y    #10 y,x,z       

 

 
Table A17. Anisotropic displacement parameters  (Å2x 103) for MFU-1 (interpenetrating). The anisotropic 

displacement factor exponent takes the form:  -2 π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

O(1) 19(2)  19(2) 19(2)  0 0  0 

Co(1) 27(1)  27(1) 27(1)  -3(1) 3(1)  3(1) 

N(1) 55(2)  55(2) 16(2)  -1(1) 1(1)  18(3) 

C(1) 164(8)  164(8) 45(5)  -13(3) 13(3)  90(9) 

C(2) 91(4)  91(4) 21(3)  -8(2) 8(2)  28(5) 

C(3) 93(4)  93(4) 18(3)  0 0  15(6) 

C(4) 119(6)  119(6) 20(4)  0 0  5(8) 

C(5) 214(13)  90(7) 18(3)  2(4) -7(5)  10(9) 
______________________________________________________________________________ 
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Table A18. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for MFU-1 
(interpenetrating). 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

H(1A) 6300 3524 2637 186 

H(1B) 6652 4139 1913 186 

H(1C) 5914 3478 1701 186 

H(2A) 3633 3516 2828 156 

H(2B) 4029 3286 1947 156 

H(2C) 3336 4025 1962 156 

H(5) 4998 3741 734 128 

H(6A) 3552 2505 -255 198 

H(6B) 4391 2706 236 198 

H(6C) 4375 1984 -445 198 

H(10A) 5900 2264 1137 21 

H(10B) 5551 0 1650 33 

H(11A) 346 204 2365 208 

H(11B) -175 -574 1963 208 

H(15) -2064 2064 2779 339 

H(17A) 189 1273 3027 46 

H(17B) -2366 1077 3182 14 

________________________________________________________________________________  
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A6 Crystallographic data of catena-((µ4-Benzene-1,4-bis-(3,5-

dimethylpyrazolato)-cobalt(II) dimethylformamide clathrate) 

(MFU-2) 

 
Figure A9. ORTEP representations and numbering scheme of the asymmetric unit present in crystalline MFU-2. 
The main compound is drawn with bold solid lines as bonds and front ellipses for the atoms, whereas the minor 
disorder compound (C5B, 13% probability) is drawn with bold broken lines as bonds and boundary ellipses as 
atoms. Atoms generated by symmetry operations are drawn as hollow ellipses connected by thin lines. Hydrogen 
atoms are omitted for clarity. 

 

Table A19. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for MFU-2. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   

Co(1) -2500 2500 2500 37(1) 

N(1) -3222(3) 2964(3) 4162(6) 40(2) 

C(1) -4222(4) 3182(4) 1951(10) 70(3) 

C(2) -3779(4) 3374(4) 3684(9) 44(2) 

C(3) -3901(3) 3901(3) 5000 47(2) 

C(4) -4464(4) 4464(4) 5000 53(3) 

C(5) -4858(5) 4632(5) 6584(12) 68(4) 

C(5B) -4290(30) 5150(30) 5440(60) 50(20) 

________________________________________________________________________________ 
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Table A20. Bond lengths [Å] and angles [°] for MFU-2. 

Co(1)-N(1)#1  1.992(5) 

N(1)-C(2)  1.331(7) 

N(1)-N(1)#2  1.379(9) 

C(1)-C(2)  1.533(9) 

C(2)-C(3)  1.379(8) 

C(3)-C(4)  1.481(13) 

C(4)-C(5B)  1.35(5) 

C(4)-C(5)  1.386(9) 

C(5)-C(5)#3  1.343(15) 

C(5B)-C(5B)#3  1.48(11) 

 

N(1)#1-Co(1)-N(1)#4 110.92(14) 

N(1)#1-Co(1)-N(1)#5 110.92(14) 

N(1)#4-Co(1)-N(1)#5 106.6(3) 

N(1)#1-Co(1)-N(1) 106.6(3) 

N(1)#4-Co(1)-N(1) 110.92(14) 

N(1)#5-Co(1)-N(1) 110.92(14) 

C(2)-N(1)-N(1)#2 107.2(3) 

C(2)-N(1)-Co(1) 128.3(4) 

N(1)#2-N(1)-Co(1) 115.9(3) 

N(1)-C(2)-C(3) 111.1(6) 

N(1)-C(2)-C(1) 119.6(6) 

C(3)-C(2)-C(1) 129.1(6) 

C(2)#2-C(3)-C(2) 103.4(8) 

C(2)#2-C(3)-C(4) 128.3(4) 

C(2)-C(3)-C(4) 128.3(4) 

C(5B)-C(4)-C(5B)#2 120(5) 

C(5B)-C(4)-C(5)#2 75.4(18) 

