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Chapter 1 
 

 

 

General Introduction 
 

 

 

 

 

1.1 Introduction 
 

 

 Enzymes, metal complexes and solids are known to display intriguing catalytic 

activity, often with high (enantio-) selectivity and/or stability. However, the related fields of 

biocatalysis, homogeneous catalysis and heterogeneous catalysis, although heavily 

researched, have developed over the last century almost independently and most practitioners 

of these areas only occasionally interact and cooperate with each other. Nevertheless, much 

knowledge can be obtained from such cooperation simply because the basic principles of 

catalysis in these three areas are very similar. The specificity and high reactivity 

characteristics of enzymes and homogeneous catalysts make their comparison rather 

straightforward. This seems at first sight not to be the case for enzymes and solids, although 

the similarities, as will be discussed below, are at least as important as in the case of 

homogeneous catalysis and biocatalysis.  

 It should be obvious that the way of thinking developed in each of these fields of 

catalysis has the potential to impact the other fields to a large extent. Therefore it is not 

surprising that many efforts in the field of heterogeneous catalysis have been devoted to (1) 
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reduce the complexity of the surfaces of these materials in an attempt to create single-site 

heterogeneous catalysts and (2) to heterogenise homogeneous catalysts and enzymes in order 

to benefit from their advantages. In what follows, we will discuss in more detail various 

relationships between biocatalysis and heterogeneous catalysis, introduce some concepts of 

host-guest chemistry of transition metal ion complexes in zeolites and discuss the 

development of biomimetic materials with potential for catalysis based on known concepts 

from nature. In this respect, special emphasis will be placed on Cu-based enzymes, since these 

systems have inspired our research work to a large extent. The general introduction will end 

with a brief overview of the motivation, scope and outline of the research described in this 

thesis.  

 

1.2 Relationships between biocatalysts and heterogeneous 
catalysts 
 

 The main similarities between enzymes and heterogeneous catalysts are related to (1) 

the concept of the active site, (2) the analogies between metal-protein and metal-support oxide 

interactions in a matrix, (3) the introduction of size and shape selectivity and (4) kinetics.1 

 

1.2.1 Active sites 
 

 The concept of active site is well accepted in the field of biocatalysis since it only 

represents a small portion of the large protein molecule, which is responsible for the 

activation of the substrate molecule. The active site may lie at or near the surface, but it may 

also be buried in a cavity that limits access of all but the desired substrate molecule.2 In 

heterogeneous catalysis the term active site is used similarly and the density of active sites per 

unit of surface area of the catalyst material is an important characteristic of a catalytic solid.3 

It is also the reason that people in this field strive to obtain materials with a high surface area 

as well as a high site dispersion in order to create a large number of active sites per gram of 

catalyst material. Although the surface area is relatively easy to measure, the determination of 

the number of active sites in a heterogeneous catalyst is far from trivial. It is possible for acid 

catalysts, but often problematic for redox and metal catalysts. Therefore, although both fields 
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make use of the concept of turnover number (TON), defined as the number of substrate 

molecules converted per time unit per active site, only in the field of biocatalysis one can be 

sure that TONs can be determined with rather high precision.  

 

1.2.2 Catalyst matrix  
 

 Both for heterogeneous catalysts and biocatalysts the active site is located in a matrix 

that is not an integral part of the active site. Solid catalysts convert substrate molecules, which 

are present in the gas or solution phase and should be first adsorbed before the reaction can 

take place. In a very similar manner specific substrate molecules are trapped near the active 

site in enzymes, according to a key-lock principle. In this respect, it is important to stress that 

the term substrate in the field of heterogeneous catalysis is often used to describe the support 

onto which the catalyst is mounted. The analog of the enzymatic substrate for scientists 

working in the field of heterogeneous catalysis is the feed or reactant molecule. This is 

illustrated in Figure 1. 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Structural resemblance between the protein matrix (left) and an inorganic substrate (right), carrying the 

active site. The first one is converting a substrate molecule and the second one a reactant molecule into the 

desired reaction product. 

  

 Although metals and bulk oxides are in use in many important industrial processes, 

most modern heterogeneous catalysts are supported systems in which the catalytically active 
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component is diluted by a material that prevents the active sites from agglomeration or 

deactivation. In the classical view, protection of the active site is the main function of the 

support oxide, but there is currently sufficient experimental evidence to state that the support 

oxide often has also a more active role in a catalytic process. Indeed, it has been shown for 

many reactions that the catalytic activity is a function of the properties of the support oxide. 

As an example, one can refer to the work of Wachs et al., which shows that the TON for the 

selective oxidation of methanol to formaldehyde over supported vanadium oxide catalysts can 

be altered by a factor of 3 simply by changing the type of support oxide, while keeping the 

molecular structure of the active site almost unaltered.4, 5 Moreover, the phenomenon of 

strong metal-support interaction has been shown to have a profound effect on the reactivity 

and chemical nature of certain reactive metal sites.6 This is especially true for titania-

supported metal catalysts, as is the case for certain Fischer-Tropsch catalysts. 

 In redox enzymes scientists view the protein matrix in an analogous manner, in the 

sense that it is responsible for the isolation of the metal ions in order to prevent aggregation 

and deactivation. However, as in the case of heterogeneous catalysis, the protein often plays a 

very specific role as an acid, base, ligand or nucleophilic species. Furthermore, there is now a 

general consensus that the protein residues in the vicinity of the active site are influencing the 

catalytic properties of the metal center to a large extent. Thus, the matrix that binds the active 

site has a profound influence on the overall catalytic performances of both supported metal 

(oxide) catalysts and metallo-enzymes.   

 

1.2.3 Size and shape selectivity 
 

 Another function of the matrix is to introduce size and shape selectivity in the catalytic 

processes. Enzymes are known for their excellent shape selectivity and regio- and stereo-

selectivity with respect to their substrates. For example, different versions of the cytochrome 

P-450 enzyme family catalyze the hydroxylation of substrates ranging from vitamin D to 

naphthylamine.7 A similar example of the introduction of shape selectivity in the field of 

heterogeneous catalysis is the use of zeolites, which by means of their structure and porous 

nature allow access of only those molecules, which are not exceeding the size and shape of 

the zeolite pore system. Thus, the size and shape selectivity of both zeolites and enzymes 
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derives from a structure in the catalyst material that is complementary to that of the 

substrate/reactant, the transition state and/or the product formed. A major difference, 

however, is the degree of rigidity, with the enzyme being far more flexible and more dynamic 

during the course of the catalytic reaction than the zeolite material. 

 

1.2.4 Kinetics 
 

 Michaelis and Menten were the first to establish the concept of enzyme kinetics and 

the simplest interpretation of the equation involves the saturation of the active sites with the 

substrate, which makes the Michaelis constant Km an effective dissociation constant.8 The 

smaller Km, the larger the affinity of the substrate for the enzyme. This famous Michaelis-

Menten equation is, however, very similar to the one used to describe the kinetics of a 

reaction of a single reactant in a heterogeneous catalytic process, as described by Langmuir 

and Hinshelwood.9 Both heterogeneous and biocatalysis involve the adsorption of a reactant 

to achieve saturation of the limited number of available active sites and the adsorption 

isotherm of a heterogeneously catalyzed reaction is analogous to the substrate binding curve 

for an enzymatic catalyzed reaction.10 

 

1.3 Host-Guest chemistry of transition metal ion complexes in 
zeolites 
 

1.3.1 Transition metal ion complexes 
 

 A transition metal ion (TMI) complex (also called a coordination compound) is a 

compound in which a TMI is surrounded by one or more coordinating molecules.11 The 

transition metal elements comprise groups 3 to 12 in the periodic table. They are called 

transition elements because their position in the periodic table is ‘transitional’ between the 

metallic elements of groups 1 and 2 and the predominantly non-metallic elements of the 

groups 13-18.12 The coordinating molecules in the TMI complexes are called ligands. The 

ligands are coordinating directly to the TMI via one or more donor atom within the ligand 
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molecule. The bond between the TMI and the ligand is called a coordination bond, rather than 

an ionic or a covalent bond. 

 The TMI complexes are characterized by a variable oxidation state. The oxidation 

state of a TMI depends on the filling of the TMI d-orbitals.13, 14 Depending on the TMI, some 

oxidation states occur more often than others and these oxidation states readily interconvert. 

The TMI complexes are very well-known for their colors and can be regarded as chameleon 

elements. This has to do with electronic transitions in the d-orbitals of the TMI, since the 

energy separation between the different d-orbitals is in the energy range of visible light. 

Depending on the oxidation state of the TMI in a complex, one or more unpaired electrons 

may be present. Nevertheless, these complexes can be described as paramagnetic ions rather 

than radicals and can be detected by techniques such as electron spin resonance (ESR) 

spectroscopy. In contrast to the very high reactivity of organic radicals, the TMI complexes 

with unpaired electrons are quite stable. The long-term stability of coordination compounds 

with unpaired electrons is another characteristic of TMI complexes.  

 All these properties make that TMI complexes have been selected by nature to be part 

of a variety of redox enzymes and transport proteins present in e.g. plants, animals and 

humans. In other words, they are essential to life. Furthermore, TMI complexes can be used 

for a lot of different industrial applications. For example, TMIs can often be found as the 

active center in homogeneous and heterogeneous catalysts. One can alter the catalytic 

properties by changing the type of transition metal ion, the properties of the ligand and by 

adjusting the environment around the TMI complex. This offers tremendous opportunities for 

the deliberate design of novel catalytic systems. One way to do this is by immobilizing a 

specific TMI complex, a guest molecule, in the matrix of inorganic hosts, such as zeolites. As 

a consequence, a functional host-guest molecular system can be created. It should already be 

clear to the reader that the host matrix will alter the properties of the guest, but also vice versa 

will the host matrix be influenced by the introduction of the guest molecule.  

 

1.3.2 Zeolites 
 

 Zeolites are an important class of crystalline materials that have widespread 

applications as catalysts, absorbents and ion exchange materials.15 Nowadays, 161 different 
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kinds of zeotype frameworks have been reported in the Atlas of Zeolite Framework Types, as 

issued by the International Zeolite Association (IZA).16 Except for the traditional 

aluminosilicate zeolites, many other systems, such as metallosilicates, metallogermanates and 

metallophosphates are included. As a consequence, the framework elements of the more 

classical zeolites have been extended to most of the transition metal and main group elements.  

 The traditional aluminosilicate zeolites are microporous and the framework structure 

consists of lattice cations (T), which are tetrahedrally coordinated to four oxygen anions 

(TO4) and each oxygen anion shares two lattice cations. The TO4-tetrahedra can be linked in 

many ways, giving rise to different zeolite structures, with a wide variety of pore and channel 

systems and properties. The presence of pores of molecular dimensions has lead to the 

alternative name of molecular sieves for zeolitic materials. It is this property, which has given 

zeolite materials their wide applications in shape selective catalysis and nowadays acidic 

zeolites comprise the heart of the crude oil cracking units in petrochemical industry. 

 
Figure 2. Schematic overview of the structure of zeolite Y. The lines represent oxygen atoms that connect the 

tetrahedral cation sites in the zeolite structure. 

 

 The charge of the zeolite lattice is neutral when the T site is occupied by a four-valent 

cation, usually a Si4+ cation. Isomorphous substitution of Si4+ by a trivalent Al3+ cation results 

in a negative lattice charge. This negative charge is compensated by the presence of cations, 

such as for instance Na+, in the micropores of the zeolite. It is important to stress that these 

extra-framework cations are not an integral part of the zeolite material. In hydrated zeolites 

the extra-framework cations are relatively mobile and can be replaced by other cations, using 

ion exchange procedures. In this way transition metal ions, such as Cu2+ and Fe2+/3+, can be 



Chapter 1 

 8 

introduced into the zeolite matrix. If an H+ is exchanged into the material (via NH4
+ and 

subsequent calcinations), the material will obtain acidity and the corresponding sites are 

called Brønsted acid sites. 

 The zeolite that is used in this thesis is zeolite Y. It exhibits the faujasite structure with 

the IZA-code FAU. It usually possesses a Si/Al ratio of about 2.5 and has a three-dimensional 

micropore system, built up from sodalite cages that are connected via hexagonal prisms 

(Figure 2). Supercages characterize the pore structure and are approximately 13 Å in 

diameter.  They are interconnected via 12-membered rings with a diameter of 7.4 Å. 

 

1.3.3 Transition metal ion complexes in zeolites 
 

 Several synthesis routes have been devised to synthesize zeolite-immobilized TMI 

complexes and Figure 3 summarizes the different strategies reported in literature.17 Two main 

routes can be followed: (1) synthesis starting from a preformed TMI complex and (2) 

assembly of the TMI complex inside the zeolite. The choice of the route depends on the 

zeolite type, the TMI and on the ligands forming the TMI complex. 

 

 

 

 

 

 

 

 

 

 
Figure 3. Overview of the synthesis routes for immobilizing transition metal ion complexes in zeolites. 

 

 Since TMI complexes often have a positive charge, the ion exchange method is the 

most straightforward strategy making use of preformed TMI complexes. The effectiveness of 

this method depends on the resistance of the zeolite against acid or base present in the ion 

Route I: 
 

TMI + ligand 
Route II: 

 
Step 1: TMI 

Step 2: ligand 
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exchange solution and on the dimensions of the rings of oxygen atoms defining the zeolite 

windows and channels. Therefore, this method is only applicable if: (a) the TMI complexes 

are stable, (b) the ion exchange solutions containing the TMI complexes have no extreme pH 

values and (c) the TMI complexes are small enough to enter the zeolite. Thus, only 

(octahedral) complexes with flexible ligands, such as H2O, NH3 and some aliphatic amines, 

may be exchanged into zeolite Y without steric limitation, while for acidic ion exchange 

solutions the contact time must be short to avoid zeolite lattice destruction.  

 Once the TMI complex is introduced in the zeolite via ion exchange, the zeolite matrix 

itself may start to coordinate to the TMI, thus influencing the properties of the immobilized 

TMI complex. So in that way the zeolite becomes a uni-dentate and sometimes even a multi-

dentate ligand, which is in competition with the extra-lattice ligands for complexation with 

the TMI. This may lead, depending on the relative coordination strength of the zeolite 

oxygens and the extra-lattice ligands, to the synthesis of unusual TMI complexes, giving rise 

to special catalytic properties. 

 TMI complexes unable to undergo ion exchange conditions, can be synthesized via 

direct assembly within the zeolite matrix. This method usually starts with ion exchange of the 

zeolite material with the desired TMI. The procedure is then continued with the introduction 

of the ligand. This can be done either with or without a solvent. A condition for TMI complex 

formation within the zeolite cages or channels is that the complexation constant of the TMI 

with the zeolite lattice oxygen atoms is lower than that with the added ligand.  

