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CRYSTAL STRUCTURES OF METALLOENZYMES AND THEIR 

MODEL COMPLEXES: PURPLE ACID PHOSPHATASES AND 

CATECHOL OXIDASE 

 

Bernt Krebs* 

Institute of Inorganic and Analytical Chemistry, University of Münster, Corrensstrasse 30, 
48149 Münster, Germany 

 

Metalloproteins are essential for a wide variety of metabolic processes in all 
organisms. Prominent examples are the multi-step electron transfer redox reactions 
in the respiratory chains and in the cycles of photosynthesis as well as various 
hydrolytic functions. The transition metals Mn, Fe, Co, Ni, Cu, V, Zn and Mo in their 
active sites play key roles in these processes. Important functions at mono-, di-, and 
polynuclear metal centers are O2 transport, electron storage and transfer, as well as 
selective enzymatic catalytic functions in two- and multielectron redox catalysis. 

As typical examples of relevant metalloenzymes of current interest two classes of 
iron- and copper-containing enzymes are dealt with in detail: (a) purple acid 
phosphatases (PAP), structurally related to methane monooxygenases (MMO) and 
ribonucleotide reductases (RR) with dinuclear FeIII-FeII, FeIII-FeIII,and FeIII-ZnII active 
sites, and (b) catechol oxidases, containing dinuclear type 3 CuII-CuII active sites.  

The crystal structures of PAP from kidney beans containing an active FeIII-ZnII site [1] 
as well as human PAP with an FeIII-FeII site recombinantly expressed in E. coli [2] 
were determined to 2.2 Å resolution. The reaction mechanism of phosphatases was 
elucidated from the crystal structures as well as from extensive biomimetic studies on 
low-molecular dinuclear iron model complexes. 

Catechol oxidases catalyze selectively the oxidation of a broad range of o-diphenols 
to o-quinones. The crystal structure of the 39 kDa enzyme shows a mono-bridged 
CuII-CuII active site with a Cu-Cu distance of 2.9 Å for the native met-form and with a 
remarkable covalent cysteine-histidine bond relevant to the electronic reaction 
mechanism. A number of functional biomimetic model complexes could be 
synthesized with structural and functional similarities to the enzymatic site. 

 

[1] N. Sträter, T. Klabunde, P. Tucker, H. Witzel, B. Krebs, Science 268 (1995) 1489; 
T. Klabunde, N. Sträter, R. Fröhlich, H. Witzel, B. Krebs, J. Mol. Biol. 259 (1996) 737. 

[2] N. Sträter, B. Jasper, M. Scholte, B. Krebs, A. P. Duff, D. B. Langley, R. Han, B. 
A. Averill, H. C. Freeman, M. Guss, J. Mol. Biol. 351 (2005) 233. 

[3] T. Klabunde, C. Eicken, J. C. Sacchettini, B. Krebs, Nature Struct. Biol. 5 (1998) 
1084. 

* E-mail : krebs@uni-muenster.de 
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QUANTUM CHEMICAL INSIGHTS INTO THE STRUCTURE OF 

METAL COMPLEXES WITH COUMARIN DERIVATIVES 

 

Natasha Trendafilova 

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences 

Acad. G. Bontchev str., bl. 11, 1113 Sofia 

 

For many years coumarin derivatives have attracted much attention due to their 
photochemical and biological properties. A large number of studies have already 
proven that coordination of metal ions to therapeutic coumarin agents improves their 
efficacy and accelerates the bioactivity. Successful development of biologically active 
metal-coumarin complexes requires well known correlation between the geometrical 
and electronic structures of the complexes and their bioactivities. 