C(5B)#2-C(4)-C(5)#2 74(2) 

C(5B)-C(4)-C(5) 74(2) 

C(5B)#2-C(4)-C(5) 75.4(18) 

C(5)#2-C(4)-C(5) 115.6(9) 

C(5B)-C(4)-C(3) 120(2) 

C(5B)#2-C(4)-C(3) 120(2) 

C(5)#2-C(4)-C(3) 122.2(5) 

C(5)-C(4)-C(3) 122.2(5) 

C(5)#3-C(5)-C(4) 122.2(5) 

C(4)-C(5B)-C(5B)#3 120(2) 

Symmetry transformations used to generate equivalent atoms:  

#1 -x-1/2,-y+1/2,z    #2 -y,-x,-z+1    #3 y-1,x+1,z       

#4 y-1/2,-x,-z+1/2    #5 -y,x+1/2,-z+1/2       

 
Table A21. Anisotropic displacement parameters  (Å2x 103) for MFU-2. The anisotropic displacement factor 

exponent takes the form:  -2 π2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Co(1) 40(1)  40(1) 32(1)  0 0  0 

N(1) 46(3)  43(3) 30(3)  1(2) 4(2)  5(3) 

C(1) 77(6)  84(6) 47(5)  -5(4) -14(4)  23(5) 

C(2) 46(4)  51(4) 34(4)  1(3) 3(3)  15(4) 

C(3) 53(4)  53(4) 36(5)  10(4) 10(4)  20(5) 

C(4) 63(4)  63(4) 33(5)  3(5) 3(5)  17(6) 

C(5) 85(7)  78(7) 40(5)  12(5) 12(5)  46(6) 

C(5B) 60(30)  50(30) 20(30)  0(20) -20(20)  -30(20) 

______________________________________________________________________________ 
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Table A22. Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for MFU-2. 

________________________________________________________________________________  

 x  y  z  U(eq) 

________________________________________________________________________________  

H(1A) -3918 3216 837 104 

H(1B) -4627 3516 1836 104 

H(1C) -4405 2690 2071 104 

H(5) -4764 4377 7707 81 

H(5B) -3810 5267 5752 54 

________________________________________________________________________________  
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Uncertainty analysis 

for dissociation constants 
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Experimental uncertainty analysis 

Was performed using the gaussian law of error propagation: 

 ∑ 2)Δ
∂

∂
(=Δ i

i
x

x
y

y . 

 

From the experimental uncertainities 

 Error in weighing %3=
Δ
m
m

, 

 Error in volume (Eppendorf pipette) %1=
Δ
V
V

, 

 Error in Absorption values %2=
Δ
A
A

, 

 

We can derive (as detailed on the following pages) 

%9.3=
Δ

2+
Δ

+
Δ

=
Δ 222

+2

+2

V
V

A
A

m
m

ε
ε

Cu

Cu ; 

%6.4=
Δ

3+
Δ

+
Δ

=
Δ 222

+2

+2

V
V

A
A

ε
ε

Cu
Cu

Cu

Cu

tot

tot  and 

%1.5=
Δ

+
Δ

+
Δ

=
Δ 222

)(

)(

22

22

tot

tot

CROCu

CROCu

Cu
Cu

V
V

A
A

ε
ε

. 

 

This gives an error in each concentration of 

%3.11=
Δ

2+
Δ

2+
Δ

2+
Δ

=
][
][Δ

222

)(

)(
2

+2

+2

+2

+2

22

22

tot

tot

Cu

Cu

CROCu

CROCu

Cu
Cu

ε
ε

ε
ε

A
A

Cu
Cu  

 



Appendix B 

251 

Leading for the Nanoball to 
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Derivations 
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The error in each of the concentrations is derived using 

 ∑ ][= XεA x  

giving 
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and as well the same for all other concentrations. 

 

Whereas 
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+2Cuε  was determined from a solution of a weighted amount of Cu(NO3)2•3 H2O dissolved in 

the respective solvent, and was determined from the absorptions (measured 10 times at 

different concentrations) using: 

V
mM

A
c
A

εCu ==+2  

 A: measured Absorption 

 m: mass of Cu(NO3)2•3 H2O 

 V: Volume of solvent 

 

Since a certain volume of mother solution (containing Cu2+) was added to a certain amount of 

solvent, the error in volume counts twice, and we derive: 
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Cutot values were determined from the absorptions of the solutions (which are equal to +2Cuε ) 

after acidifying with a given volume of HNO3. Regarding three times the error of volume 

(each once for the solvent, the stock solution, and the HNO3) gives 
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By adding a measured volume of (O2CR)– to a solution with known concentration Cutot, we 

experimentally derived 
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MFU-1, before catalysis 