 An advantage of the immobilization of TMI complexes in the pore system of the 

zeolite is that the micropores and the cages of the zeolite structures have molecular 

dimensions. This makes that the pore geometry of the zeolite induces shape selectivity in 

catalytic reactions and allows for intra-particle transport of reactants and products. This 

property makes that only certain molecules are allowed to react with the TMI complex, 

whereas the approach of other molecules is prevented. This shape selectivity of course also 

holds for the size and shape of the complexes, which can be synthesized within the cages and 

channels of the zeolite material. Finally, zeolite-occluded TMI complexes have strongly 

reduced mobility with respect to their solution mobility and deactivation as a result of 

aggregation can be largely avoided. Due to the excellent chemical, mechanical and thermal 
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stability of zeolites as host materials, the obtained host-guest system may possess superior 

catalytic properties compared to its homogeneous counterpart.18 

 

1.4 Biomimetic materials 
 

 One of the key properties of biological systems is their ability to change important 

properties in response to their environment. The molecular mechanisms that biological 

molecules utilize to sense and respond provide interesting paradigms for the development of 

bio-inspired materials that display “smart” properties.19 There are numerous technologies in 

which responsive material properties have proved useful applications or have important 

potential for implementation. Examples of areas of interest are the controlled release and 

delivery of drugs, the engineering of tissue, diagnostics, affinity separations, sensoring 

elements and catalysis.  

 Biomimetic materials science has evolved significantly since its birth about three 

decades ago and it would be impossible to discuss this field in great detail. In what follows, 

we will limit ourselves to a discussion of a biological system, which has inspired the work 

described in this thesis. Since our work aims to construct and characterize a structural mimic 

of galactose oxidase making use of zeolites as host materials, we will discuss the main 

characteristics of this enzyme known until now. In addition, we will summarize the existing 

literature on zeolite-based galactose oxidase mimics.  

 

1.4.1 Galactose oxidase 
 

 The copper enzyme galactose oxidase (GOase), which is an extracellular enzyme 

produced by fungi of the Fusarium genera, has been the subject of intense research interest 

due to its intriguing structure and reactivity.20 GOase is a single polypeptide chain of 639 

amino acids, whose structure has been determined to 1.7 Å resolution for GOase isolated from 

Fusarium.21, 22 A similar structure has also been obtained for Aspergillus nidulans with a 

resolution of 2.0 Å.23 GOase is a mononuclear type 2 Cu-containing enzyme that catalyzes the 

oxidation of primary alcohols to their corresponding aldehydes. The enzyme has a wide range 

of substrates, but is strictly stereo-specific.24 More specifically, it was found that D-galactose 
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is a good substrate molecule, whereas GOase shows no activity with L-galactose or D-

glucose. The two-electron oxidation of the primary alcohol molecule to its corresponding 

aldehyde is coupled with the reduction of dioxygen to hydrogen peroxide and can be written 

as follows: 

 

RCH2OH   +    O2   →   RCHO    + H2O2 

However, this two-electron process requires, besides the Cu site, a second redox-active center, 

which is provided by a radical situated at a tyrosine (Tyr) residue. All this became clear after 

the crystal structure of the mature enzyme was discovered in 1991. Crystallography revealed 

that Cu has an NNOO coordination in the equatorial plane and coordinates to two Nτ atoms 

from the imidazole rings of two different histidine (His) residues, whereas one exogenous 

ligand and two Tyr residues complete the approximately square pyramidal geometry around 

Cu. A schematic representation of the structure of GOase is shown in Figure 4. The 

equatorially coordinating Tyr is covalently linked to a neighbouring cysteine (Cys) by a C-S 

bond at the position ortho to the hydroxyl group. GOase is an unusual enzyme since the 

number of metal ions present in the active site does not match the number of electrons 

transferred for catalyzing the chemical reaction and it has been found that the Tyr free radical 

participates in the redox chemistry as an additional redox site. Due to this behaviour Cu does 

not have to attain a Cu(III) oxidation state during catalysis. The radical is located on the 

equatorial cysteine-substituted Tyr.  

 

Figure 4. Active site of the enzyme Galactose Oxidase. 

The X-ray crystal structure of GOase has been confirmed making use of Raman25 and 

ESR/Electron-Nuclear Double Resonance (ENDOR) spectroscopy.26 Other elegant 
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spectroscopic work, in particular done by the group of Whittakker,27, 28 indicates that there is a 

change in the geometry of the active site between the resting (inactive) form and the 

oxidatively activated form, although the Extended X-ray Absorption Fine Structure (EXAFS) 

spectra of both states are virtually identical, indicating that there is no change in copper-to-

ligand distances.29 The proposed catalytic mechanism for GOase is shown in Figure 5.30 After 

the substrate molecule binds to the equatorial Cu position (occupied by water or acetate in the 

crystal structures, the latter because the cultures were grown in an acetate buffer at a pH of 

4.5), the first step is a proton transfer from the alcohol to the axial tyrosinate (Tyr495). Next, a 

hydrogen atom is transferred from the substrate to the modified Tyr radical. The resulting 

substrate-derived ketyl radical is then oxidized via electron transfer to the Cu center, yielding 

Cu(I) and the aldehyde product. The two latter steps have been suggested to occur 

simultaneously in a concerted manner. The Cu(I) and the Tyr are in the last step re-oxidized 

by O2, regenerating Cu(II) and tyrosyl and yielding H2O2 as reaction product. This mechanism 

has been studied in more detail using DFT calculations. For this purpose, the two His ligands 

were modelled using imidazoles, the equatorial Tyr using SH-substituted phenol, whereas the 

somewhat smaller, but fully adequate, vinyl alcohol served as a model for the axial Tyr. 

Methanol was used as a substrate. It was found that the first step, proton transfer from the 

substrate to Tyr495, occurs with a very low barrier (less than 3 kcal/mol). The exothermicity 

was calculated to be 3.2 kcal/mol.  

 

Figure 5. Proposed catalytic mechanism for the enzyme galactose oxidase. 
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An important result from the calculations was that the radical site, prior to the proton 

transfer step, is not the equatorial cysteine-substituted Tyr residue, but rather the axial Tyr. 

The axial position is the weakest one in the square pyramidal coordination of Cu and thus the 

most natural place for the radical to be in. This finding was contrary to the commonly 

accepted working mechanism of the enzyme, but not in conflict with any experiment. In fact, 

model complex experiments show that the radical is most likely located axially in a non-

square planar coordination of Cu. After proton transfer the radical is located at the equatorial 

Tyr, implying that, simultaneously with the proton transfer, an electron is moved from the 

equatorial Tyr to the axial one.  

 The second step in the proposed mechanism of GOase is a hydrogen atom transfer 

from the substrate to the Tyr272 radical. The barrier was calculated to be 13.6 kcal/mol, which 

compares well with the known TON of the enzyme. Hence, the calculations give very strong 

support to the proposed mechanism. The hydrogen atom transfer is proposed to result in a 

substrate-derived ketyl radical, which then would be oxidized via electron transfer to the Cu 

center, yielding Cu(I) and the aldehyde product. This proposed radical intermediate was 

located at an energy 4.9 kcal/mol lower than the transition state, making the hydrogen atom 

transfer step endothermic by 8.7 kcal/mol. The intermediate is very unstable, with the barrier 

for its collapse to a closed shell Cu(I) species and aldehyde product being very small. In 

practice, this radical intermediate is therefore probably impossible to detect. The ketyl radical 

intermediate will readily reduce the copper center, yielding Cu(I) and aldehyde. The electron 

transfer step was estimated from the calculations to be exothermic by ca. 5 kcal/mol. Energy 

is gained by the binding and one-electron reduction of O2.  

 

1.4.2 Zeolite-based structural mimics of galactose oxidase 
 

 Nature has always been an inspiration source for mankind. This holds equally well for 

catalyst scientists, who dream of designing a material that catalyzes reactions with the 

elegance of enzymes; i.e. operating at ambient conditions (room temperature and low 

pressure) and catalyzing in an enantio-selective manner a complex series of reactions without 

the formation of hazardous by-products. One potential way to achieve this ambitious goal is 

by building a synthetic analogue of the active site of an enzyme within a robust matrix, in that 
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way creating a kind of enzyme mimic. The advantage of the robust matrix is that enzymes are 

sometimes too fragile for industrial uses, where extreme conditions can make their protein 

framework to collapse.  

 An example of such an approach has been found to be successful for GOase. 

Weckhuysen et al. have immobilized Cu-His complexes in the supercages of zeolite Y via an 

ion exchange procedure of pre-formed Cu-His complexes in aqueous solutions.31 The aim was 

to construct a structural mimic of GOase by designing a similar first coordination sphere 

around Cu, with the zeolite matrix replacing the protein mantle of GOase. Admission of NH3 

to the zeolite materials led to a distortion of the occluded Cu-His complex and vacuum 

treatment regenerated the free coordination site in the encaged complex. The presence of such 

a coordination site gives catalytic potential to these materials and it was indeed found that Cu-

His/Y materials showed promising catalytic activity for the epoxidation of alkenes (e.g. 

cyclohexene) and the oxidation of primary alcohols, such as pentanol and benzylalcohol, in 

the presence of tert-butyl hydroperoxide at 60ºC. An overview of the catalytic performances 

of zeolite-encaged Cu(amino acid) complexes is given in Table 1. Unfortunately, no catalytic 

activity was found when O2 was added as the oxidant. Furthermore, the catalyst material was 

not verych active in the oxidation of cyclohexane.  

 
Table 1. Catalytic performances of zeolite-encaged and clay-intercalated Cu(amino acid) complexes. The 

reactions have been performed at 60°C making use of t-butylhydroperoxide as oxidant.31, 33, 34 

Catalyst Substrate Products Time 
(h) 

Conversion 
(TON) 

1-Pentanol Pentanoic acid 24 1425 
Benzylalcohol Benzoic acid; benzaldehyde 24 2421 

Cyclohexene Cyclohexeneoxide; cyclohexanediol; 
cyclohex-2-ene-1-ol; cyclohex-2-ene-1-one 24 3230 Cu-His/Y 

Cyclohexane Cyclohexanol; cyclohexanone 24 450 
1-Pentanol Pentanoic acid 24 243 

Benzylalcohol Benzoic acid; benzaldehyde 24 302 Cu-
His/saponite Cyclohexene Cyclohexeneoxide; cyclohexanediol; 

cyclohex-2-ene-1-ol; cyclohex-2-en-1-one 24 1008 

Cu-Lys/Y Cyclohexene Cyclohexeneoxide; cyclohexanediol; 
cyclohex-2-ene-1-ol; cyclohex-2-en-1-one 24 735 

Cu-Arg/Y Cyclohexene Cyclohexenoxide;cyclohexanediol; cyclohex-
2-en-1-ol; cyclohex-2-en-1-one 24 669 

 

 Another important observation was that the activity was dependent on the Cu loading 

of the zeolite material; highly loaded Cu-His zeolite Y materials were clearly less active than 
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low loaded Cu-His systems.33 Furthermore, Cu-His zeolite Y catalysts were superior in 

catalytic performances compared to Cu-lysine(Lys)/Y and Cu-arginine(Arg)/Y materials for 

the same type of chemical reactions and tested under identical conditions (Table 1). In 

addition, zeolite materials first loaded with Cu and later on ion exchanged with His or other 

amino acids, including proline (Pro), Lys and Arg, gave rise to inferior catalytic materials due 

to the presence of uncomplexed Cu. In the case of Cu-His, a pH of 7.3 and for Cu-Arg and 

Cu-Lys complexes, a pH of 10 of the ion exchange solutions was optimal for immobilizing 

the Cu complexes in the supercages of the zeolite matrix. Clearly, it was found that the 

preparation method and catalyst composition are crucial for obtaining excellent catalytic 

performances.  

 In a continuation of this work, Fu et al. have immobilized Cu-His and Cu-Lys 

complexes between the layers of saponite clays.34 The intercalated complexes were again 

accessible to NH3, turning the Cu complexes into a distorted octahedral coordination and 

suggesting the presence of a free coordination site available for catalysis. Accordingly, the 

obtained materials are active in the oxidation of pentanol, benzylalcohol and cyclohexene at 

low temperature with peroxides as oxidants. However, their activity is always much lower 

than for zeolite-occluded complexes (Table 1) and this lower activity was explained in part by 

a limited accessibility and by swelling of the clay minerals by the reaction products formed.  

 In order to be able to develop structure-activity relationships for these catalyst 

materials, the immobilized Cu-His complexes have been characterized by different 

characterization techniques, including UV/Vis, X- and Q-band ESR and pulsed ESR 

spectroscopies, more specifically Electron Spin Echo Envelop Modulation (ESEEM) and 

high-field (W-band) pulsed ENDOR. Based on a detailed ESR investigation of the above 

mentioned catalyst systems it was concluded that two different Cu-His complexes, labeled as 

species A and B, are present within the zeolite material, the relative amount of these two 

complexes being dependent on the experimental conditions used during the ion exchange 

procedure. The higher the Cu-His loading in the zeolite matrix, the higher the relative amount 

of complex B in the zeolite. The catalytic activity of the material increases in the opposite 

direction. Besides that, X-band ESR also provided information on the molecular structure of 

complex B, since in the spectrum of the sample with the highest relative amount of complex B 

a 7-line 14N (I = 1) superhyperfine splitting pattern was present. This indicates the presence of 
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three N atoms coordinating to Cu. The fact that more N atoms are coordinating to Cu in 

complex B is also supported by UV/Vis measurements, as the maximum of the d-d transition 

of Cu is shifting to higher energy for systems with a higher relative amount of complex B. 

This is indicative for a higher ligand field splitting for complex B with respect to complex A. 

Table 2 summarizes the UV/Vis and ESR parameters for Cu-His complexes ion exchanged in 

the supercages of zeolite Y. For reference purposes the spectroscopic fingerprints of clay-

intercalated Cu-His complexes and ion exchanged Cu/zeolite Y and Cu/saponite materials are 

also included.  

 
Table 2. ESR and UV/Vis parameters of Cu-His complexes occluded in zeolite Y, together with some reference 

compounds.31, 33, 34 

Material Species UV-Vis 
(cm-1) 

g// A// SHFS A┴,N  
(number of lines) 

A 15200 2.31 158 No - Cu-His/Y 
B 15600 2.25 183 Yes 13 (7) 

Cu-His/saponite C 16700 2.23 192 No - 
Cu/Y D 12500 2.40 134 No - 

Cu/saponite D’ 13100 2.34 138 No - 
 

  More detailed information about species A was obtained with ESEEM. This technique 

showed that only complex A exhibits an intense 27Al modulation, which indicates that 

complex A (ICu = 3/2) binds to the zeolite framework, giving rise to a magnetic interaction 

with the Al (I = 5/2) of the structure.35 The technique also provides proof for the coordination 

of the imidazole N in both complexes A and B, via the ESEEM frequencies of the remote N. 

Recently, advanced pulsed EPR and ENDOR techniques were used to check whether the 

carboxyl groups of the His ligands are participating in coordination to Cu in the equatorial 

plane, or not. It was indeed found that complex A possesses a carboxylate group in an 

equatorial position to Cu.36 

Summarizing, based on the outcome of the-above mentioned characterization 

techniques, the molecular structures shown in Figure 6 are proposed for complexes A and B. 