The coordination behavior of coumarin derivatives towards Ni(II), Co(II), Zn(II), Cu(II), 
Ag(I)) and lanthanide ions (La(III), Ce(III), Nd(III), Pr(III), Sm(III), Eu(III), Tb(III)) is 
investigated through ab initio and DFT molecular modeling with B3LYP and  B3PW91 
functionals coupled with Relativistic Effective Core Potentials (RECPs). The lowest 
energy conformers of coumarin-3-carboxylic acid (cca) and 4-hydroxy-3-nitro-2H-
chromen-2-one (hnc) are selected by exhaustive conformational analysis of the 
neutral and deprotonated coumarin forms. Calculated NPA atomic charges, 
condensed Fukui functions and molecular electrostatic potential (MEP) of the ligands, 
evaluated in gas phase and in solution, predicted the most probable coordination 
sites. Molecular modeling and energy estimation of different complex structures 
suggested bidentate binding of cca to Ln(III) ions through the deprotonated 
carboxylic and carbonylic oxygens. The strength and the character of the Ln(III)–cca 
bond in different model structures (Ln(cca)2+, Ln(cca)2

+, Ln(cca)3 and 
Ln(cca)(H2O)2Cl2, Ln(cca)2(H2O)2Cl, Ln(cca)3) were characterized by calculated Ln-O 
bond lengths, binding energies, ligand deformation energies, energy partitioning 
analysis and charge decomposition analysis. The effect of the solvent on the 
geometries and stabilities of the Ln(III) structures was computed using a combination 
of water cluster approach and additional continuum solvation calculations. DFT 
molecular modeling of M(II) complexes of cca (M(II) = Ni(II), Co(II), Zn(II)) predicted a 
different bidentate type of coordination: through the carboxylic oxygens. The 
suggested Ln(III)-cca and M(II)-cca binding modes are confirmed by detailed 
comparative vibrational analysis of the free ligand and various complex structures 
with different metal-ligand binding modes. MEP calculations of hnc and energy 
calculations of model metal complexes predicted hnc binding to the Cu(II) and Ag(I) 
ion through the deprotonated hydroxyl oxygen and the nitro oxygen in agreement 
with the experiment. The effect of the hnc binding modes in Cu(II) and Ag(I) 
complexes as well as the effect of the hydrogen bonds on the ligand vibrational 
behaviour are elucidated with spectroscopic and theoretical methods. 

* E-mail : ntrend@svr.igic.bas.bg 
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STRUCTURAL AND MICROSTRUCTURAL ANALYSIS OF 

NANOMATERIALS 

 

Tony Spassov 

University of Sofia “St.Kl.Ohridski”, 1 J.Bourchier str. 1164 Sofia 

 

Amorphous and nanocrystalline materials are particularly attractive due to their 
improved mechanical, physical and chemical properties, compared to their 
conventional polycrystalline counterparts. Therefore the microstructure of the 
nanomaterials needs to be carefully characterized, applying variety of diffraction, 
spectroscopy and microscopy techniques. The storage of hydrogen as a clean and 
renewable fuel is an issue, in which the nanostructured materials are expected to 
play an important role.    

In the current report mainly own results on the “microstructure-hydrogen storage 
properties” relationship of different amorphous and nanocrystalline alloys and 
composites will be presented.  

The microstructure of the materials is characterized by x-ray and electron diffraction 
methods, synchrotron radiation and electron microscopy (SEM and TEM). The 
hydriding properties of the nanostructured alloys are investigated in a hydrogen gas 
atmosphere as well as electrochemically. It was proved that the microstructure of the 
nanocrystalline materials has a strong influence on their hydrogen capacity and 
hydriding thermodynamics and kinetics. Smaller nanocrystallites size generally 
results in noticeable enhancement of the hydriding kinetics and reduction of the 
temperature of hydrogen sorption as well as in an increase of the electrochemical 
capacity. The presence of amorphous phase between the nanocrystallites leads to 
additional raise of the electrochemical capacity of the alloys.  
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THE POTENTIAL OF NEUTRON DIFFRACTION FOR DISCLOSURE  

OF THE STRUCTURAL DETAILS OF CHEMICAL SUBSTITUTION  

  

K. Krezhov* 

Institute for Nuclear Research and Nuclear Energy, Bulgarian academy of sciences 

72 Tzarigradsko chaussee, 1784 Sofia, Bulgaria  

 