 

 
 

Table C1. Parameters obtained by final optimisation of EXAFS signals for MFU-1, for comparison 
distances from X-ray structural data are given.[a] 

scattering path type of 
scattering 

N R 
 
(Å) 

crystal 
structure 
(Å) 

σ2 

 
(Å2) 

ΔE0 

 

(eV) 

Coab-O1_1 SS 0.99±0.09 2.00(3) 1.95 0.0029(2) -0.8±1.0 

Coab-N1_1 SS 2.96±0.26 1.97(1) 1.98 0.0063(25) -0.8±1.0 

Coab-N1_2 SS 2.96±0.26 2.88(2) 2.88 0.0063(25) -0.8±1.0 

Coab-C1_1 SS 2.96±0.26 3.07(2) 3.07 0.011(6) -0.8±1.0 

Coab-Co1_1 SS 2.96±0.26 3.18(2) 3.18 0.010(2) -0.8±1.0 

Coab-C3_1 SS 2.96±0.26 3.38(4) 3.53 0.004(4) -0.8±1.0 

Coab-C1_2 SS 2.96±0.26 4.01(12) 4.05 0.011(6) -0.8±1.0 

Coab-C2_1 SS 2.96±0.26 4.09(12) 4.20 0.011(6) -0.8±1.0 

Coab-N1_1-C2_1-N1_1 MS 5.93±0.53 4.08(11) 4.22 0.007(6) -0.8±1.0 

Coab-N1_3 SS 5.93±0.53 4.29(8) 4.37 0.011(6) -0.8±1.0 

Coab-C3_2 SS 2.96±0.26 5.32(9) 5.35 0.007(6) -0.8±1.0 

Coab-C4_1 SS 2.96±0.26 5.66(6) 5.62 0.007(6) -0.8±1.0 

Coab-C1_3 SS 5.93±0.53 5.71(6) 5.63 0.007(6) -0.8±1.0 

[a] Coordination number (N); half of the path length, corresponding to the bond distance for SS 
contributions (R); Debye-Waller factors (σ2) and energy shifts (ΔE0). SS: single scattering; MS: 
multiple scattering. 
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MFU-1, after catalysis 

 

 
 

Table C2. Parameters obtained by final optimisation of EXAFS signals for MFU-1 after 
catalytic reaction, for comparison distances from MFU-1 (before the catalytic reaction) are 
given.[a] 

scattering path type of 
scattering 

N R 
 
(Å) 

Before 
catalysis 
(Å) 

σ2 
 
(Å2) 

ΔE0 
 
(eV) 

Coab-O1_1 SS 0.97±0.04 1.87(1) 2.00(3) 0.0023(4) -3.3±0.5 

Coab-N1_1 SS 2.91±0.12 2.00(1) 1.97(1) 0.0038(8) -3.3±0.5 

Coab-N1_2 SS 2.91±0.12 2.83(1) 2.88(2) 0.0038(8) -3.3±0.5 

Coab-C1_1 SS 2.91±0.12 3.20(2) 3.07(2) 0.007(3) -3.3±0.5 

Coab-Co1_1 SS 2.91±0.12 3.15(3) 3.18(2) 0.019(1) -3.3±0.5 

Coab-C3_1 SS 2.91±0.12 3.38(3) 3.38(4) 0.007(4) -3.3±0.5 

Coab-C1_2 SS 2.91±0.12 4.04(5) 4.01(12) 0.019(1) -3.3±0.5 

Coab-C2_1 SS 2.91±0.12 4.12(5) 4.09(12) 0.019(1) -3.3±0.5 

Coab-N1_1-C2_1-N1_1 MS 5.93±0.53 4.19(4) 4.08(11) 0.008(2) -3.3±0.5 

Coab-N1_3 SS 5.82±0.24 4.23(2) 4.29(8) 0.010(4) -3.3±0.5 

Coab-C3_2 SS 2.96±0.26 5.13(4) 5.32(9) 0.019(1) -3.3±0.5 

Coab-C4_1 SS 2.96±0.26 5.38(4) 5.66(6) 0.019(1) -3.3±0.5 

Coab-C1_3 SS 5.93±0.53 5.42(4) 5.71(6) 0.019(1) -3.3±0.5 

[a] Coordination number (N); half of the path length, corresponding to the bond distance for 
SS contributions (R); Debye-Waller factors (σ2) and energy shifts (ΔE0). SS: single 
scattering; MS: multiple scattering. 
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MFU-2, before catalysis 

 

 
 

Table C3. Parameters obtained by final optimisation of EXAFS signals for MFU-2, for 
comparison distances from X-ray structural data are given.[a] 

scattering path type of 
scattering 

N R 
 
(Å) 