Complex A is a bis-His complex, in which the amino and imidazole nitrogen of one His 

ligand are coordinating in the equatorial plane to Cu, in combination with a carboxyl oxygen 

of a second His and an oxygen from the zeolite framework. In other words, this complex has 

an NNOO coordination environment, very similar to the one of GOase. Instead, complex B is 
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a bis-His complex, which is situated in the supercage of the zeolite Y structure with all the 

equatorial coordination sites of Cu occupied by functional groups of His, viz. the amino and 

the imidazole groups of one His ligand, together with the imidazole and carboxyl groups of a 

second His ligand. 

 

 

 

 

 

 

 

(a) (b) 
Figure 6. Molecular structure of complex A (a) and complex B (b) occluded in the supercages of zeolite Y. 

 

1.5 Motivation, scope and outline of thesis 
 

 The goal of this study is to elucidate the molecular structure of the Cu-His complexes 

that have been occluded in zeolite Y via an ion exchange procedure with an aqueous solution 

of the complex. More specifically, we aim to describe in a rigorous manner the host-guest 

chemistry in zeolites and make the comparison with enzymatic systems. For this purpose, the 

influence of the zeolite matrix on the coordination chemistry of the introduced Cu-His 

complex should be explored.  This will be achieved in a three-pronged approach making use 

of a multitude of spectroscopic techniques. As the properties of the ligand in the TMI 

complexes are very important, the molecular structure of His as function of the solution pH is 

studied in great detail as a first step. In a second step the focus is on the determination of the 

molecular structure of Cu-His complexes in the ion exchange solution as a function of a wide 

pH range. With this knowledge it is possible to fingerprint the coordination geometry of Cu-

His complexes in the pore system of zeolite Y.   

 In chapter 2 one of the advantages of the multi-technique approach is illustrated. A Cu 

complex catalyzed oxidation reaction was studied in a combined in-situ UV/Vis-ED-XAS 

setup. The analysis of the UV/Vis results provided evidence for a reducing influence on the 
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sample of the X-rays used for the collection of the X-ray absorption data. Differences were 

observed between different synchrotron radiation sources as well as between Cu-containing 

solutions possessing different types of counter anions. The study gives valuable information 

on the conditions in which Cu complexes are reduced under influence of the X-ray beam and 

what other parameters are important for beam damage to occur. It will be shown in the 

following chapters that similar effects may also occur for Cu-His complexes both in aqueous 

solutions and in the supercages of zeolite Y. 

 The quest for the molecular structure of the zeolite-occluded Cu-His complex starts in 

chapter 3 with a spectroscopic study of pH-induced structural changes of the His ligand, 

making use of IR and Raman spectroscopy. The information obtained in this chapter is 

important for the next step, which is discussed in Chapter 4. In this chapter a combined IR, 

Raman, UV/Vis, EPR and EXAFS study on the pH-induced structural changes of the Cu-His 

complex in aqueous solutions is presented. Based on the outcomes of chapter 4, chapter 5 

elaborates on the molecular structure of the Cu-His complex in aqueous solution by a careful 

analysis of the XANES and UV/Vis spectra. By making use of the reducing properties of the 

X-ray beam, as discussed in chapter 2, interesting information on the molecular structure of 

the Cu-His complex can be obtained. Chapter 6 describes the last step in the three-pronged 

approach: the discussion of the molecular structure of the zeolite Y immobilized Cu-His 

complexes. It will be demonstrated that the zeolite has multiple effects on the coordination 

and redox chemistry of zeolite-encaged Cu-His complexes. As a result, a discussion on the 

influence of the zeolite matrix on the molecular structure and redox chemistry of the Cu-His 

complex is presented. Furthermore, it allows comparing the molecular structure of the 

occluded complexes with the active site in GOase.  

 Finally, in chapter 7 a summary of the results of the preceding chapters is given. 

Besides that, also the use of the multi-technique approach to solve the molecular structure of 

the Cu-His complex within the pore system of zeolite Y is evaluated and conclusions on the 

influence of the zeolite on the molecular structure of TMI complexes in general will be 

drawn. It will be shown that – similar to the field of bioinorganic chemistry37 – a large variety 

of powerful spectroscopic techniques are needed in order to determine with high accuracy the 

local coordination geometry of transition metal ion complexes. Only than it will be possible to 

draw firm conclusions on the structural similarities between man-made and natural enzymes. 
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Chapter 2 
 

 

 

Synchrotron Radiation Effects as Studied in a 
Combined UV-Vis/XAFS Setup 

 

 

Abstract 

UV-Vis spectroscopy was used in a combined in-situ UV-Vis/XAFS spectroscopic 

set-up to study the synchrotron radiation effects on aqueous homogeneous copper solutions. 

Two different systems were studied. In the first study the focus was on the copper 2,2’-

bipyridine (1:1) catalyzed oxidation of benzyl alcohol to benzaldehyde with 2,2,6,6- 

tetramethylpiperidinyl-1-oxy and base as co-catalysts. In the second study the same reaction 

was studied with a copper 1,10-phenanthroline (1:2) catalyst. It was found that when the 

reaction mixture is exposed to the X-ray beam, the features present in the in-situ UV-Vis 

spectrum develop differently compared to the situation when the reaction mixture is not 

exposed to the X-ray beam. Besides a heating effect of the X-ray beam both the UV-Vis 

analysis and the XAFS analysis showed a reducing influence of the X-ray beam on the 

sample. In order to investigate this phenomenon in more detail a series of dilute aqueous 

copper solutions from different precursor salts, viz. Cu(NO3)2⋅3H2O, CuSO4⋅5H2O, CuCl2 and 

CuBr2 were studied at different beamlines, both with high and low photon flux. It was found 

that different aqueous copper solutions have different stabilities when they are exposed to an 

X-ray beam. Especially the solutions from the halogen containing precursor salts were found 

to be unstable and subject to reduction. The work illustrates the advantage of a second 

technique (UV-Vis spectroscopy) to evaluate the effect of synchrotron radiation used to 

measure in-situ XAFS on catalytic systems. 
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2.1 Introduction 
 

In catalysis there is an increasing trend in using in-situ spectroscopic techniques to 

elucidate the reaction mechanism of a catalytic process as well as to attempt to identify the 

active site and the associated reaction intermediates.1-5 Since each species has a specific 

spectroscopic fingerprint it has been shown that such reaction mechanisms can only be 

elucidated by making use of multiple characterization techniques. Because of the need for a 

multi-technique approach, it may not wonder that scientists in recent years have tried to 

combine two characterization techniques in one reaction set-up. Examples are XRD/XAFS,6-9 

XAFS/UV-Vis,10,11 UV-Vis/Raman12-15 and UV-Vis/EPR.16-18 Thus, complementary 

information about the catalytic system can be obtained at the same time and measured under 

identical process conditions guaranteeing the validity of the measured species for building up 

the reaction scheme.19  

In this work it will be shown that there is an additional advantage of performing 

combined in-situ spectroscopy on catalytic systems. It is known that high-intensity light 

sources, such as laser light, UV-light and synchrotron radiation, may influence the state of the 

catalyst and its reaction medium, ranging from sample heating, changing oxidation-reduction 

behavior, up to even the destruction of the active site.20-22 One way to track such changes is by 

making use of a second spectroscopic technique attached to the reaction vessel. In this work, 

we will show the advantages of an in-situ UV-Vis/ED-XAFS set-up for probing the state of 

the catalyst material in the presence and absence of a synchrotron X-ray beam. For this 

purpose different experiments were performed. In the first experiment the oxidation of benzyl 

alcohol using a copper bipyridine complex in a water/NMP mixture (1:1), with 2,2,6,6- 

tetramethylpiperidinyl-1-oxy (TEMPO) and base as co-catalysts, was studied. The same 

reaction was also studied by using a copper 1,10-phenanthroline complex (1:2) as a catalyst. 

In the last part the focus was on the study of aqueous copper solutions from different copper 

precursor salts. Although sometimes ignored in the field of catalysis, it will be shown that, 

depending on the reaction mixture composition as well as on the catalyst system under 

investigation, unexpected effects may occur, which otherwise would have remained unnoticed 

when only the in-situ XAFS technique would have been applied. 
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2.2 Experimental 
 

2.2.1 Solutions and reactions 
 

The oxidation of benzyl alcohol was carried out in an NMP/H2O (1:1) solvent mixture 

at room temperature. NMP (N-Methylpyrrolidone) was used as a co-solvent to increase the 

solubility of the copper complexes. Two different copper complex containing solutions were 

used in the oxidation reaction: a 0.06 M CuBr2/bipyridine (1:1) solution and a 0.045 M 

CuBr2/1,10-phenanthroline (1:2) solution. To start the reaction four different solutions were 

mixed: the copper complex containing solution, a benzyl alcohol solution, a 2,2,6,6-

tetramethylpiperidinyl-1-oxy (TEMPO) solution and a tetraethylammoniumhydroxide 

(TEAOH) solution, the concentration in the last three solutions being equimolar to the copper 

concentration of the first solution. The four solutions were mixed in a 1:1:1:1 ratio, resulting 

in an 0.015 M copper concentration in the cuvette for the Cu-bipyridine catalyzed system and 

0.01125 M for the Cu-1,10-phenanthroline catalyzed system. The NMP solvent (Biosolve), 

CuBr2 (Acros, 99%+), 2,2’-bipyridine (Acros, 99+%), 1,10-phenantroline (Acros, 99+%), 

benzyl alcohol (Aldrich, 99+%), TEMPO (Acros, 98%) and 20 wt% TEAOH in H2O (Acros) 

were used without further purification.  The concentration of the copper-bipyridine (1:1) 

complex in NMP/H2O (1:1) for the stability experiments was 0.06 M. The UV-Vis/ED-XAFS 

experiments on the aqueous copper solutions were performed with both 0.01 and 0.06 M 

solutions from different copper precursor salts: Cu(NO3)2⋅3H2O, CuSO4⋅5H2O, CuCl2 (all 

from Merck, p.a.) and CuBr2 (Acros, 99%+). 

 

2.2.2 Characterization and UV-Vis/ED-XAFS set-up 
  

The UV-Vis/ED-XAFS data were collected at the undulator beam line ID24 of the 

European Synchrotron Radiation Facility (ESRF, Grenoble, France). A specially designed set-

up was used (see for a schematic overview Figure 1).10, 11 The solutions were brought into a 

specially designed black quartz cuvette using the commercially available Bio-logic stopped 

flow module (SFM-400). The cuvette has a path length of 5 mm in both the X-ray and the 

UV-Vis direction and a total sample volume of 80 µl. The transparent quartz windows in the 
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X-ray direction have a thickness of 100 µm in order to minimize X-ray absorption at the 

energy of the copper edge by the windows. To protect the sample from heating and 

degradation by the high photon flux of the X-rays (1012 photons s-1) a beam shutter is placed 

in front of the sample. The shutter is only opened when X-ray absorption measurements are 

performed. The spot size of the X-ray beam in the focal spot in the sample is 0.03 x 0.2 mm2 

(H x V, FWHM).  

 

 

 

Figure 1. Schematic top-view representation of the set-up (a) and picture (b) of the cuvette in the observation 

head on top of the Stopped Flow Module (SFM), seen in the direction of the X-ray beam. The optical fibers for 

the UV-Vis analyses can be seen on the left and the right, as well as the syringes used to fill the SFM. Back in 

the left is the beam shutter and on top is the pipe to the waste bin. 

The XAFS data were collected using a phosphorous-masked Peltier cooled Princeton 

CCD camera. The X-rays were focused on the sample using a curved Si(111) Bragg 

polychromator crystal. The energy of the monochromator was calibrated by measuring the 

absorption edge of a copper foil (8979 eV) prior to and following every energy scan. The UV-

Vis spectra (in the range from 200-735 nm) were collected in transmission mode, 

perpendicular to the incident X-ray beam, using an MMS-UV1/500-1 high speed diode 
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spectrometer equipped with optical fibers. This spectrometer is able to collect a complete UV-

Vis absorption spectrum in 0.8 ms. For the oxidation of benzyl alcohol every 9.5 s a new 

XAFS spectrum was recorded. The first 8 s are for the collection of the XAFS data, followed 

by 1.5 s for read-out of the data. During this read-out period the beam shutter is closed. In this 

way 25 XAFS spectra were collected in time, covering the first 4 min of the reaction. This 

procedure was repeated 15 times to improve the signal to noise ratio of the XAFS data. In 

some experiments a thermocouple was placed inside the cuvette, above the plane of the X-ray 

beam, to measure changes in the temperature of the reaction mixture when it was exposed to 

the X-ray beam. 

The Cu K-edge XAFS spectra of 0.01 M aqueous copper solutions from different 

precursor salts were collected at the Dutch-Belgian beam line (DUBBLE) at BM26A of the 

ESRF. The measurements were performed at room temperature with a Si(111) double crystal 

monochromator. The liquid samples were measured in stainless steel cells (diameter of 2.5 

mm) with kapton windows. The spot size on the sample is 0.5 x 0.5 mm2 (HxV, FWHM), 

with a photon flux of 1011 photons s-1. The XAFS spectra were collected in the fluorescence 

mode, in a 90-degree orientation to the incident X-ray beam, using a nine-channel monolithic 

germanium detector. The time required to record one complete XAFS spectrum is 45 min. 

TEM images were obtained with a Fei Technai 20 FEG TEM operating at 200 kV. 

Samples were, after centrifugal treatment and resuspension in water, dispersed on a glow 

discharge pre-treated, copper grid supported, holey carbon film. 

 

2.3 Results 
 

The combination of the UV-Vis and the ED-XAFS techniques was used with the 

intention to study the mechanism of the oxidation of benzyl alcohol to benzaldehyde using a 

copper bipyridine (1:1) complex in the presence of TEMPO and base as co-catalysts. The 

catalytic activity was found to be higher when using CuBr2 as a precursor salt for the Cu-

bipyridine solution (compared to the CuCl2 and Cu(NO3)2 precursor salts).23 A Cu+ species is 

proposed to be an intermediate in the mechanism of the reaction.23 UV-Vis and XAFS 

spectroscopy are both techniques that are very well capable of showing changes in the 

oxidation state of copper.  In the UV-Vis spectrum Cu2+ (d9) has a d-d transition in the region 
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of 600-800 nm, whereas in Cu+ (d10) this d-d transition is not present. In XAFS spectroscopy 

Cu+ (and also Cu0) are characterized by a pre-edge feature in the 8980-8985 eV region of the 

XANES of the copper edge. This feature is not present for Cu2+.24 The combination of the two 

techniques is very informative for studying changes in the oxidation state of a copper system. 

 

2.3.1 Copper 2,2’-bipyridine (1:1) system 
 

First the propagation of the copper 2,2’-bipyridine catalyzed oxidation of benzyl 

alcohol was monitored in the UV-Vis/ED-XAFS set-up by UV-Vis spectroscopy alone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2. UV-Vis absorption spectra of the oxidation reaction of benzyl alcohol to benzaldehyde using copper 

bipyridine as catalyst and TEMPO and base as co-catalysts, (A) without, (B) with the X-ray beam on the sample. 