Among the ways the science has learned to produce new materials the chemical 
substitution is one of the most popular. Lately, multi-functional materials became in 
the focus of intensive investigations because of possibility to combine multiple 
functions including mechanical, electronic, photonic, optical, biological, and magnetic 
functions, and to be capable of exhibiting diverse controllable, and predictable 
physical responses when subjected to various external conditions. This paper is 
motivated by the recent resurgence of interest in complex oxides owing to their 
coupling of electrical, magnetic, thermal, mechanical, and optical properties, which 
make them suitable for a wide variety of applications. Since pioneering experiments 
of Shull and Wollan more than 50 years ago, neutron diffraction has been used to 
tackle with complex structural problems in solid state physics and chemistry. The 
technique exploits the unique properties of the neutron that make it an especially 
appropriate probe in crystallographic research. Neutrons feel hydrogen and light 
atoms in general, can detect isotopic substitutions, and are highly sensitive to 
magnetism. In contrast to other probes utilized in structural investigations such as 
electrons and X-rays the neutrons have the ability to reveal nuclear positions and 
mean displacements without bias from the effects of electron distribution. We 
illustrate the field with studies of substitution effects in different materials. The 
examples include the perovskite family and experiments aimed at improving of the 
understanding of some fundamental aspects of the mechanisms giving rise to 
intrinsinc effects such as orbital and charge order and multiferroicity, which are 
manifestation of the strong interplay between the orbital, charge, and spin degrees of 
freedom in these systems. The structural findings are combined with results from 
magnetic and electrical measurements and Mössbauer spectroscopy. 

 

* E-mail : krezhov@inrne.bas.bg 
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CRYSTALLOGRAPHY ONLINE BY THE BILBAO 

CRYSTALLOGRAPHIC SERVER  

 

M. I. Aroyo1,*, J. M. Perez-Mato1, D. Orobengoa1, E. Tasci1, G. de la Flor1, A. Kirov2, 
H. Wondratschek3 

1 Depto. Fisica Materia Condensada, UPV, 48080 Bilbao, Spain 
2 Condensed Matter Dept., Sofia University, 15064 Sofia, Bulgaria 

3 Lab. Appl. Synchrotronstrahlung, KIT, 76128 Karlsruhe, Germany  

 

The Bilbao Crystallographic Server (www.cryst.ehu.es) is a web site with 
crystallographic databases and programs [1,2]. It can be used free of charge from 
any computer with a web browser via Internet. The aim of the present contribution is 
to provide a brief description of the on-line accessible databases and computer tools. 
The utility of the available applications is demonstrated by several illustrative 
examples. 

The server is built on a core of databases that include data from International Tables 
for Crystallography, Vol. A: Space-group symmetry and Vol. A1: Symmetry Relations 
between Space Groups. There is an access to the crystallographic data for the 
subperiodic layer and rod groups (Vol. E: Subperiodic groups) and their maximal 
subgroups. A k-vector database with Brillouin-zone figures and classification tables of 
the wave vectors for all 230 space groups is also available. 

The accompanying software is divided into several shells according to its complexity 
and proximity to the information contained in the database core. Symmetry data as 
generators and general positions, Wyckoff-position data and maximal subgroups of 
space and subperiodic groups are retrieved directly from the databases by simple 
tools. There are a number of online applications that are essential for problems 
involving group-subgroup relations between space groups. The server offers access 
to some basic modules for handling space-group and point-group representations, 
their correlations or direct Kronecker products.  

Parallel to the crystallographic software we develop a shell with programs facilitating 
the study of specific problems related to solid-state physics, structural chemistry and 
crystallography. There are online tools for evaluation of the pseudosymmetry of a 
given structure with respect to a supergroup of its space group. The server offers on-
line tools for group-theoretical analysis of structural phase transitions [3]. There are 
also programs for the analysis of the infra-red and Raman activity of symmetry-
adapted modes of the Brillouin-zone centre, or the determination of the phonon 
extinction rules in inelastic neutron scattering and diffuse scattering experiments [4]. 