Crystal 
structure 
(Å) 

σ2 

 
(Å2) 

ΔE0 

 

(eV) 

Coab-N1_1 SS 1.96±0.10 1.988(3) 1.99 0.00398(41) 4.0±0.5 

Coab-N2_1 SS 1.96±0.10 2.025(3) 1.99 0.00398(41) 4.0±0.5 

Coab-N2_2 SS 1.96±0.10 2.93(4) 2.89 0.0089(10) 4.0±0.5 

Coab-N1_2 SS 1.96±0.10 2.95(4) 2.89 0.0089(10) 4.0±0.5 

Coab-C3_1 SS 1.96±0.10 2.92(8) 3.01 0.0089(10) 4.0±0.5 

Coab-C1_1 SS 1.96±0.10 3.02(8) 3.01 0.0089(10) 4.0±0.5 

Coab-C5_1 SS 1.96±0.10 3.28(1) 3.47 0.0044(13) 4.0±0.5 

Coab-C4_1 SS 1.96±0.10 3.39(1) 3.47 0.0044(13) 4.0±0.5 

Coab-Co1_1 SS 1.96±0.10 3.64(2) 3.58 0.016(9) 4.0±0.5 

Coab-C1_2 SS 1.96±0.10 3.92(3) 3.97 0.0079(8) 4.0±0.5 

Coab-C3_2 SS 1.96±0.10 4.19(6) 3.97 0.0079(8) 4.0±0.5 

Coab-C2_1 SS 1.96±0.10 3.97(3) 4.10 0.0079(8) 4.0±0.5 

Coab-C2_2 SS 1.96±0.10 4.33(6) 4.10 0.0079(8) 4.0±0.5 

[a] Coordination number (N); half of the path length, corresponding to the bond distance for 
SS contributions (R); Debye-Waller factors (σ2) and energy shifts (ΔE0). SS: single 
scattering; MS: multiple scattering. 
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MFU-2, after catalysis 

 

 
 

Table C4. Parameters obtained by final optimisation of EXAFS signals for MFU-2 after 
catalytic reaction, for comparison distances from MFU-2 (before the catalytic reaction) are 
given.[a] 

scattering path type of 
scattering 

N R 
 
(Å) 

Before 
catalysis 
(Å) 

σ2 

 
(Å2) 

ΔE0 

 

(eV) 

Coab-N1_1 SS 1.98±0.12 1.983(3) 1.988(3) 0.00399(51) 4.8±0.6 

Coab-N2_1 SS 1.98±0.12 2.020(3) 2.025(3) 0.00399(51) 4.8±0.6 

Coab-N2_2 SS 1.98±0.12 2.89(6) 2.93(4) 0.0080(24) 4.8±0.6 

Coab-N1_2 SS 1.98±0.12 2.91(6) 2.95(4) 0.0080(24) 4.8±0.6 

Coab-C3_1 SS 1.98±0.12 2.94(6) 2.92(8) 0.0080(24) 4.8±0.6 

Coab-C1_1 SS 1.98±0.12 3.04(6) 3.02(8) 0.0080(24) 4.8±0.6 

Coab-C5_1 SS 1.98±0.12 3.27(2) 3.28(1) 0.0038(15) 4.8±0.6 

Coab-C4_1 SS 1.98±0.12 3.38(2) 3.39(1) 0.0038(15) 4.8±0.6 

Coab-Co1_1 SS 1.98±0.12 3.61(3) 3.64(2) 0.016(9) 4.8±0.6 

Coab-C1_2 SS 1.98±0.12 3.94(4) 3.92(3) 0.0068(9) 4.8±0.6 

Coab-C3_2 SS 1.98±0.12 4.15(7) 4.19(6) 0.0068(9) 4.8±0.6 

Coab-C2_1 SS 1.98±0.12 3.99(4) 3.97(3) 0.0068(9) 4.8±0.6 

Coab-C2_2 SS 1.98±0.12 4.29(7) 4.33(6) 0.0068(9) 4.8±0.6 

[a] Coordination number (N); half of the path length, corresponding to the bond distance for 
SS contributions (R); Debye-Waller factors (σ2) and energy shifts (ΔE0). SS: single 
scattering; MS: multiple scattering. 
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Figure C1. Left: XANES spectra of elemental Co, MFU-1, Co3O4 and Co(III) pyrazolate (the spectra of MFU-1 
after catalysis is given for comparison) together with the derived energies of the Co-K-edge. Right: Edge 
energies in dependence of the oxidation states of Co; the dotted line shows the linear fit (revealing edge energy = 
7708.8 eV + Co valence • 3.69 eV). 
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Summary 

Two main topics in the field of porous coordination polymers were the subject of this thesis. 