A
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The development of the first 4 min of the reaction is shown in Figure 2a. Around 420 nm a 

band is developing in time, which can be assigned to a metal to ligand charge transfer 

transition in a mononuclear copper species.25 The development of the intensity of this band in 

time is indicated by line a in Figure 3. However, when the UV-Vis spectra are recorded with 

the X-ray beam exposed to the reaction mixture (Figure 2b), the development of this band in 

time is much faster (line b in Figure 3). What also attracts the attention is the repetitive 

pattern that is visible in the development of the 420 nm band in Figure 3b. This pattern is 

absent when there is no X-ray beam on the sample. The origin from this pattern is the closing 

of the beam shutter, which is closed for 1.5 s after each XAFS measurement for data read-out. 

In these 1.5 s the intensity of the UV-Vis absorption band decreases. After re-opening of the 

beam shutter for the next XAFS measurement the absorption starts to rise again. These results 

clearly indicate that the X-ray beam is influencing the reaction mixture in the cuvette. 
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Figure 3. Evolution of the band at 420 nm in the UV-Vis spectra in time for the oxidation of benzyl alcohol to 

benzaldehyde using copper bipyridine as catalyst and TEMPO and base as co-catalysts: (a) without and (b) with 

X-ray beam. 

The explanation for the difference in the UV-Vis absorption spectra with and without the X-

ray beam on the reaction mixture could be a temperature effect that the X-ray beam has on the 

sample. The reaction mixture is heated in the plane of the dispersive X-ray beam, which 

speeds up complex formation and/or catalytic activity. As soon as the beam shutter is closed 

the heating stops and the heat and/or complexes in the plane of the X-ray beam start to 

exchange with the rest of the reaction mixture, which is not in the plane of the beam. This 

causes a decrease of the absorption in the UV-Vis spectrum during the 1.5 s the beam shutter 
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is closed and gives rise to the saw-tooth pattern in line b in Figure 3. To check this 

hypothesis, the temperature of the reaction mixture in the cuvette (out of the plane of the X-

ray beam) was measured. It was found that as soon as the beam shutter was opened the 

temperature of the reaction mixture instantaneously increased by about one degree Celsius, 

after which it stabilized. After closing of the beam shutter the temperature decreased within a 

few seconds back to its original value. This indicates that there is a temperature effect of the 

X-ray beam on the sample; an effect that will be quite large in the plane of the X-ray beam. 

To quantify this effect the radiation dose per second on the sample was calculated.20, 26 This 

value was used to calculate the energy release per second in the volume exposed to the X-ray 

beam. Together with the value for the heat capacity of the solvent this gave a temperature rise 

in the volume of the plane of the X-ray beam of 14°C/s. These theoretical calculations prove 

that locally (especially around the plane of the X-ray beam) the temperature in the cuvette can 

increase dramatically. This can be an explanation for the faster upcoming of the 420 nm band 

when the sample is exposed to the X-ray beam. If this heating would be the only effect of the 

X-ray beam on the sample (provided it is not too much), the data could still be used for 

analysis of the species involved in the reaction mechanism. 
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Figure 4. X-ray absorption spectra for the first 4 min of the oxidation of benzyl alcohol to benzaldehyde. The 

time between two consecutive absorption spectra is 9 s. The trends in time are indicated with the arrows. 

However, there is an additional explanation for the observed differences. The X-ray 

absorption spectra of the first 4 min of the reaction (with a 9 s time resolution) are shown in 

Figure 4. Very large changes in the X-ray absorption spectra are occurring in the first minute 

of the reaction (indicated with arrows). A pre-edge feature in the region 8980-8985 eV of the 
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XANES region (typical for Cu+, but also for Cu0) is coming up and the white line intensity 

decreases strongly. These changes suggest that reduction of the copper is occuring. Besides 

that, the features in the EXAFS region are changing completely. At first sight nothing strange 

is happening: the species participating in the oxidation reaction are probed and the XAFS 

results suggest the formation of a Cu+ intermediate. In the last 3 min of the reaction only 

minor changes occur, viz. the development of a feature at 8979-8980 eV. However, based on 

the increase of the XANES feature around 8979 eV in time and the evolution of the features 

present in the EXAFS to features present in a copper foil (Figure 5), the formation of metallic 

copper is suggested.27  
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Figure 5. The X-ray absorption spectrum of a copper foil compared to the absorption spectrum of the sample 

after 4 min. The arrows indicate the reproduced features in the EXAFS of both samples. Also the X-ray 

absorption spectrum at the beginning of the reaction is shown. 

In order to determine what is happening in the reaction mixture, the copper system 

was studied without catalytic reaction. To that end the copper bipyridine solution was 

measured without substrate and co-catalysts. Without X-ray beam a copper-bipyridine (1:1) 

solution in water/NMP (1:1) is stable in time, since there are no changes observed in the UV-

Vis absorption spectrum in time. However, when this solution is exposed to the X-ray beam it 

is no longer stable. The absorption in the UV-Vis spectrum starts to increase over the total 

wavelength range and features around 460 nm and 540 nm start to develop (Figure 6). 

Analysis of the X-ray absorption spectra showed that all the changes that are visible in the X-

ray absorption spectra of these solutions are exactly the same as those for the complete 

reaction mixture. These results show that the X-ray beam also has a strong reducing effect on 
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the sample and support the hypothesis about the formation of colloidal copper. This 

hypothesis is also confirmed by the UV-Vis results: the increase in absorption in the UV-Vis 

spectra in time is caused by the formation of colloidal copper, which causes a decrease in 

transmission of the sample. This process is the reason for the fast development of the 420 nm 

band as visualized in Figure 3. The absorption of the colloidal particles is superimposed on 

the absorption of the catalytic species in the 420 nm area. 
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Figure 6.  The difference in the absorption of the UV-Vis spectra with respect to the absorption before the X-ray 

beam was on the copper bipyridine solution, after (a) 100 s, (b) 200 s and (c) 300 s of X-ray irradiation. 

So the study of the oxidation reaction in the UV-Vis/ED-XAS set-up shows that two 

processes are occurring at the same time in the cuvette. Within the plane of the X-ray beam 

mainly the reduction/heating process occurs, whereas in the rest of the cuvette mainly the 

normal catalytic reaction takes place, only influenced by the temperature effect of the X-ray 

beam. With the UV-Vis technique a superposition of both processes is probed, because the 

area probed by the UV-Vis technique in the cuvette is much larger then the plane of the X-ray 

beam (ratio of about 500:1). As a result the largest part of the species that are probed by UV-

Vis will be the ones that participate in catalysis. However, all the species that are probed by 

the XAFS technique have been exposed to the X-ray beam, so the X-ray absorption spectra 

will show more pronounced the effect the X-ray beam has on the sample.  

Of course it is a possibility that the reducing influence of the X-ray beam is facilitated or even 

caused by the presence of the bipyridine ligand. Therefore we also studied the influence of the 

X-ray beam on aqueous copper solutions from different precursor salts, to check whether the 
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same processes are occurring to Cu2+ under influence of the X-ray beam without the presence 

of a ligand. 

 

2.3.2 Copper from different precursor salts 
 

The stability of aqueous copper solutions from four different Cu(II) precursor salts 

under influence of the X-ray beam was investigated. The solutions from the CuSO4.5H2O and 

Cu(NO3)2.3H2O precursor salts were exposed for 10 min in the cuvette and found to be stable 

under influence of the dispersive X-ray beam. There was however a reducing effect on the 

solutions from CuBr2 and CuCl2, the effect being larger for the CuCl2 solution. The X-ray 

absorption spectra at the beginning and the end of the exposure time and the UV-Vis spectra 

during the first 5 min of exposure of the CuCl2 solution to the X-ray beam are shown in 

Figures 7 and 8 respectively. Again the Cu+/Cu0 pre-edge feature is coming up and the white 

line is going down in time and the absorption in the UV-Vis is increasing in time.  
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Figure 7. XANES spectra of the 0.06 M aqueous CuCl2 solution after 10 s and 240 s of exposure. 

So it seems that the presence of halide is responsible for the reducing effect of the X-ray 

beam. Indeed, the process was found to be dependent on the halide concentration: the higher 

the halide concentration (obtained by adding the sodium salt of the halide), the faster the 

development of the pre-edge feature in time and the faster the increase of the absorption in the 

UV-Vis absorption spectra. 
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Figure 8. The difference in UV-Vis absorption spectra of a CuCl2 solution with respect to a solution that not has 

been exposed to the X-ray beam, after (a) 80 s, (b) 160 s and (c) 240 s exposure to the X-ray beam. 

To check the hypothesis of the formation of colloidal copper, one of the 60 mM CuCl2 

solutions that had been exposed to the X-ray beam was studied with transmission electron 

microscopy (TEM). The result is shown in Figure 9. In the sample the colloidal copper 

particles are clearly visible. The particle size distribution of the copper particles is quite 

homogeneous, in the range of 2-3 nm. These TEM results confirm the formation of colloidal 

copper particles. 

 
 
Figure 9. TEM image of the colloidal copper particles found in the aqueous CuCl2 solutions after X-ray 

exposure. Most of the particles have a diameter of 2-3 nm. 
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The UV-Vis/ED-XAFS set-up is designed to collect X-ray absorption spectra within 

seconds. To achieve this all X-ray energies are focused on the sample at the same time. This 

makes that the radiation dose, especially at the small focal spot in the sample (0.03 x 0.2 mm2 

(HxV)), with a flux of 1012 photons s-1 is very high. This high dose is the reason for the very 

fast formation of the colloidal copper particles. To test the influence of the photon flux the 

stability experiments with the aqueous copper solutions were repeated at DUBBLE. The 

radiation dose in the larger focal spot (0.5 x 0.5 mm2 (HxV)) at this bending magnet beamline 

with a flux of 1011 photons s-1 is 381 J/kg in a total volume of 6.25⋅10-10 m3. This value is 

much lower then on the ED-XAFS beam line ID24, where the radiation dose is 41545 J/kg in 

a volume of only 4.0·10-11 m3. So, if the flux of the incoming X-ray beam is responsible for  
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Figure 10. Comparison of the development in the X-ray absorption spectra at (a) ID24 after 10 and 240 s 

respectively and (b) DUBBLE after 45 min and 225 min respectively. 

the reducing influence, the reducing behavior is expected to be orders of magnitudes lower. 

The different aqueous copper solutions were exposed to the X-ray beam for several hours. It 

takes about 45 min to collect a qualitatively good and complete X-ray absorption spectrum. 

Although the radiation dose at DUBBLE is much lower, exactly the same trends in stability 

were found for the copper salts, only at a different time scale (Figure 10). The solutions from 

the sulphate and the nitrate salts are stable and the copper solution from the CuCl2 salt is more 

susceptible to reduction than the CuBr2 salt. Again, increasing the chloride concentration 

increased the speed of the reduction process. This indicates that lowering the radiation dose 

on a sample does not prevent radiation damage to occur; it only slows down the process.  
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2.3.3 Copper 1,10-phenanthroline (1:2) system 
 

The oxidation of benzyl alcohol was also studied in the combined UV-Vis/ED-XAFS 

setup using a Cu/1,10-phenanthroline complex as catalyst. This system differs from the 

Cu/2,2-bipyridine system in the sense that there are twice as much ligands available per 

copper ion. Figure 11 shows the set of UV-Vis spectra of the CuBr2/phenanthroline reaction 

mixture measured in the presence and absence of the X-ray beam.  

 

 
Figure 11. The development if the UV-Vis features for the complete reaction mixture in the Cu/1,10-

phenanthroline catalyzed oxidation of benzyl alcohol (A) without and (B) with the reaction mixture exposed to 

the X-ray beam. 



Synchrotron Radiation Effects 

 35

It is evident that both sets of spectra show an increase of an absorption band around 433 nm 

with reaction time, as well as a decrease of a broad absorption band at 735 nm. Again there 

are remarkable differences between the spectra obtained in the presence and absence of the X-

ray beam. 

 

 
Figure 12. The development of the UV-Vis features for the reaction mixture without the presence of a reducing 

agent in the Cu/1,10-phenanthroline catalyzed oxidation of benzyl alcohol (A) without and (B) with the reaction 

mixture exposed to the X-ray beam. 
 

An even more striking difference is observed when the developments in the UV-Vis spectra 

are studied in the absence of the reducing agent (see Figure 12). When the reaction mixture is 
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not exposed to the X-ray beam nothing is changing in the UV-Vis spectrum as a function of 

time. When, however, the same reaction mixture is exposed to the X-ray beam the 

characteristic band for the Cu+ species comes up again and increases in time. The formation 

of a Cu+ species is also confirmed by the upcoming of the Cu+ feature in the XANES region 

of the X-ray absorption spectra collected at the same time. These observations again very well 

illustrate the reducing effect the synchrotron X-ray beam can have on the samples under 

study. 

 

2.4 Discussion 
 

It is known that in aqueous solutions radiolysis of water can occur under influence of 

X-rays.27, 28 This radiolysis process generates all kinds of species, like OH⋅ and H⋅ radicals, 

but also species like OH-, H+ and hydrated electrons. Usually recombination of the radiolysis 

products occurs. But when a scavenger takes away one of the products of the radiolysis 

process recombination can no longer take place and accumulation of the radiolysis products 

occurs. In this way also accumulation of the hydrated electrons can occur. These hydrated 

electrons can reduce the copper cations to the metallic state. It is possible that halide anions 

act as a scavenger of one of the radiolysis products, allowing the hydrated electron 

concentration and thus the speed of reduction to increase. Another explanation can be that 

nitrate and sulphate anions act as scavengers for hydrated electrons, thus protecting the copper 

cations from being reduced. Chloride and bromide anions are much less capable of doing that. 

One has to realize that each characterization method will to a certain extent perturb the 

sample under investigation, i.e. the sample can undergo modifications due to the probe used to 

obtain chemical information from the sample. More specifically, high-intensity light sources, 

such as X-ray light (e.g. in the case of XAFS measurements making use of synchrotron 

radiation sources) and UV light (e.g. in the case of Raman measurements making use of UV 

lasers) are able to (1) generate new species in the reaction mixtures (solvent, reagent) that can 

influence chemical processes and/or (2) alter the molecular structure of the catalytic system 

under investigation. These effects can take place even at low radiation doses, i.e. such effects 

can also take place with synchrotron light sources making use of bending magnets, where the 

long exposure time may lead to a too high total light flux. This means that for every X-ray 
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absorption experiment it should be evaluated whether an observed change in oxidation state 

originates from the reaction under study or that it is merely due to an influence of the X-ray 

beam. In this study we show that the combined in-situ UV-Vis/ED-XAFS stopped flow set-up 

is ideally suited to check the influence of X-ray radiation on catalytic systems. This is a 

second example in which the combination of two in-situ techniques in one experimental set-

up has an additional advantage besides providing experimental evidence for the existence or 

absence of catalytically active species or reaction intermediates. The first example comprised 

the use of in-situ UV-Vis spectroscopy to quantify in-situ Raman spectra of a catalytic solid 

under working conditions without the use of an internal standard. 