 
[1] M. I. Aroyo et al., Z. Kristallogr. 221 (2006) 15. 
[2] M. I. Aroyo et al., Acta Cryst. A62 (2006) 115. 
[3] J. M. Perez-Mato et al., Acta Cryst. A66 (2010) 558.  
[4] R. L. Withers et al., Acta Cryst. B66 (2010) 315. 

Keywords: crystallographic symmetry, Bilbao Crystallographic Server
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AB INITIO STRUCTURE DETERMINATION FROM X-RAY POWDER  

DIFFRACTION DATA 

 

Stanislav Ferdov 

Department of Physics, University of Minho, 4800-058 Guimarães, Portugal 

 

A number of important crystalline solids cannot be prepared as single crystals of 
suitable size and quality for structural determination by single crystal X-ray diffraction 
methods. As alternative to these methods, the development of techniques for crystal 
structure determination from powder diffraction data is important for allowing the 
structural characterization of such materials. Although the structure refinement stage 
of the structure determination process can now be carried out fairly routinely using 
the Rietveld profile refinement technique, structure solution directly from powder 
diffraction data is associated with many peculiar difficulties. In this respect, different 
approaches for ab initio crystal structure determination from X-ray powder diffraction 
data will be discussed. 
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THE NANOSCALE STRUCTURE OF PEROVSKITE-TYPE RELAXOR 

FERROELECTRICS; WHAT CAN BE LEARNED FROM IN SITU 

PRESSURE EXPERIMENTS 

 

B. Mihailova1,*, R.J. Angel2, B.J. Maier1, A.-M. Welsch1,J. Zhao2, N. Waeselmann1, 
J.M. Engel2, M. Gospodinov3, U. Bismayer1 

1 Department Earth Sciences, University of Hamburg, Grindelallee 48, 20146 Hamburg, 
Germany 

2 Virginia Tech Crystallography Laboratory, Department of Geosciences, Virginia Tech, 
Blacksburg, VA 24060, USA 

3 Institute of Solid State Physics, Bulgarian Academy of Sciences, Blvd. Tzarigradsko 
Chausse 72, 1784 Sofia, Bulgaria 

 

Lead-based ABO3-type relaxor ferroelectrics exhibit remarkably high dielectric 
permittivity, piezoelectric/electro-elastic and electro-optic coefficients, which make 
them very attractive for a number of technological applications. The exceptional 
relaxor properties are due to their nanoscale structural inhomogeneity. At ambient 
conditions, the average structure is pseudocubic but rich in ferroic nanoregions or 
nanodomains. For many compounds the size of these ferroic nanoregions is 
insufficient to be directly studied by conventional Bragg diffraction analysis. However, 
complementary application of in-situ temperature/pressure diffraction analysis and 
Raman scattering allows us to resolve the structural complexity of relaxors. The two 
methods have different length scale of sensitivity; thus the combined analysis of the 
low-temperature or high-pressure average structure and phonon anomalies 
enhanced on temperature decrease or pressure increase can reveal the energetically 
preferred structural nanoclusters at ambient conditions. In this regard, high-pressure 
experiments are vital to better understand the nanoscale structure of relaxors. Using 
diffraction analysis and Raman scattering on model single-crystal compounds, 
namely stoichiometric, Ba-, Bi-, and La-doped PbSc0.5Ta0.5O3 and PbSc0.5Na0.5O3 as 
well as solid solutions of 0.9PbZn1/3Nb2/3O3-0.1PbTiO3, 0.72PbSc0.5Ta0.5O3-
0.28PbSc0.5Nb0.5O3, and 0.78PbSc0.5Ta0.5O3-0.22PbSnO3 we demonstrate that 
pressure drives the system to a structural state comprising suppressed polar shifts of 
the B-site cations, enhanced correlation of Pb-O ferroic species, and long-range 
ordered antiphase BO6 octahedral tilts. Doping strongly influences the pressure-
induced transformation processes. The results indicate possible coexistence of polar 
and antiferrodistortive structural species at ambient conditions. 