The first part is dedicated to the synthesis, structure and structural integrity of defined 

supramolecular Nanoballs and their integration into polyurethanes (chapters 2–4). The second 

part addresses the structures of two novel metal-organic frameworks based on redox-active 

cobalt(II) ions, and their use in the heterogeneous catalysis of oxidation reactions (chapters 5–

6). 

In the first part of this thesis, the synthesis of new, highly soluble hydroxy-functionalised 

Nanoballs is presented. A graphical overview for the first part is given in Figure 1. The self-

assembly of copper(II) ions and derivates of benzene-1,3-dicarboxylate leads to these 

Nanoballs in which twelve dinuclear copper(II) paddle-wheel units are interconnected via 24 

ligands. The structures of two of these spherical coordination compounds decorated with 24 

hydroxy groups have been determined by single crystal X-ray structure analysis (chapter 2). 

As a model for the integration of Nanoballs into bulk polyurethane polymers and coatings, its 

reaction with phenylisocyanate was investigated (chapter 2). The hydroxy groups on the 

surface of the Nanoball can be easily and fully derivatized, since their reactivity is similar to 

simple alcohols. Furthermore, the stability of the Nanoball under reaction conditions is 

sufficiently high to maintain its structural integrity, as revealed by in-situ IR and SAXS 

measurements. In this light it was demonstrated that urethane-functionalized Nanoballs can be 

simply obtained via reaction of hydroxy-functionalized Nanoballs with phenylisocyanate. 

Compared to kinetically labile dinuclear copper(II) paddle-wheel complexes such as copper 

acetate or benzoate, Nanoballs are kinetically more stable which is presumably due to their 

more rigid structure (chapter 3). The increased kinetic stability compared to simple dinuclear 

copper(II) complexes represents a promising perspective for using Nanoballs in antimicrobial 

polyurethane fibres or in antifouling coatings, since a slower and more controlled release rate 

of copper(II) ions is crucial for these applications. 
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Figure 1. Graphical summary of the content in chapter 2–4. Isomerisation of the Nanoball into a 3-D network, 
integration into polyurethanes and derivatisation using phenylisocyanate are presented in chapter 2, and the 
kinetic and thermodynamic stability are discussed in chapter 3 and 4, respectively. 
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However, despite the structural integrity of these Nanoballs in organic solvents, the metal-to-

ligand ratio plays a crucial role: When (by adding additional diprotonated ligand) the ratio in 

aqueous solution mismatches the stochiometry of the Nanoball, slow transformation into a 

three-dimensional network is observed. The Nanoball dissociates in aqueous solutions, and in 

the presence of an excess of ligand it transforms into a three-dimensional network, but is 

stable in organic solvents (chapters 2 and 4). In addition to their increased kinetic stability, 

Nanoballs are also thermodynamically more stable than simple dinuclear copper(II) paddle 

wheel complexes such as copper acetate or benzoate due to the chelate effect (or, in other 

words, positive chelate cooperativity). 

Additional technological applications seem feasible, for instance controlled and slow release 

of encapsulated drugs which are hosted inside the Nanoballs’ cavities. Cyclodextrins are 

already used for storage and slow release of fragrances from clothings, accordingly similar 

features could be added to Nanoball-functionalized fibers in future, such as slow drug release 

from these molecular depots due to the storage abilities of these compounds. 

 

 

In the second part of this thesis, detailed structure analyses are presented and catalytic 

activities are discussed for two novel metal-organic frameworks (MOFs). Reacting the 

heterocyclic ligand 1,4-bis[(3,5-dimethyl)-pyrazol-4-yl]benzene (H2-bdpb) with a suitable 

Co(II) salt leads to formation of two novel microporous MOF compounds (Figure 2). Thus, 

the two compounds [Co4O(bdpb)3] (named “MFU-1”, a redox-active analogue of the well-

know MOF-5) and [Co(bdpb)] (named "MFU-2”, possessing one-dimensional prismatic 

channels, the walls consisting of one-dimensional cobalt(II) chains) are obtained. When the 

synthetic conditions are appropriately chosen, e.g. concentration, ratio, pH and anion of the 

metal salt, both phase pure MFU-1 or MFU-2 can be obtained by reacting the ligand H2-bdpb 

with a suitable Co(II) precursor under solvothermal conditions or by microwave synthesis. 

Permanent porosity is gleaned from argon gas sorption measurements, and both compounds 

are extraordinarily stable against dissociation in polar solvents, even in the presence of water 

(up to 30 vol %). 
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Comparative test reactions show that both compounds are catalytically active, demonstrated 

by the allylic oxidation of cyclohexene (as substrate) with tert-butyl hydroperoxide (as 

oxidant). Catalytic turnover is achieved in oxidation reactions and the solid catalysts are 

easily recovered from the reaction mixtures. Both MOFs show different structural stabilities 

and leaching properties throughout the course of catalytic turnover. Heterogeneous catalysis 

was confirmed experimentally for MFU-1, whereas MFU-2 shows homogeneous catalysis 

due to metal leaching from the framework into solution (chapter 5). 