 

2.5 Conclusions 
 

  The results presented in this chapter show an additional advantage of combining two 

different in-situ characterization techniques in one reaction set-up. A combination of in-situ 

UV-Vis and ED-XAFS techniques is useful to study reaction mechanisms in the 

homogeneous phase. In this specific case it also allowed probing of the effect of the X-ray 

beam on a copper sample. Using this set-up evidence for the occurrence of a temperature 

effect of the X-ray beam on the sample was found. This effect caused an increase in the rate 

of the catalytic process occurring in the cuvette. Besides that, proof for a reducing influence 

of the X-ray beam on the sample was also found. It was shown that the extent of the effect 

was influenced by the choice of the copper-precursor salt (halide concentration) and that the 

speed of the reduction process was influenced by the flux of the X-rays on the sample. It is 

very important to realize that the observed phenomena not only occur under “severe” X-ray 

exposure (undulator source, white beam), but are also observed (although at different time 

scales) under milder X-ray exposure (bending magnet, monochromatic X-rays).  

This work illustrates the advantage of a second technique, such as in-situ UV-Vis 

spectroscopy, to evaluate the effect of synchrotron radiation, used to measure in-situ XAFS, 

on systems in aqueous solution. It should be stressed that this study does not imply that all 

synchrotron measurements are prone to radiation damage. Merely, we would like to draw 

attention to an often underestimated phenomenon in literature, which may lead to wrong 
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interpretations of the obtained in-situ XAFS data and consequently incorrect conclusions on 

the catalytic reaction cycle, especially when aqueous solutions are involved. 
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Chapter 3 
 
 
 

Infrared and Raman Spectroscopic Study of pH-
induced Structural Changes of L-histidine in 

Aqueous Environment 
 

 

 

 

 

 

 

 

 

 

Abstract 
 

Aqueous solutions of L-histidine (His) have been analyzed in parallel by infrared and 

Raman spectroscopy over the pH range 0-14 with increments of 1 pH unit. The vibrational 

spectra in the region 2000-500 cm-1 have been interpreted and band positions have been 

assigned, taking into account assignments from literature after critical evaluation. As a result a 

complete and complementary set of vibrational data has been obtained that can be used to 

determine all possible states of protonation of His, i.e. H4His2+, H3His+, H2His0, HHis- and 

His2-. In addition, IR and Raman bands have been proposed as markers for the presence of the 

imidazole Nπ- or Nτ- protonated tautomeric forms of H2His0 and HHis-. 
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3.1 Introduction 
 

The elucidation of the secondary and tertiary structure of amino acid side chains has 

been the subject of research for many years. This is largely due to the fact that the spatial 

orientation plays a key role in the folding/unfolding ability of peptides and in the catalytic 

activity of enzymes. The pH is one of the driving forces in the orientation process, as it affects 

the state of protonation and hence the formation of hydrogen bridges and the number of 

binding sites for ions of transition metals, such as Cu, Fe and Co. An amino acid of major 

importance as a ligand in many metallo-enzymatic reactions is histidine.1 Due to the presence 

of an imidazole ring the molecule possesses two extra potential sites for (de)protonation and 

metal binding in addition to the two (NH2 and COOH) amino acid end groups. Besides, for 

two of the ionic structures histidine can be present in two pH-dependent tautomeric forms. As 

a consequence and as result of its flexible structure, histidine can occur in several pH-

dependent states of protonation and coordination, either as part of a peptide backbone or as a 

free ligand molecule.   

Next to NMR, infrared (IR) and Raman spectroscopy are commonly applied to obtain 

this type of structural information, as both techniques can be applied in-vivo and over a wide 

pH range. Moreover, the short time scale of vibrational absorption and relaxation in relation 

to the lifetime of free rotating structures and tautomeric equilibriums, allows simultaneous 

qualitative and quantitative observation of all structures and ionic forms that are present in a 

chemical or biological system. Finally, IR and Raman are complementary techniques, which 

implies that an almost complete vibrational analysis is possible, particularly when combined 

with theoretical calculations. As a result many vibrational spectroscopic studies on histidine 

and related imidazole-type compounds have been carried out, providing a considerable 

amount of data in the literature, occasionally summarized in reviews2-8 and books.9, 10 To our 

knowledge, normal coordinate analysis (NCA) on histidine has not been carried out thus far 

and the first ab initio and density functional theory (DFT) study on the molecule was 

published only very recently.11 However, this research concerned the conformational 

dependence of the pKa values and not a vibrational analysis. For that reason, only results of 

theoretical calculations on the model compounds imidazole,12, 13 4-methylimidazole,12, 14-17 

and 4-ethylimidazole18 have been used to support the conclusions from empirical IR and 

Raman studies of histidine19-36 and closely related molecules.37-41 The majority of this 
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research has been focused on IR or Raman bands that can be used as a marker to determine 

the state of protonation of the imidazole nitrogen atoms15, 16, 20-27 or the type of metal ion 

binding24, 29, 32, 34, 37, 39, 40 and thus, measurements have been performed mainly under 

physiological conditions or at specific pH values close to the pKa values of the different active 

sites. In addition, samples have often been measured in D2O or after crystallization to 

circumvent interference from water bands. As a consequence there are large gaps in the 

availability of experimental vibrational data and assignments in H2O, while an integrated IR 

and Raman study on aqueous solutions of histidine has, to our knowledge, not been published 

so far. Moreover, we noticed that some of the assignments and conclusions in literature are 

inconsistent or even conflicting. In order to clarify these controversies and obtain the lacking 

vibrational data we decided to carry out systematic and detailed IR and Raman measurements 

on histidine under well-defined experimental conditions. However, the main motivation for 

this work is to extend the pH region to high and low values, as this is important for the 

functionalization of inorganic substrates, such as zeolites, with amino acid complexes.42, 43 

These hybrid materials are expected to have high potentials, not only in biomedical 

applications, but also as sensors, catalysts and molecular electronic devices.44 For a better 

understanding and optimization of the structure/activity relationship it is important to have 

insight into the precise molecular structures and structural behaviour of the amino acids at pH 

values beyond those in biological systems. For that reason aqueous solutions have been 

measured in parallel with both techniques in the spectral region 2000-500 cm-1 from pH = 0 to 

pH = 14 with increments of one pH unit. The resulting set of complementary spectral data has 

been interpreted and assigned to vibrational modes. In addition, the spectral data have been 

translated to bands that can be used as markers for the state of protonation, taking into account 

data and assignments from literature after careful comparison and evaluation. As a result, a 

more complete picture of aqueous histidine chemistry emerges. 

 

3.2 Experimental 
 

3.2.1 Chemicals and solutions 
 

L-histidine (p.a. grade) was obtained from Acros Organics (Geel, Belgium). Solutions 



Chapter 3 

 44 

were freshly made by dissolving L-histidine in demineralized water at a concentration of 38 

g/l. Dissolution was promoted by exposure of the solution to ultrasound for 20 min. Solutions 

were made acidic by addition of HCl and basic by addition of NaOH. The pH was determined 

at ambient temperature (21°C) with a pH meter model PHM 210 from Radiometer Analytical 

(USA). In order to check the conversion reversibility from one state of protonation to another 

titration experiments from pH = 0 to pH = 14 and backwards have been carried out. The 

resulting IR and Raman data revealed full reversibility, which proves that degradation of the 

histidine molecules did not occur. 

 

3.2.2 Characterization techniques 
 

IR measurements were carried out at room temperature on a Perkin-Elmer 2000 

Fourier Transform spectrometer equipped with a DTGS detector. The sample compartment 

was flushed with dry air to reduce interference of H2O and CO2. Spectra were recorded with a 

horizontal ATR accessory (Spectra-Tech) equipped with a ZnSe crystal as the reflecting 

element. The data point resolution of the spectra was 4 cm-1 and 100 scans were accumulated 

for one spectrum. Spectral interpretation was carried out after subtraction of the spectrum of 

water at the corresponding pH as background. 

Raman measurements were carried out on a Kaiser RXN spectrometer equipped with a 

70 mW 785 nm diode laser for excitation, a holographic grating for dispersion and a Peltier 

cooled Andor CCD camera for detection. Spectra were recorded in glass vials (Spectra-Tech) 

at room temperature. The detector pixel resolution was about 2 cm-1 and 15 scans were 

accumulated for one spectrum at an exposure time of 30 s per scan. Subtraction of the water 

background has not been performed for the Raman spectra. 

 

3.3 Results and discussion 
 

According to literature16, 23-25, 31, 32, 45, 46 histidine can be present in five different pH-

dependent ionic forms, which are shown in Figure 1. In addition, the pKa values of the 

different sites of protonation have been indicated according to reference 24. Furthermore, as 

depicted, the ionic structures H2His0 and HHis- can occur in two different tautomeric forms, 
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since the nitrogen atoms of the imidazole ring are not identical. The commonly accepted 

notation to distinguish (de)protonation of both atoms is Nπ for the nitrogen atom which is 

closest to the CH2 group and Nτ for the other one. Additionally, Blomberg et al.46 proposed a 

third tautomeric form for H2His0 with intramolecular H…N bonding as indicated in Figure 1.  

 

 
Figure 1: Proposed structures of the different states of protonation and tautomers of L-histidine in aqueous 

solution. The pKa values have been taken from reference 24. 

 

Theoretically, it should be possible to distinguish all these structures by differences in 

their vibrational spectroscopic features. Obviously, assignment will be relatively easy for 

bands related to characteristic functional group modes, provided the vibrations are sufficiently 

affected by a change in conformation or tautomeric form to be visible in the spectra. In 

contrast, less sensitive vibrations and less dramatic structural differences, such as between the 

three tautomeric forms of H2His0, will be more difficult to distinguish with IR and Raman, 

particularly since a change in the dielectric constant of the solution as result of changing the 

pH or buffer concentration may cause frequency shifts as well. Hence, well-controlled 

experimental conditions have been applied to obtain accurate spectral data. For this reason the 

aqueous solutions of L-histidine have been measured in parallel by IR and Raman 

spectroscopy over the full pH range of 0-14. Besides, pH increments of 1 have been applied in 

order to monitor even small pH-effects on the spectra. A selection of the IR and Raman 
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spectra is presented in Figures 2 and 3, respectively. For reasons of clarity only spectra at 

even pH values are displayed. The observed IR and Raman band positions of all spectra, 

including the estimated positions of shoulders, are summarized in Tables 1 and 2, 

respectively. Assignments for most of the observed bands are proposed after spectral 

interpretation, taking into account IR and Raman selection rules and assignments extracted 

from literature. Data and assignments from literature have been carefully evaluated and 

occasionally simplified to obtain a fair compromise between the results from different 

theoretical models and from various experimental conditions (e.g. solutions in H2O or D2O, 

powders and single crystals, HCl salts).   

 

3.3.1 The amino acid end groups 
 

In a highly acidic environment histidine will be present mainly in the H4His2+ ionic 

form (Figure 1) with all nitrogen atoms and the carboxylic acid group protonated. Indeed, the 

strong C=O stretching band at 1736 cm-1 in the IR spectrum at pH = 0 (Figure 2) and the 

much weaker one in Raman (Figure 3) confirm the protonated state of the carboxyl group. 

The same can be concluded from the strong IR band at 1257 cm-1, which can be assigned to ν 

C-O, in accordance with literature.23, 24, 26  In line with the pKa of 1.8 of the carboxyl group 

the relative intensity of both bands decreases at pH = 1 and the bands disappear at pH > 2, 

illustrating deprotonation to CO2
- and conversion to H3His+. Simultaneously with the 

decreasing intensity of ν C=O and ν C-O in the IR spectra, the appearance of the anti-

symmetric and symmetric C-O stretching vibrations of the CO2
- group around 1620 and 1410 

cm-1, respectively, also marks the conversion from H4His2+ to H3His+. Referring to the general 

literature9, 10 both modes should show medium to high IR, but low Raman activity and indeed, 

as can be seen from Figure 2, a band arises in the IR spectrum around 1402 cm-1 at pH = 2, 

which can be assigned straightforward to νs CO2
-.9, 10, 23, 26, 27 The vibration remains visible in 

IR and slowly increases up to 1416 cm-1 at pH = 14. Assignment of the IR band at 1620 cm-1 

to νas CO2
- seems obvious, but contrary to some reports23, 24, 27, 40 the peak cannot be attributed 

to νas CO2
- solely, since a band at this position is also observed in the IR spectrum of the fully 

protonated form H4His2+ at pH = 0. A plausible explanation is that νas CO2
-  coincides with  
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δas NH3
+, a vibration which is also expected to exhibit  strong IR, but weak Raman activity 

around 1620 cm-1. 

Comparison of the IR spectrum at pH = 0 with those recorded at higher pH values 

reveals the appearance of a shoulder at the low frequency side of the 1620 cm-1 band at pH = 

2. This shoulder increases in intensity at increasing pH. For that reason we assign the initial 

band maximum at 1620 cm-1 to δas NH3
+ and the low frequency shoulder at 1600 cm-1 to νas 

CO2
-. The correctness of this assignment is further evidenced by the increasing intensity of the 

latter absorption at higher pH. At pH ≥ 6 νas CO2
- becomes even more intense than δas NH3

+, 

which results in a red shift of the band maximum to 1600 cm-1.  In accordance with the pKa 

value of 9.1 the NH3
+ group becomes deprotonated at pH > 9 and consequently a contribution 

of δas NH3
+ is no longer visible in IR. The conversion from H2His0 to HHis- is also marked by 

a considerable drop of νas CO2
- from 1600 cm-1 to 1560 cm-1 and, as expected, this IR band 

remains present up to pH = 14 together with νs CO2
- around 1410 cm-1.   

Next to the anti-symmetric bending vibration of the NH3
+ group around 1620 cm-1 the 

protonated state of the primary amino group also seems to be correlated to the medium to 

strong IR band around 1530 cm-1 (Figure 2). Some papers report a band at this position to be 

mainly a C=C/C=N ring stretching vibration14, 28, but in acidic and neutral environment we 

believe that the largest contribution to the observed band originates from δs NH3
+ for the 

following reasons: alike δas NH3
+ the frequency of the vibration shifts downwards on 

increasing pH and disappears in accordance with the pKa at pH > 9. The absence of a Raman 

counterpart and the large bandwidth, probably as a result of hydrogen bonding interactions, 

are two other arguments. Finally, the correlation between δs NH3
+ and the presence of an IR 

band at 1530 cm-1 has been illustrated in literature by the disappearance of the band upon 

deuteration of the NH3
+ group using glycine45, 46 and histamine47 as model compounds.  

It should be noted,that one might expect the appearance of the NH2 scissoring 

vibration around 1600 cm-1 in the IR spectrum at pH > 9 simultaneously with the 

disappearance of the NH3
+ related bands. Indeed, closer examination of the νas CO2

- band at 

1560 cm-1 on going from pH = 10 to 13 reveals some asymmetry at the high frequency side, 

but apparently the contribution is too weak to be observed as a separate band.  