 

* E-mail: boriana.mihailova@uni-hamburg.bg 

Keywords: relaxor ferroelectrics, single crystals, high pressure 
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ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY – 

LOCAL STRUCTURAL ANALYSIS OF CATHODE MATERIALS FOR 

Li-ION BATTERIES  

 

R. Stoyanova*, E. Zhecheva 

Institute of General and Inorganic Chemistry, Bulgarian Academy of Sciences,  

1113 Sofia, Bulgaria 

 

Electrode materials for lithium-ion batteries have recently become one of the 
dominant research topics in materials science. This is a simple consequence of the 
main technological requirements concerning the development of more efficient 
electrode materials for energy storage. Prior to the use of electrode materials, a 
detailed knowledge of the local structure and the oxidation state of the transition 
metal ions is needed. Electron paramagnetic resonance spectroscopy (EPR) is a 
suitable experimental method for studying both the electronic and geometric structure 
of transition metal ions.  

The focus of this presentation is the application of EPR for structural characterization 
of electrode materials for lithium-ion batteries. First, basic concepts of the EPR 
spectroscopy necessary for the interpretation of the EPR spectra are described. The 
advantage of the extension of the conventional EPR to high frequencies and high 
magnetic fields (HF-EPR) is emphasized. Lithium transition metal oxides with layered 
structure and composition LiCo1-2xNixMnxO2 (0 < x ≤ 0.5) are the subjects of this EPR 
investigation. Our recent studies to identify the oxidation state of nickel and 
manganese in layered LiCo1-2xNixMnxO2 oxides (0<x≤0.10) by using X-band EPR and 
HF-EPR are presented. The local structure of Mn4+ ions is determined by modelling 
the axial zero field splitting parameter in the framework of the Newman superposition 
model. EPR analysis of Mn4+ in LiCo1-2xNixMnxO2 oxides (0.1<x≤0.5) is used with an 
aim to evaluate the Ni2+-Mn4+ distribution in the transition metal layers. The 
electrochemical properties of LiCo1/3Ni1/3Mn1/3O2 and LiNi1/2Mn1/2O2 are discussed on 
the basis of Ni2+-Mn4+ local cationic distribution. New information on the stability of 
electrodes (in respect of the local structure of transition metal ions) during the 
electrochemical reaction is obtained by ex-situ EPR experiments. 

 

* E-mail: radstoy@svr.igic.bas.bg 

Keywords: EPR spectroscopy; Local Structure; Electrode Materials for Li-Ion 
Batteries 
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UNUSUAL PHENOMENON IN X-RAY SINGLE CRYSTAL ANALYSIS  

OF K, Eu-SILICATE 

 

R. K. Rastsvetaeva*, S. M. Aksenov 

Shubnikov Institute of Crystallography, Russian Academy of Sciences, Leninskiі pr. 59, 
Moscow, 119333 Russia 

 

The structures of three phases of the synthesized europium potassium silicate were 
determined by X-ray diffraction. Two of these phases crystallize in a new structural 
type. The chemical formulas of the phases were determined. The orthorhombic unit 
cell parameters of all three phases correspond to pellyite unit cell and equal: a = 
14.852(1) Ǻ, b = 15.902(1) Ǻ, c = 7.243(1) Å, sp. gr. P21212 (phase I) and sp. gr. 
Pbam (phases II and III). The structures were solved by direct methods and refined 
from X-ray diffraction data collected from one crystal to R = 0.0271, 0.0479, and 
0.0582 based on 4370, 3320, and 2498 reflections, respectively, with |F| > 3σ(F). The 
crystal-chemical formulas of the phases (Z=4) are K3Eu3+[Si6O15]·2H2O, 
K3Eu3+[Si6O13(OH)4]·2H2O, and K3Eu3+[Si4O9.5(OH)](OH)2·5.5H2O. The structure of 
phase I consists of silicon–oxygen sheets [Si6O15] analogous to those found in the 
isostructural compound K3Nd[Si6O15] · 2H2O. In the structures of phases II and III, the 
ribbons [Si6O17] and [Si8O21] run along the shortest c axis and are linked together by 
Eu3+ octahedra and trigonal prisms to form three-dimensional layered and framework 
structures containing K atoms between the sheets and in the channels. The 
fragments are also linked through hydrogen bonds with the participation of OH 
groups and water molecules. The structure solution and refinement of three phases 
using diffraction date from one crystal showed the presence of endotaxic intergrowth 
in crystals of synthetic europium potassium silicate with pellyite unit cell. The 
presence of these phases is, apparently, attributed to the specific crystallization 
conditions when nonequilibrium crystal growth for 45 days is accompanied by the 
fractionation of chemical elements due to the formation of additional compounds.  