 
Figure 2. Crystal packing diagrams of MFU-1 (left) and MFU-2 (right). {CoON3} coordination units in MFU-1 
and {CoN4} coordination units in MFU-2 are represented as blue polyhedrons. 

 

Results from test reactions show furthermore that the catalytic transformations occur inside 

the pores of the microporous solid MFU-1. Details for the mechanism of the catalysis were 

studied by UV/VIS, IR, EXAFS/XANES and XPS measurements for MFU-1 samples before 

and after catalysis, and as well by radical trap experiments, which suggest a reaction pathway 

in which freely diffusing peroxy radicals are generated by reductive cleavage of tert-butyl 

hydroperoxo ligands coordinating to cobalt(III) metal centres. Although the formation of 

stable cobalt peroxo intermediates is currently not evidenced, EXAFS/XANES investigations 

on MFU-1 samples hint at least at marginal (not precisely quantifiable) structural changes of 

the Co coordination environments and a change of oxidation state from Co(II) to Co(III) 

which occurs for a small fraction of the total number of Co centres (chapter 5). 
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From gravimetric oxygen adsorption isotherms (chapter 6), an isosteric heat of adsorption of 

11.1±0.9 kJ mol–1 for MFU-1 and 8.5±0.9 kJ mol–1 for MFU-2 is derived throughout the 

whole explored range of surface coverage. Whereas MFU-1 shows a significantly larger 

isosteric heat of adsorption than MFU-2, both measured values are relatively low if compared 

to those reported for Co-exchanged zeolites and other Co based MOFs (15.1–18.5 kJ/mol), for 

which strong O2 chemisorption is existent. Starting from 120 °C, MFU-1 exposed to oxygen 

shows a very slow but steady decrease in mass without reaching equilibrium even after 72 h. 

This experimental observation might be explained in terms of the activation of molecular 

oxygen which subsequently oxidizes the organic part of the framework, leading to CoO and 

Co3O4 as final products (as indicated by X-ray powder diffraction). The activation barrier for 

the formation of a cobalt-oxygen complex seems to be relatively high, because below 120 °C 

no reaction (and thus no complex formation) is observed. 

By employing a reaction cascade which makes use of a radical chain carrier (N-

hydroxyphthalimide) that is adsorbed within the framework of MFU-1, catalytic oxidations 

that proceed under very mild reaction conditions become feasible, e.g. oxidation of 

cyclohexene at 40 °C and with molecular oxygen taken from air (chapter 6). 
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Zusammenfassung 

Diese Arbeit beruht auf zwei thematischen Schwerpunkten aus dem Bereich der porösen 

Koordinationspolymere. Der erste Teil beschreibt die Synthese, Struktur und die strukturelle 

Integrität definierter supramolekularer Nanobälle und deren Einbau in Polyurethane (Kapitel 

2–4). Der zweite Teil beschäftigt sich mit den Strukturen von zwei neuartigen Metall-

Organischen Gerüsten die redoxaktive Kobalt(II)-Zentren enthalten, sowie Untersuchungen 

zu deren Anwendung in der heterogenen Katalyse von Oxidationsreaktionen (Kapitel 5–6).  

Im ersten Teil dieser Arbeit wird die Synthese neuartiger, gut löslicher und mit 

Hydroxygruppen funktionalisierten Nanobällen vorgestellt. Der Inhalt des ersten Teils ist in 

Abbildung 1 graphisch zusammen gefasst. In diesen Nanobällen, die durch Selbstorganisation 

von Kupfer(II)-Ionen und Isophthalatderivaten erhalten werden, sind zwölf zweikernige 

Kupfer(II) Schaufelradeinheiten durch 24 Liganden verbrückt. Durch 

Einkristallröntgenstrukturanalyse konnte die Struktur von zwei dieser kugelförmigen 

Koordinationsverbindungen mit 24 Hydroxygruppen auf deren Außenseite bestimmt werden 

(Kapitel 2). 