 



Chapter 3 

 48 

 
 

Figure 2: Infrared spectra of aqueous solutions of L-histidine at pH = 0, 2, 4, 6, 8, 10, 12 and 14. 
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Figure 3: Raman spectra of aqueous solutions of L-histidine at pH= 0, 2, 4, 6, 8, 10, 12 and 14. 
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3.3.2 The side chain CH2 and CH groups 
 

The band around 1440 cm-1 in both the IR and Raman spectra can be easily assigned 

to the CH2 scissoring vibration.23, 26, 28, 48, 49 Since this alkyl group is neither subject to 

protonation nor very sensitive to solvent pH effects, its vibrational frequency and intensity are 

almost unaffected throughout the pH range from 0 to 14. According to literature CH2 

deformation vibrations also contribute to the complex IR bands between 1365 and 1325 cm-

1.23, 26, 28, 47-49 We partly agree on this assignment for the spectra recorded at low and high pH, 

but in view of the considerably increased intensity and broadening of the 1346 cm-1 

component at pH = 6 - 9 we also assume a substantial contribution of another vibration, which 

is related to the ionic state H2His0. The large bandwidth points to a mode in which hydrogen 

bonding is involved, e.g an NH3
+ wagging or a vibration that is related to the intra-molecular 

bridged tautomer of H2His0, as depicted in Figure 1, but we have no further proof for this 

hypothesis.  Furthermore, a ring =C-H deformation might contribute as well to the weak band 

around 1325 cm-1.23, 27, 28 Vice versa, a contribution of the CH2 wagging vibration to the 

Raman bands in the same region cannot be excluded 18, 24, 34, 47, 48, but as pointed out later, we 

believe that most of the intensity originates from skeletal modes. 

 

3.3.3 The imidazole C=C and C=N vibrations 
 

At low pH a sharp intense peak at 1632 cm-1 is superimposed on the weak O-H 

deformation band of water in the Raman spectra. The peak starts to disappear at the pKa value 

of the protonated imidazole group, i.e. at pH = 6 (see Figure 3) and it is therefore a good 

marker for the conversion of H3His+ to the zwitterionic state H2His0. Simultaneously, a peak 

at 1574 cm-1 shows up and remains present up till pH = 13. Since both bands are strong in 

Raman, but virtually absent in IR, it seems obvious to assign the band at 1632 cm-1 

predominantly to the C=C stretching vibration of the protonated imidazole ring (conformers 

H4His2+ and H3His+) and the band at 1574 cm-1 to the weakened ν C=C of the neutral and 

negatively charged ring (conformers H2His0, HHis- and His2-). In view of the relatively large 

sensitivity of the band to protonation, some coupling with the C=N stretching vibration will 

probably occur. The same holds for a second Raman band, that appears at 1588 cm-1 at pH > 9 

and remains present up till pH = 13. The simultaneous presence of two C=C bands can be 
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explained only by assuming the presence of two tautomeric forms of HHis- as indicated in 

Figure 1, i.e. with either Nπ or Nτ protonated. Indeed, as empirically demonstrated by 

Ashikawa and Itoh 21, 22 and confirmed by others16, 18, 31, the 1588 cm-1 band appears to be 

correlated to the Nπ-protonated tautomer and the 1571 cm-1 one to the Nτ -protonated form. 

From the strong intensity of the latter compared to that of the 1588 cm-1 peak it can be 

concluded that protonation of Nτ  is preferred over protonation of Nπ, which is in line with the 

results of a temperature dependency study of histidine by means of NMR45 and of 4-

methylimidazole by Raman.16 The fact that the 1588 cm-1 component is even virtually absent 

below pH = 9 can be interpreted as the absence (or largely reduced presence) of the Nπ 

protonated form of H2His0. Furthermore, it can be concluded that the sensitivity of the C=C 

vibrational frequency for (de)protonation of Nπ or Nτ  points to either an inductive effect of N-

protonation or to coupling of the C=C vibration with =C-N, =C-C or =C-N-H modes. 

According to DFT calculations on 4-methyl- and 4-ethylimidazole15, 16, 18 coupling of δ N-H 

and ν C=C indeed occurs, but only in the Nτ-protonated tautomer. This explains the difference 

in band position compared to the Nπ-protonated form. Obviously, complete deprotonation of 

the imidazole ring (pKa = 14) will affect the C=C vibration and as can be seen from Figure 3 

the C=C region in the Raman spectra changes dramatically at pH > 13, which marks the 

conversion from HHis- to His2-. The C=C bands around 1570/1580 cm-1 disappear completely 

and a new strong band shows up at 1525 cm-1. The drop in the vibrational frequency can be 

explained by a further decrease of the C=C bond strength, while the increased symmetry of 

the imidizole ring explains the strong Raman activity. It should be noted that the imidazole 

C=C vibration might exhibit some minor IR activity as well, but a contribution of νas CO2
- 

and δas NH3
+ to the IR bands in the 1620-1570 cm-1 region is not observed.   

Assignment of a band to the C=N stretching mode is more difficult due to the 

unlocalized character of this vibration, i.e. coupling to ν C=C, and the possible resonance 

structures of the imidazole ring in the ionic structures H4His2+, H3His+ and His2-. According to 

literature the corresponding band around 1600 cm-1 should be medium in Raman and weak in 

IR, but no peak is found at this position that points towards the conversion of H3His+ to 

H2His0 or of HHis- to His2-. 
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3.3.4 Imidazole skeletal modes 
 

The dominating peak in the Raman spectra at low pH is found at 1491 cm-1, but there 

is no consensus on the assignment in literature. The band has been reported as an N-H in- 

plane bending21 and as a ring stretching combined with =C-H bending23, 29 for histidine and as 

a coupled ring δ N-H / ν C=N mode for 4-methyl- and 4-ethylimidazole.15, 16, 18 Coupling of 

vibrations undoubtedly plays a role and in agreement with literature15, 16, 18, 21 we believe the 

band to be predominantly an in-plane N-H bending / C=N stretching vibration for two 

reasons. Firstly, the band disappears upon deuteration, as shown by Toyoma et al.,16, which 

implies that the ring nitrogens are largely involved. Secondly, the largest Raman activity of 

the vibrations can be expected for the positively charged imidazole ring (H4His2+ and H3His+), 

as the ring is highly symmetrical due to protonation of both Nπ and Nτ.  The fact that the 

Raman intensity drops at pH > 6, upon partial deprotonation of the ring, and completely 

disappears at pH = 14, where both Nπ and Nτ are deprotonated, is in line with this assignment. 

The same holds for the weak IR activity, as a band at the same position is only observed at pH 

8 to 12.  

Assignment of the Raman band at 1414 cm-1 to a coupled ring N-H bending / C-N 

stretching mode as indicated by the results of DFT calculations on 4-methyl- and 

ethylimidazole15, 18 is rejected as the band is still present when the ring is completely 

deprotonated, i.e. at pH = 14. Attribution to νs CO2
-, as proposed in literature,24, 34, 35 is also 

discarded since the Raman shift is significantly higher than the position of this vibration in IR. 

On the other hand, the band arises at pH = 2 and remains present up to pH = 14 and hence a 

correlation to the deprotonated carboxyl group seems more obvious than to an imidazole ring 

vibration. For that reason we tentatively assign this band to a CO2
- related mode without 

further detail on the type of vibration.  

Several other bands, which are prominent in Raman but weak in IR, can be attributed 

to imidazole skeletal modes. In accordance with the results of normal coordinate analysis of 

4-methylimidazole,16 we assign the intense pair of Raman bands around 1357 and 1324 cm-1 

in the pH range 6-13 to coupled C=N and =N-C ring stretching vibrations, the high frequency 

one being characteristic for Nπ protonation and the low frequency band for the Nτ-H form of 

the ionic states H2His0 and HHis-. However, at lower pH (0-5), a Raman band is present at 
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1365 cm-1, which must be due to another vibration in view of its shifted position and 

significant lower intensity. We reject the assignment of Garfinkel et al.19 of a νs CO2
- because 

of the absence of a strong band in IR, but in line with the IR data, a CH2 wagging is a 

plausible explanation. On the other hand, we believe that a ring stretching mode of the 

protonated imidazole ring16, 34 contributes to the observed band, as the presence of the peak 

appears to be correlated to H4His2+ and H3His+. A similar explanation can be given for the 

Raman band at 1325 cm-1. As pointed out above, this peak is intense at pH 6 to 13, but a weak 

band at the same position is also observed at other pH-values as well as in the IR-spectra. For 

that reason we also propose a contribution of a CH2 deformation vibration next to the 

previously mentioned coupled C=N / =N-C mode.16, 34 The weak Raman shifts between 1330 

and 1347 cm-1 have not been referred to in literature. Band maxima are only clearly visible in 

the spectra of pH 0 to 5 and for these bands we propose a stretching vibration of the ring C-N 

bond with enhanced strength in the ionic states H4His2+ and H3His+.16 

It is generally agreed that the IR and Raman bands below 1300 cm-1 originate from 

coupled skeletal stretching and bending modes of C-N, C-C, N-H and C-H, which are, 

therefore, not well-localized. On the other hand, it is logical to assign the strong Raman band 

at 1269 cm-1 in acidic environment (pH < 6) to an imidazole ring breathing vibration,21, 22 

regarding the high symmetry of the ring in the ionic forms H4His2+ and H3His+. However, at 

pH > 3 a second band around 1285 cm-1 comes up and both bands mainly have been assigned 

to a ring type of =C-H in plane bending by Stewart.34 This is in line with the results of normal 

coordinate analysis of 4-methylimidazole14, 16 for the 1265 cm-1 peak, but the 1285 cm-1 band 

has been calculated as a coupled C-C= / =C-N stretching vibration. The fact that both 

vibrations show only minor IR activity does not contradict these assignments. It should be 

noted, however, that the empirical correlation of the 1285 cm-1 band to the Nτ- and the 1265 

cm-1 one to the N π-protonated tautomeric form of H2His0 and HHis-, as reported in the 

literature,16, 21 is only valid for the pH range 9 to 13. As a shoulder at 1285 cm-1 is already 

present at pH = 3, this implies that the bands are only useful as a marker for the conversion 

from one ionic state to another when the intensity is taken into account. 

The Raman band at 1236 cm-1, that appears at pH > 6, has been assigned to a coupling 

of νs N-C-N and an in-plane N-H bending by Ashikawa and Itoh,21, 22 while Majoube et al.14 

suggested a ring =C-H bending for 4-methylimidazole. The latter is partly in accordance with 
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Toyama et al.,16 who calculated the band to be an overlap of a =C-N stretching of the Nπ-H 

tautomer and a =C-H bending of the Nτ -H counterpart. We follow this assignment up till pH 

= 13. However, our data show that a band at 1230 cm-1 is also present at pH = 14, where the 

imidazole ring is unprotonated, which more or less excludes a nitrogen-involved ring 

vibration, at least for the ionic state His2-. For that reason we believe this band to originate 

from an in-plane =C-H bending in accordance with reference 14. The absence of a significant 

IR band is in line with this proposal. Literature assignments of the very weak IR bands that 

we observe in the same region are absent, probably due to the lack of intensity, but as the IR 

bands around 1284 and 1265 cm-1 largely overlap with the positions found in Raman it seems 

obvious to follow the same assignments. Indeed, they probably concern coupled =C-N 

stretching modes15-18 and/or =C-H deformation modes,6, 12, 14 but in view of the weak 

intensities the usefulness as tautomer markers is poor.  

The intense Raman band around 1196 cm-1 at pH = 0 disappears at pH > 6, which 

makes it a good marker for H4His2
+ and H3His+. The high intensity points to a symmetrical 

mode of the double protonated imidazole ring, either as a type of ring breathing or a 

combination of νs N-C-N with an in-plane N-H bending.14, 21, 22 A band around 1196 cm-1 is 

also observed in IR, but the intensity is low and the band is present throughout the pH range 0 

to 14. Only one reference has been found in literature for an IR band at this position, i.e. at pH 

= 7.7, and it has been assigned to an in-plane ring deformation.26 Contrary to what the authors 

report, we observe hardly any effect of the pH and for that reason we assume it is a pH- 

insensitive vibration side chain –C-H deformation, possibly a rocking CH2 vibration. The 

weak IR band in the region 1160-1140 cm-1 has not been mentioned either in papers on 

histidine and therefore we follow the assignment based on theoretical calculations on 

imidazole13 and 4-methylimidazole.14-17 Accordingly, we assign the band to a coupled ν =C-N 

/ δ =N-H vibration of which the calculated potential energy distribution points to 

predominantly =C-N stretching. A band also shows up around 1160 cm-1 in the Raman 

spectra at pH = 6, which considerably weakens at pH = 14. In view of this it can be regarded 

as a good marker for the ionic states H2His0 and HHis-. At some pH values the difference 

between the IR and Raman band maxima is significantly larger than the instrumental 

resolution, which implies that principally two different modes are involved. In line with the 
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theoretical calculations, we assign the band to similar types of (coupled) ring =C-N stretching 

and/or =N-H bending vibrations. 

The IR and Raman bands around 1106 and 1090 cm-1 exhibit more or less the same 

behavior in the sense that the former arises concomitantly in the IR and the Raman spectra at 

pH > 6, while the contribution at 1090 cm-1 is present from pH = 0 up to 13, in Raman as a 

shoulder and in IR as a separate band. Different from empirical correlations,21 ab initio DFT 

calculations and normal coordinate analysis on 4-methylimidazole15-17 indicate that the bands 

are mainly ring =C-N stretching vibrations coupled to the corresponding =C-H in-plane 

deformation. This is in accordance with the assignments proposed by others.14, 23, 25-27 

Obviously, the intensities in IR and Raman differ due to different activities, but the fact that 

two peaks are present in the pH range of H2His0 and HHis-  (pH = 6 to 13) can be explained by 

the sensitivity of the imidazole nitrogen atoms to protonation. Hence, the small bands are 

useful as tautomer markers, particularly in IR; the 1105 cm-1 component representing the Nπ-

protonated form and the 1090 cm-1 one the Nτ-H form.15, 17, 25   

Assignments of the weak IR and Raman signals between 1070 and 1020 cm-1 have not 

been found in the literature for histidine- and imidazole-type of compounds. In contrast, for 

amino acids a band in this region is usually assigned to a C-N stretching vibration.9, 10 The 

position of the IR band suggests a correlation to the ionic form of histidine, as the downward 

‘jumps’ in frequency from 1068 cm-1 (pH =  0) to 1055 cm-1 (pH > 2), 1048 cm-1 (pH > 6), 

1022 cm-1 (pH > 9) and 1006 cm-1 (pH = 14) correspond surprisingly well to the different pKa 

values. In view of the central position of the carbon atom attached to the primary amino group 

with respect to the different sites that can be protonated, we propose a side chain C-N 

stretching vibration, but further evidence is needed for a reliable assignment. In view of its 

position and intensity the IR band at 1006 cm-1 at pH = 14 can be used as a marker for the 

ionic state His2-. 