 

*E-mail: rast@ns.crys.ras.ru 

Keywords: europium potassium silicate, endotaxic intergrowth, X-ray diffraction 
analysis. 
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NUCLEUS FORMS OF MINERAL SPHEROCRYSTALS 
 

Mihail Maleev 

Earth and Man National Museum, Sofia, maleevm@abv.bg 

 
Apart from facing with flat surfaces, some minerals are also found in spherical 

forms – spherulites. For dozens of mineral species the sp - 22 -herical form is a 
diagnostic feature, while for the remaining minerals it is one possible form, which 
appears due to specific conditions.  

The spherical forms are loaded with genetic information and can be interpreted as 
indicators for definitive genetic conditions. Their interpretation as metacolloides is very 
popular, and this definition is included in the majority of mineralogical textbooks. 

Several mechanisms of spherulite formation are known: 
1. Geometrical selection of many individuals from one center 
2. Geometrical selection upon isometric substrate 
3. Aggregation of colloidal particles 
4. Splitting of monocrystal nucleus 
The best way to discover the mechanisms of growth is by direct observation of the 

initial growth stages, which Shubnikov defines as nucleus (initial) forms of spherulites. 
The artificial growth of spherulites provides essential contribution to the study of 

spherulite formation mechanisms. 
Important contributions to this end are the geometrical models of Shubnikov, who 

has analyzed the different forms of bifoliums.  
From all minerals, nucleus forms are described solely in the classical examples of 

rhombohedrical carbonates – calcite, dolomite, siderite. 
The miniscule sizes of the nucleus forms, as well as the necessity of observation 

in strictly defined sections, hinders their visualization. Rather often they are destroyed by 
recrystallization.  All this explains why the formation mechanism of many mineral 
spherulites remains unclear.  

A specific and rare case, which allows the observation of surfaces of 
simultaneous growth of spherulites, is that of goetite over hematite spherulites, and of 
chalcedony over calcite monocrystals. The dissolution of calcite and the exfoliation along 
the surface of simultaneous growth of goetite and hematite shows clearly the “roots” of 
the spherulite and the beginning stage of its formation – nucleus (initial) forms. 

The spherulite of the goetite has a cone shape testifying for an uninterrupted 
simultaneous growth. At the top of the cone we observe typical bifoliums and 
tetrafoliums, and their shape can be explained with the gradual diminishing of the 
correlation between the linear speed of growth and the angular speed of splitting. In the 
hollow of the bifoliums we observe individual helicoidally twisted ribbons of goetite. 

The nucleus forms of chalcedony are observed at the exfoliation along the surface 
of chalcedony and opal, and at the simultaneous growth of chalcedony with calcite. 

A prismatic face of chalcedony is split, the crystal is elongated along it and its side 
walls are hand-saw formed by rhomboedrical faces, similar to the twisted quartzes from 
the alpine veins.  

The visualization of the nucleus forms of chalcedony and goetite testifies for their 
spherocrystal nature. 

Of similar nature are the spherocrystals of cristobalite, hematite, dolomite, calcite, 
where the nucleus forms are observed directly. 

 

 