Die Reaktion der Nanobälle mit Phenylisocyanat wurde als Modellreaktion für den 

kovalenten Einbau in Polyurethane untersucht (Kapitel 2). Die Hydroxygruppen auf der 

Oberfläche eines Nanoballs können einfach und vollständig derivatisiert werden, da ihre 

Reaktivität mit einfachen Alkoholen vergleichbar ist. Durch in-situ IR und SAXS-Messungen 

konnte zudem gezeigt werden, dass dabei die strukturelle Integrität der Nanobälle unter 

Reaktionsbedingungen erhalten bleibt. Dadurch konnte gezeigt werden, dass 

urethanfunktionalisierte Nanobälle auf einfache Weise durch Reaktion der 

hydroxyfunktionalsisierten Nanobälle mit Phenylisocyanat erhalten werden können. 

Die Nanobälle sind, wahrscheinlich aufgrund ihrer starren Struktur, kinetisch wesentlich 

stabiler als die kinetisch labilen, zweikernigen Kupfer(II) Schaufelradkomplexen wie etwa 

Kupferacetat oder –benzoat (Kapitel 3). Die erhöhte Stabilität gegenüber den einfachen 

dinuklearen Kupfer(II)-Komplexen stellt eine vielversprechende Perspektive für die 

Verwendung der Nanobälle in antimikrobiellen Polyurethanfasern oder fäulnisverhindernden 

Beschichtungen dar, da eine langsamere und kontrollierte Freisetzung von Kupferionen für 

diese Anwendungen vorteilhaft ist. 
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Abbildung 1. Graphische Übersicht über den Inhalt der Kapitel 2–4. Die Derivatisierung des Nanoballs mit 
Phenylisocyanat, der Einbau in Polyurethane und die Umwandlung in ein isomeres dreidimensionales Netzwerk 
sind in Kapitel 2 beschrieben, während die kinetische und thermodynamische Stabilität jeweils in den Kapiteln 3 
und 4 behandelt werden. 
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Während jedoch die strukturelle Integrität dieser Nanobälle in organischen Lösungsmitteln 

erhalten bleibt, ist in wässrigen Lösungen das Verhältnis zwischen Metall und Ligand von 

entscheidender Bedeutung. Der Nanoball wandelt sich in ein dreidimensionales Netzwerk um, 

wenn zu wasserhaltigen Lösungen zusätzlich Ligand dazugegeben wird, und dadurch das 

Verhältnis zwischen Cu2+ und Ligand nicht mehr der Stöchiometrie des Nanoballs entspricht. 

Der Nanoball dissoziiert in wasserhaltigen Lösungsmitteln und wandelt sich bei einem 

Überschuss an Ligand in ein dreidimensionales Netzwerk um, ist aber stabil in organischen 

Lösungsmitteln (Kapitel 2 und 4). Durch den Chelateffekt (oder, in anderen Worten, durch 

positive Chelatkooperativität) ist neben der erhöhten kinetischen Stabilität auch die 

thermodynamische Stabilität im Vergleich mit einfachen dinuklearen Kupfer(II)-

Schaufelradkomplexen, wie etwa Kupferacetat oder Kupferbenzoat, erhöht (Kapitel 4). 

Durch die potentiellen Wirts-Gast-Beziehungen könnte der Nanoball im Polymer zusätzlich 

als molekulares Depot zur Speicherung und kontrollierten Freisetzung eingekapselter 

Wirkstoffe dienen, so wie dies mit Cyclodextrinen in Bekleidungen zur langsamen 

Freisetzung von Riechstoffen bereits verwirklicht ist. Dementsprechend könnten zukünftig 

ähnliche Eigenschaften für Nanoball-funktionalisierte Fasern verwirklicht werden. 

 

Im zweiten Teil dieser Arbeit werden die detaillierten Strukturanalysen und katalytischen 

Aktivitäten zweier neuartiger Metall-Organischer Gerüste (MOFs) vorgestellt. Die Reaktion 

des Liganden 1,4-Bis[(3,5-dimethyl)-pyrazol-4-yl]benzol (H2-bdpb) mit geeigneten Co(II)-

Salzen führt zur Bildung zweier mikroporösen Co(II)-basierten MOF-Materialien (Abbildung 

2). Auf diese Weise werden die zwei Verbindungen [Co4O(bdpb)3] (“MFU-1” benannt und 

strukturell mit MOF-5 verwandt, aber redox-aktiv) und [Co(bdpb)] ("MFU-2” benannt, 

besitzt prismatische eindimensionale Kanäle deren Wände aus eindimensionalen Kobalt(II)-

Ketten bestehen) erhalten. Beide Verbindungen können durch geeignete Wahl der 

Synthesebedingungen phasenrein erhalten werden, abhängig beispielsweise von 

Konzentration, molarem Verhältnis, pH und dem Gegenanion des Metallsalzes. Dabei können 

phasenreines MFU-1 und MFU-2 sowohl durch Solvothermalsynthese als auch durch 

Mikrowellensynthese erhalten werden. Die permanente Porosität beider MOFs wurde durch 

Argon-Gassorption bestätigt. Beide Verbindungen zeigen, im Gegensatz zu vielen bisher 

veröffentlichten MOFs, eine außerordentliche Stabilität gegenüber einer Dissoziation in 

polaren Lösungsmitteln, sogar in Gegenwart von bis zu 30 Volumenprozent Wasser. 
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Abbildung 2. Kristallpackungsdiagramm von MFU-1 (links) und MFU-2 (rechts). Die {CoON3}-
Koordinationseinheiten in MFU-1 und die {CoN4}-Koordinationseinheiten in MFU-2 sind als blaue Polyeder 
dargestellt. 