  The Raman spectra show a peak of medium intensity at 995 cm-1 from pH = 0 to pH = 

13 and a second band that arises as a shoulder at 1007 cm-1 at pH = 8 (Figure 3). The bands 

have been proposed as tautomer markers for the Nτ- and Nπ-protonated forms of H2His0 and 

HHis-, respectively.16, 21, 22 However, since the 995 cm-1 peak is also present at very low pH 

this correlation can only be valid for the 1007 cm-1 component. Both bands have been 

assigned to =C-H in-plane bending vibrations21, 22, 37 and ring deformations,24 but it has been 
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demonstrated recently that the 995 cm-1 band is most likely a =C-N stretching vibration 

coupled to a ring deformation.16 The simultaneous presence of a weak IR band at the same 

position throughout the pH range is in line with this assignment and not in contradiction with 

the less detailed description of a =C-N stretching vibration25 or a ring stretching mode.23   

The IR and Raman bands below 990 cm-1 are mostly weak and assignments are only 

indicative. The weak shoulder in Raman around 970 cm-1 at acidic to neutral conditions has 

not been assigned in literature, but based on the observations and calculations for 4-

methylimidazole a coupled =C-N stretching and ring deformation is a plausible explanation 

for this band.14-17, 37 The large width of the IR band at 960 cm-1, particularly at low pH, points 

to a vibration that is sensitive to hydrogen bonding. As the band disappears at pH > 9, a 

deformation vibration of the NH3
+ group is most likely causing this band. The usefulness of 

the band to mark conversion from HHis- to His2- is limited, because of its low intensity. The 

weak Raman and IR bands around 940 cm-1 that appear at pH ≥ 6 are assigned to an in-plane 

ring deformation in accordance with the literature on histidine27, 29 and 4-imidazole,12, 15-18 but 

clearly different from the assignment of ν C-COO- for histamine.47  

The Raman band at 920 cm-1 has been assigned to a =C-H deformation vibration,30 but 

this study concerned histidine in the crystalline state. Suggestions for the origin of the peak in 

spectra of aqueous solutions have not been found. The results for imidazole also point to a 

ring deformation vibration12 and regarding the weak intensity of the band in both IR and 

Raman this assignment seems plausible. Occasionally, very weak Raman bands also appeared 

in the region 910-890 cm-1, but the origin of these peaks is not clear.  

The weak to medium Raman band between 865 and 855 cm-1 has been assigned to a 

coupled =C-C stretching / ring deformation vibration,24 which is not fundamentally different 

from the suggestions that have been given for the IR band at this position.23, 27, 28 Marti et al.23 

proposed a coupling of ν =C-C with ν C-C-N for the IR band, which seems reasonable since 

the vibrations show a higher Raman activity. However, the IR band is extemely broad and 

largely decreases in intensity on conversion from H2His0 to HHis- (pKa = 9.1). This points to a 

contribution of an NH3
+ deformation mode, possibly a rocking vibration as reported by 

Torregiani et al.37 for the histidine-related compound carnosine. For that reason we propose a 

combination of both vibrations for the IR band. 
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The Raman spectra show two weak bands at 808 and 824 cm-1 up till pH = 4, which 

turn into a single band at 820 cm-1 on increasing pH. The band has been attributed to a ring 

breathing vibration24 and to a CO2
- deformation vibration,30 but we prefer the assignment to 

=C-H out of plane deformation vibrations,28 as this is largely in line with the results of the 

theoretical studies on imidazole-related compounds.14, 15, 17, 18, 48 

The Raman shift at 782 cm-1 is only present up till pH = 2 and therefore it is a small 

but significant marker for the conversion of H4His2+ to H3His+. Consequently, it is reasonable 

to assume that the band originates from a deformation vibration of the protonated carboxyl 

group, even though different assignments have been given to this vibration frequency in the 

literature.24, 36 Unfortunately, IR data could not be obtained to confirm our proposal because 

of the opaqueness of the ATR crystal below 800 cm-1. At first glance, it also seems difficult to 

extract an unambiguous assignment for the weak Raman band that is observed in the pH range 

0 to 8 between 699 and 718 cm-1.  Theoretical calculations on imidazole model compounds 

more or less agree on a combination of coupled ring =C-H bending modes,15, 17, 18 although 

some papers report on the involvement of ring puckering and a N-H wagging mode.13, 36 The 

large contribution of ring =C-H deformation vibrations, however, is not in contrast with the 

assignment of a ring deformation mode that has been proposed for the Raman spectra of 

histidine21, 24, 34 and therefore we assign the 718-699 cm-1 band accordingly. Similar 

arguments can be put forward for the Raman band that appears at 662 cm-1
, when the pH is 

raised to 6 or higher, and the peak between 633 and 621 cm-1 that is present from pH = 0 up to 

pH = 13. The results of theoretical calculations point to coupled skeletal modes such as β =C-

H and ν =C-C, which can be summarized as ring deformation vibrations.14-17, 48 These 

assignments agree well with the assignments that are based on empirical data of histidine21, 23 

and hence we assign both bands to skeletal ring deformation modes. Finally, assignment of 

the Raman band at 522 cm-1 to a COO- deformation vibration, as proposed in the literature,24, 

30 is doubtful, as a band at this position is also present at pH = 0. As we do not have a 

plausible alternative we leave this band unassigned. 
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3.4 Conclusions 
 

 The combined measurement of IR and Raman spectra of aqueous solutions of L-

histidine over the pH range 0 to 14 provides a complete set of vibrational data that can be 

used to determine and monitor pH-induced structural changes. As such, the obtained 

information can be a useful contribution in the development of organic-functionalized 

inorganic substrates with histidine as well as other amino acid compounds. The data 

collection allows a thorough integrated interpretation of the complementary spectral data, 

which leads to a higher reliability of the peak assignments. As a result, we have been able to 

confirm, correct and add conclusions to previously published vibrational studies on histidine.  

Furthermore, we have demonstrated that the obtained set of vibrational data can be used to 

determine all possible states of protonation, i.e. H4His2+, H3His+, H2His0, HHis- and His2-. 

Besides, IR and Raman bands that represent the imidazole Nπ- or Nτ - protonated tautomeric 

forms of H2His0 and HHis- have been established. These bands, as well as the ones that can be 

used to mark the conversion from one state of protonation to another, are summarized in 

Table 3. The majority of the bands agrees well with the empirical and theoretical correlations 

that have been proposed in literature, but in some cases modifications appeared to be 

necessary. 

 
Table 3. Characteristic experimental IR and Raman bands for the different ionic states and tautomer forms of L-

histidine. The addition (s) means the band is a shoulder. 

 H4His2+ H3His+ H2His0 

(Nπ-H) 

H2His0 

(Nτ-H) 

HHis-  

(Nπ-H) 

HHis- 

(Nτ-H) 

HHis2- 

1736 1623 1600 1600 1560 1560 1567 

1621 1600(s) 1520 1520 1496 1496 1450 

1537 1520 1408 1408 1410 1410 1416 

1257 1403 1265 1286 1265 1286  

 

 

IR 

  1105 1088 1105 1087 1006 

1735 1631 1575 1575 1588 1571 1525 

1632 1494 1494 1494 1488 1488 1253 

1494 1414 1357 1324 1357 1325  

1196 1324 1286 1286 1265 1286  

 

 

Raman 

782 1196   1005 990  
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3.4.1 H4His2+ → H3His+ 
 

The fully protonated state H4His2+ is easily determined from the strong IR and weakly 

Raman active C=O stretching band at 1736 cm-1 and the corresponding C-O(-H) stretching IR 

band at 1257 cm-1. Furthermore, the IR band at 1537 cm-1 and a weak but characteristic 

Raman peak at 782 cm-1 can be used to determine the presence of H4His2+. Other Raman 

shifts at 1632, 1494 and 1196 cm-1 are also prominent but these remain present in the spectra 

of H3His+. In agreement with the pKa value of the carboxyl group, the disappearance of the 

corresponding C=O and C-O(-H) bands around pH = 2 marks the conversion to H3His+. 

Concomitantly, the IR active anti-symmetric and symmetric C-O stretching vibrations of the 

CO2
- group arise; the first one as a shoulder around 1600 cm-1 on the 1623 cm-1 band and the 

second one as a band of medium intensity at 1403 cm-1. Finally, the IR band at 1537 cm-1 

shifts to 1520 cm-1 and in Raman weak bands show up at 1414 and 1324 cm-1. 

 

3.4.2 H3His+ → H2His0  
 

Conversion from H3His+ to the zwitterionic form H2His0 by partial deprotonation of 

the imidazole ring (pH > 6) is marked in the Raman spectra by the disappearance of the bands 

at 1631 and 1196 cm-1 and a large decrease in intensity of the peak at 1494 cm-1. 

Simultaneously, a new Raman band appears around 1575 cm-1, which indicates that the Nτ-

protonated form is the dominant tautomer of H2His0. The same can be concluded from the 

Raman band at 1286 cm-1. The strong Raman bands at 1357 and 1324 cm-1 can be used as 

tautomer markers too, but only when taking into account their intensity and in combination 

with the 1575 and 1286 cm-1 bands, since other ionic forms also have peaks at these positions. 

In IR the shifted band maximum from 1623 to 1600 cm-1 and an increased intensity of the 

1407 cm-1 peak can be regarded as good markers for the conversion to H2His0. In addition, the 

presence of the Nτ-protonated tautomer can be derived from the weak bands at 1265 and 1105 

cm-1, while the bands at 1286 and 1088 cm-1 represent the Nπ-protonated form. 
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3.4.3 H2His0 → HHis- 
 

Upon further increasing the pH above 9, the conversion of H2His0 to HHis- is reflected 

by a downward shift of the IR band at 1600 cm-1 to 1560 cm-1. Besides, a weak but 

characteristic band appears at 1496 cm-1, while the 1410 cm-1 peak decreases in intensity. The 

position of the IR bands at 1265 and 1105 cm-1 and the ones at 1286 and 1088 cm-1 that reflect 

the Nτ and Nπ tautomers, respectively, remain virtually unaffected. In Raman two bands grow 

in at 1588 and 1265 cm-1, more or less proportional to the conversion to HHis-. The increasing 

intensity of the shoulder at 1005 cm-1 on the band at 990 cm-1 is due to the same effect; i.e. an 

increasing amount of the Nπ-protonated form of HHis-. The 1488, 1357 and 1325 cm-1 bands 

remain constant. 

 

3.4.4 HHis- → His2- 
 

The conversion from HHis- to His2- is marked by a considerable change in the Raman 

spectra, as all bands related to the Nτ- and Nπ-protonated tautomers disappear. Firstly, the 

highly Raman active C=C stretching band around 1580 cm-1 shifts to 1525 cm-1 upon 

deprotonation of the imidazole ring. Secondly, the prominent bands at 1488, 1286 and 1160 

cm-1 disappear, whereas a strong peak at 1253 cm-1 arises. Finally, the IR band at 1560 cm-1 

shifts slightly upwards to 1567 cm-1 and the weak band around 1496 cm-1 disappears. New IR 

peaks at 1450 and 1006 cm-1 further illustrate the conversion to His2-. 
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Chapter 4 
 

 

 

Unravelling the Coordination Chemistry and 
Molecular Structure of Cu2+/Histidine Complexes in 

Aqueous Solution 
 

 

 

 

 

Abstract 
 

Aqueous solutions of Cu2+/histidine (1:2) have been analysed in parallel with infrared 

(IR), Raman, ultraviolet-visible (UV/Vis), electron spin resonance (ESR) and extended X-ray 

fine structure (EXAFS) spectroscopy in the pH range from 0 to 10. The aim of the research 

was to unravel the mechanism that leads to the formation of the biologically highly important 

Cu2+/histidine complexes and to elucidate the coordinating sites and the corresponding 

molecular structures. IR, Raman and UV/Vis spectroscopy have been carried out during 

titration experiments using small increments in pH to obtain detailed insight, while ESR and 

EXAFS measurements were performed at specific pH values. An integrated interpretation of 

all spectroscopic data has been used to extract a maximum of complementary structural 

information and to determine the relative abundance of the different complexes. The 

formation of seven different species has been proposed, of which several co-exist at specific 

pH values.  At highly acidic conditions Cu2+ and histidine are present as free ions, but around 

pH = 2 coordination starts via the deprotonated carboxylic acid group. Most likely this results 
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in the intermediate species Cu2+[H3His+(Oc)] and Cu2+[H3His+(Oc)]2, which convert almost 

concomitantly to the bidentates Cu2+[H2His0(Oc, Nam)]  and Cu2+[H2His0(Oc, Nam)]2, of which 

the latter is dominant at pH = 3.5. Coordination by the imidazole ring begins around pH = 3 

and leads to the formation of the mixed tridentate complexes Cu2+[H2His0(Oc, Nam)] [HHis-

(Oc, Nam, Nim)] and Cu2+[HHis-(Nam, Nim)] [HHis-(Oc, Nam, Nim)] around pH = 5. It is 

demonstrated that coordination of the imidazole ring occurs predominantly via the Nπ atom. 

At pH > 7 the bi-ligand tridentate complex Cu2+[HHis-(Oc, Nam, Nim)]2 is the major species 

having nitrogen atoms in the equatorial plane and oxygen atoms in axial position. At pH > 10 

this complex becomes unstable and decomposes with the formation of a copper 

oxide/hydroxide precipitate. The overall results provide a consistent picture of the mechanism 

that drives the coordination and complex formation of the Cu2+/histidine system. As a result, 

structural proposals from literature have been unambiguously confirmed, clarified or, in 

several cases, corrected. 

 

4.1 Introduction 
 

 Copper is one of the most abundant transition metals present in living systems and 

Cu2+ ions are well-known to play a key role in the working mechanism of several important 

metallo-enzymes, such as nitrogenase, galactose oxidase and superoxide dismutase. A driving 

force in the activity of these enzymes is the folding of a peptide chain, which consists of 

amino acids, around the Cu2+ cation. Histidine (His) moieties are known to be of major 

importance in this process, as this type of N-coordinating ligand forms fairly stable 

complexes with the copper cation. In order to unravel the formation processes of these types 

of enzymes and to find the exact coordination geometry of the copper-histidyl moieties, a lot 

of research has been conducted in this area.1-17 

A wide variety of analytical tools has been applied to obtain this type of information 

directly from the enzyme systems, but the analyses are often hampered by interference of the 

protein matrix. As an alternative complexes of Cu2+ with amino acid ligands are used as 

model systems and this approach is even more interesting since complexes of Cu2+ with His 

can be used to mimic the working mechanism of copper enzymes. Another important 

motivation to study Cu2+/His species is their expected role in the development of man-made 
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enzymes via functionalization of inorganic hosts, such as zeolites and clay minerals, with this 

type of complexes.18-22 Finally, as a spin-off, this type of research may provide fundamental 

knowledge on the role of metal/amino acid complexes as precursors in the origin of life on 

earth, particularly when performed at extreme pH values.  

 Elucidation of the coordination geometry of the Cu2+/His complexes, however, is not 

easy, since this amino acid ligand has four potential sites for (de)protonation and thus for 

metal binding, i.e. the carboxylate group (Oc), the primary amino group (Na) and two different 

nitrogen atoms of the imidazole ring (Nπ and Nτ). In principle, each of these sites can be 

involved in the coordination to Cu2+, which may result in mono-, bi- or tridentate binding 

forms. Besides, the state of protonation of the different sites, the way of coordination and the 

co-existence of several different complexes are all pH-dependent. Furthermore, the copper to 

His ratio, the Cu2+ concentration and the ionic strength of the solution are generally known to 

affect the structure of the complexes. In order to elucidate the molecular structure of Cu2+/His 

complexes and to obtain insight into the forces that drive anchoring of the metal ion many 

studies have been carried out since the late 1960’s. In these studies, a wide variety of 

techniques have been used to obtain the desired information, ranging from spectroscopic 

techniques like circular dichroism,10, 23, 24 UV/Vis,10, 23-27 IR,3, 14, 24-31 Raman,3-5, 10, 13, 15-17, 31-33 
1H-NMR,10, 30, 34-37 13C-NMR,34 ESR10, 25, 35, 38-45 and EXAFS6, 46 spectroscopy to 

potentiometric10, 24, 27, 47-51 and calorimetric52 experiments.  