Vergleichende Testreaktionen zeigen dass beide Verbindungen katalytisch aktiv sind, 

dargelegt anhand der allylischen Oxidation des Substrats Cyclohexen mit dem Oxidans tert-

Butylhydroperoxid. In Oxidationsreaktionen mit tert-Butylhydroperoxid werden mehrere 

katalytische Umsetzungen erreicht, und der heterogene Katalysator kann aus dem 

Reaktionsgemisch leicht wiedergewonnen werden. Im Verlauf der Katalysereaktion zeigen 

die beiden MOFs unterschiedliche strukturelle Stabilitäten und Ausbleichverhalten. Während 

für MFU-1 heterogene Katalyse nachgewiesen konnte, wird im Gegensatz dazu für MFU-2 

homogene Katalyse gefunden, da die Metallionen aus der Gerüstruktur ausbleichen und in 

Lösung gehen (Kapitel 5). 

Ergebnisse aus Testreaktionen an MFU-1 zeigen dass die katalytische Umsetzung innerhalb 

der Poren dieses mikroporösen Feststoffes statt finden. Durch detaillierte Studien zum 

Katalysemechanismus über UV/VIS, IR, EXAFS/XANES und XPS Messungen an MFU-1-

Proben vor und nach der Katalyse, als auch durch Experimente mit Radikalfallen, wird ein 

Reaktionspfad über frei diffundierende Peroxoradikale nahelegt, die durch reduktive Spaltung 

von an Kobalt(III) koordinierten tert-Butylhydroperoxo-Liganden generiert werden. Obwohl 

die Bildung stabiler Kobalt-Peroxo-Zwischenstufen nicht eindeutig nachweisbar ist, weisen 

EXAFS/XANES Untersuchungen zumindest auf marginale (nicht exakt quantifizierbare) 

Strukturänderungen in der Koordinationsumgebung von Kobalt, und auf einen Wechsel der 

Oxidationsstufe von Co(II) zu Co(III) für einen kleinen Bruchteil der Kobalt-Zentren hin 

(Kapitel 5). 
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Aus gravimetrischen Messungen der Sauerstoffadsorptionsisothermen wurden isostere 

Adsorptionswärmen von 11.1±0.9 kJ mol–1 für MFU-1 und 8.5±0.9 kJ mol–1 für MFU-2 über 

den gesamten untersuchten Bereich der Oberflächenbedeckung hinweg erhalten (Kapitel 6). 

Während MFU-1 eine signifikant größere isostere Adsorptionswärme als MFU-2 zeigt, sind 

die beiden Werte dennoch relativ gering im Vergleich zu Kobalt-ausgetauschten Zeolithen 

oder anderen Kobalt-basierten MOFs (15.1–18.5 kJ/mol), bei welchen eine starke 

Chemisorption des Sauerstoffs vorliegt. Wenn MFU-1 Sauerstoff ausgesetzt wird, zeigt sich 

bei Temperaturen über 120 °C eine langsame aber kontinuierliche Massenzunahme, ohne dass 

selbst nach 72 h ein Gleichgewichtswert erreicht wird. Eine mögliche Erklärung für diesen 

experimentellen Befund wäre, dass der molekulare Sauerstoff aktiviert wird und daraufhin 

den organischen Teil der Gerüststruktur oxidiert, wodurch CoO und Co3O4 als Endprodukte 

erhalten werden, was durch Röntgenpulverbeugung bestätigt wird. Die Aktivierungsbarriere 

für die Bildung des Kobalt-Sauerstoff-Komplexes scheint relativ hoch zu sein, da unter 120 

°C keine Reaktion (und damit keine Komplexbildung) beobachtet wird. 

Durch Einführung einer Reaktionskaskade über N-hydroxyphthalimid als Radikalkettenträger 

(Kapitel 6), der durch Adsorption in den Poren von MFU-1 immobilisiert ist, sind darüber 

hinaus sogar katalytische Oxidationen unter sehr milden Bedingungen möglich, etwa von 

Cyclohexen bei 40 °C und mit molekularem Sauerstoff aus der Umgebungsluft. 
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