A variety of Cu2+/His complexes consisting of one or two central copper atoms has been 

proposed in these studies, with one or two His ligands in a mono-, bi- or tridentate 

coordination and neutrally, negatively or positively charged. However, despite all these 

efforts, controversies on the mode of His binding to Cu2+ and the geometrical structure of the 

different complexes still exist. As an example, a point of dispute is that Cu2+ prefers a square 

planar or higly distorted octahedral configuration, which would exclude coordination via 

more than two binding sites of the same His molecule.29, 51 Furthermore, Itabashi and Itoh32 

reported the existence of four different species and stated that Cu2+ is bound predominantly as 

a glycine-like chelate via the deprotonated NH2 group and the carboxylate group. In contrast, 

Kruck and Sarkar27 suggested  eight different complexes, of which several involve 

coordination of the imidazole nitrogens.  

A major cause for the conflicting views is that conclusions are often based on only one 
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or two characterization techniques, occasionally combined with theoretical calculations. 

Moreover, the corresponding experimental conditions are usually different, as they have been 

optimized for a specific characterization technique. To mention a few examples, the weak 

scattering efficiency in Raman spectroscopy requires high copper concentrations, whereas the 

opposite is desired in UV/Vis because of the intense blue color of the complexes dissolved in 

water. Contrary, IR spectroscopic studies on aqueous systems are largely hampered by the 

interference of water absorptions. For that reason the preferred method for this technique is 

analysis after lyophylization, crystallization or the use of D2O. Finally, (pulsed) ESR and 

electron-nuclear double resonance (ENDOR) studies have been carried out on frozen 

solutions at temperatures even down to 4 K.18, 38, 39, 41  Hence it is very difficult to compare 

data and to draw objective and integrated conclusions. 

In our opinion a more successful strategy to gain more insight into the coordination 

chemistry of Cu2+/His complexes is to combine several complementary analytical techniques 

in one integrated approach, which allows analysis at more or less the same sample conditions. 

To our knowledge such a multi-technique approach has not been reported for Cu2+/His 

complexes so far. Five techniques that, within certain limits, meet the above mentioned 

requirements are IR, Raman, UV/Vis, ESR and EXAFS spectroscopy. As demonstrated in the 

previous chapter the integrated use of IR and Raman has proven to be an ideal tool to 

distinguish all possible states of protonation of His, while UV/Vis is the method of choice to 

determine the identity and the amount of the atoms that are coordinating to the central Cu2+ 

ion from the copper d-d transition band. In addition, ESR can be used to discriminate between 

coordination of oxygen and nitrogen in the equatorial plane of the complexes. Finally, 

EXAFS can supply information on the distance between the central copper cation and the 

oxygen and/or nitrogen atoms in the first coordination sphere and thus on changes in the local 

structure around the Cu2+ ion. Moreover, an important advantage of these characterization 

techniques is that they can be applied not only at physiological conditions, but also at more 

extreme pH values. For that reason we decided to carry out a systematic study, using this 

multi-spectroscopic approach, on Cu2+/His complexes in aqueous solutions that covers the 

widest possible pH range. As a result we expect that a more consistent picture will emerge on 

both the mechanism that drives the complex formation and the molecular structure of this 

very important Cu2+/His system. 
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4.2 Experimental 
 

4.2.1 Chemicals and solutions 
 

All chemicals were obtained from Acros Organics (Geel, Belgium). For each 

experiment solutions of L-histidine, Cu(NO3)2·3H2O and CuCl2 (all p.a. grade) were freshly 

made by dissolving each of the components in demineralized water at various concentrations. 

All solutions were prepared in a Cu2+ : His ratio of 1 : 2 and acidified by addition of HCl or 

basic by addition of NaOH in order to prevent interfering buffer absorption in the IR or 

Raman spectra. To minimize the reducing effect of the X-ray beam on the samples 

Cu(NO3)2·3H2O was used as precursor salt instead of CuCl2 and HNO3 was used instead of 

HCl to adjust the pH for the EXAFS analyses.53 Concentrations were 0.001 M (Cu2+) for 

ESR, 0.01 M for EXAFS and UV/Vis and 0.25 M for IR, Raman and UV/Vis analysis. IR, 

Raman and UV/Vis measurements were carried out simultaneously with the same 0.25 M 

solution. Additional UV/Vis analyses of the 0.01 M solutions were performed to determine 

possible concentration effects and hence to facilitate comparison of the IR and Raman data 

with the results of the more diluted samples used for EXAFS and ESR. All experiments were 

done at ambient temperature (298 K) and a pH meter model PHM 210 from Radiometer 

Analytical (USA) was used to determine the pH values. In order to determine the stability of 

the Cu2+/His complexes and the reversibility of the complexation process two titration 

experiments were carried out, monitored by IR and Raman spectroscopy. Firstly, titration was 

performed from pH = 0 up to pH = 12 and backwards and secondly from pH = 0 up to pH = 

10 and backwards. For comparison also solutions containing copper glycine and copper 

histamine complexes were studied, as glycine and histamine are structural analogues of 

histidine. 

 

4.2.2 Characterization 
 

IR measurements during titration were performed at room temperature on an 

Autochem ReactIR-4000 system (Mettler Toledo) equipped with a Dicomp ATR probe and a 
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nitrogen-cooled MCT-detector. The sample compartment was flushed with dry air to reduce 

interference from H2O and CO2. For each spectrum 256 scans were accumulated at a data 

point resolution of 2 cm-1 (optical resolution of 4 cm-1). Spectral interpretation was carried out 

after subtraction of the spectrum of water at the corresponding pH as background. 

Raman measurements were carried out on a Kaiser RXN spectrometer equipped with a 

70 mW 532 nm diode laser for excitation, a holographic grating for dispersion and a Peltier 

cooled Andor CCD camera for detection. Scanning was performed via a 10 mm objective 

probe head that was mounted just above the surface of the solution. The solution was stirred 

and kept at room temperature during the measurements to prevent local heating, i.e. 

degradation of the sample. The detector pixel resolution was about 2 cm-1 and 15 scans were 

accumulated for one spectrum at an exposure time of 30 s per scan. Subtraction of the water 

background has not been applied for the Raman spectra. 

UV/Vis spectra of the aqueous solutions were measured from 50000 to 10000 cm-1 

(200 to 1000 nm) at a spectral resolution of 0.15 nm with a Cary 50 (Varian) equipped with a 

probe head that was connected to the spectrometer via optical fibers. The effective optical 

path length in the probe head was 2 mm for the 0.25 M samples, whereas the path length was 

10 mm for the 0.010 M samples. 

X-band ESR measurements were carried out on a Bruker ESP300 spectrometer and on 

a Bruker ESP300E spectrometer, both operating near 9.5 GHz. ESR spectra were recorded at 

room temperature, using 80 µL quartz capillaries as sample cells. Spectra were taken at pH 

values of 2.0, 2.9, 3.4, 4.4 and 7.3. An in-house developed computer program was used for 

simulation of the Cu2+/His spectra, taking into account the natural abundances of the 63Cu and 
65Cu isotopes. The simulation is a sum over Lorentzians. The different widths of the copper 

hyperfine lines were taken into consideration by fitting the relaxation parameters α, β and γ, 

according to the formula T2
-1 = α – βm + γm2.  In this way the g- and A-values, together with 

the relative abundance of the different Cu2+/His complexes at various pHs, were determined. 

X-ray absorption data were collected on beamline BM29 at the ESRF (Grenoble, 

France), which operates at 6 GeV with a typical beam current of 200 mA. The station was 

equipped with an Si(311) double crystal monochromator and ion chambers for measuring 

incident and transmitted beam intensities. Measurements were performed at the Cu K-edge 

(8979 eV) in transmission mode on samples at pH = 2.0, 2.9, 3.4, 4.4, 6.0 and 8.0 at room 



Cu2+/Histidine in Aqueous Solution 

   
     

73

temperature in a stainless steel cell (diameter of 2.5 mm) with kapton windows. Higher 

harmonic contributions were filtered out by detuning the Si crystals by 50%. A copper foil 

was applied to calibrate the energy of the monochromator. Several scans were averaged to 

improve the signal to noise ratio of the data. The XAFS data were processed using the suite of 

programmes available at Daresbury laboratory, namely EXCALIB (for converting the raw 

data to energy vs. absorption coefficient) and EXBROOK (for pre- and post-edge background 

removal) to obtain the normalized XANES part of the spectra and EXCURV98 54 in order to 

carry out EXAFS data analysis. EXAFS refinements were carried out on k1-weighted spectra 

plotted over a k-range of 3-13.3 Å-1, considering only single scattering paths. An amplitude 

reduction factor (So
2) value of 0.9 obtained from fitting the Cu metal foil was also used in the 

analysis. Since the Cu-O and Cu-N bond distances and backscattering amplitudes are about 

similar it is difficult to distinguish between their respective contributions in the EXAFS. This 

is a particular problem for the Cu2+/His system, in which the two different atoms are 

coordinating in the same coordination shell. As the fitting of two shells with the respective 

atoms leads to unphysical results, the refinements were performed considering only a single 

shell of either Cu-O or Cu-N with the best fit to the data being determined by the R-factor 

(which is a measure of the goodness of the EXAFS fit).  

 

4.3 Results 
 

As described in the previous chapter, histidine in aqueous solution can be present in five 

different, pH-dependent states of protonation, i.e. H4His2+, H3His+, H2His0, HHis- and His2- 

(Figure 1). In principle all four deprotonation sites are potential sites for metal coordination, 

but metal binding via the double deprotonated imidazole ring is generally rejected, because of 

the extremely high pKa value of the ring (pKa = 14). Furthermore, the ionic state H4His2+ 

lacks a site available for coordination and this leaves, in principle, H3His+, H2His0 and HHis- 

as possible ligating structures. On the other hand, the presence of two different nitrogen atoms 

in the imidazole ring also makes that H2His0 and HHis- can be present in two pH-dependent 

tautomeric forms. 
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Figure 1. The different ionic states and tautomeric forms of histidine. 

 
Figure 1. The different states of protonation of His as a function of the pH. 

 

The commonly accepted notation to distinguish both nitrogen atoms is Nπ for the one 

closest to the CH2 group and Nτ for the other one. Unfortunately, a uniform nomenclature to 

describe the different Cu2+/His complexes is absent in literature. In order to prevent further 

confusion, we define the state of protonation of His as described in Figure 1, while for the 

different metal binding sites the following notation is used: Oc for the carboxylate group, Nam 

for the amino group and Nim for the imidazole nitrogen atoms which can be denoted in more 

detail, if appropriate, as Nπ and Nτ. Furthermore, it should be noted that at certain pH values 

two, three or even more different complexes can co-exist, which implies that spectra will not 

always correspond to single species. Obviously, this will hamper a straightforward 

interpretation and unambiguous structural elucidation. Spectral subtraction, deconvolution 

and difference spectroscopy have been proposed in literature to partially circumvent this 

problem, but in general these methods were found to be not very successful due to the lack of 

reliable standards and the large number of factors that may affect band positions and 

intensities. For those reasons these methods have not been applied here. Instead, in order to 

obtain as much information as possible, titration experiments have been carried out under 

well-controlled experimental conditions and, when appropriate, with increments of about 0.1 

pH units between two subsequent measurements. As described in the experimental section, 

two different titration experiments were performed to check the reversibility of the complex 

formation. In the first experiment the pH of the Cu2+/His solution was raised from pH = 0 up 

to pH = 12 and back, but we observed precipitation and a change of color of the solution 

above pH = 10. The same observations were reported by Itabashi and Itoh32 and in accordance 

with these authors we identified the precipitate as copper oxide/hydroxide. However, we also 
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noticed that the complex formation process was irreversible when passing pH = 12 and the 

same result was obtained when titration was started at pH = 12. Furthermore, precipitation 

turned out to proceed faster when the solution was not freshly prepared. These phenomena 

were not observed when a pH value of 10 was not exceeded and for that reason spectral data 

at a pH higher than 10 have been rejected. This implies that we also reject the existence of a 

binuclear Cu2+/His complex at pH > 10.5, as proposed in literature.27 

 

4.3.1 Vibrational spectroscopy 
 

A three-dimensional plot of the IR spectra recorded during the titration experiment 

going from pH = 0.3 up to pH = 10 is presented in Figure 2.  
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Figure 2. 3-D plot of IR spectra of Cu2+/His recorded during the titration experiment from pH = 0.3 to 

10. 

 

The graph illustrates the overall changes in the spectra as a function of the pH, but 

determination of small spectral changes requires a closer examination of individual spectra, as 

will be shown later. A similar 3-D representation of the Raman spectra turned out to be less 
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informative, as the band intensities drop dramatically at higher pH due to strong darkening of 

the solution. As an alternative a number of representative IR and Raman spectra have been 

extracted from the 3-D plots. These spectra are presented in Figures 3 and 4, respectively, and 

the positions of the most relevant bands have been indicated. In the discussion section 

assignments for these bands are proposed after spectral interpretation, taking into account IR 

and Raman selection rules and assignments from the work described in the previous chapter.55 

In addition, spectral details, which are relevant to determine coordination sites and the 

geometrical structure of complexes, will be presented. 
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Figure 3.  IR spectra of Cu2+/His solutions at pH = 1 (top) to pH = 10 (bottom). 
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Figure 4.  Raman spectra of Cu2+/His solutions at pH = 1 (top) to pH = 10 (bottom). 
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4.3.2 UV/Vis spectroscopy 
 

The UV/Vis absorption spectra of aqueous 0.01 M Cu2+/His solutions as a function of 

the pH are presented in Figure 5. One absorption band is present in the visible part of the 

spectra, i.e. between 16500 and 12500 cm-1 (600-800 nm), while strong absorption bands are 

present in the UV area of the spectra, i.e around 35000 cm-1 (285 nm). According to literature 

the band in the visible region can be assigned to the d-d transition of Cu2+.56, 57 The intensity 

of this d-d band increases with pH. Furthermore, the position of the band is not fixed, but with 

increasing pH it shifts to shorter wavelengths up to pH = 5, after which it shifts back to longer 

wavelengths for pH values > 5. Absorption in the UV-part of the spectrum is relatively small 

at low pH’s, but increases very strongly with increasing pH. Besides, the absorption shifts to 

longer wavelengths. 
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Figure 5. UV/Vis spectra of the 0.01 M Cu2+/His (1:2) solutions in the pH range 0-10 (pH values are indicated). 

 

In order to determine the origin of the intensity increase and the shift in the position of the d-d 

absorption band the spectra of the Cu2+/His system were compared with the UV/Vis data of 

solutions containing Cu2+ complexes with histamine (Him) and glycine (Gly). These ligands 

have been chosen since they have only two coordinating sites, which are highly comparable to 

the ones of His, i.e. Nam and Nim for histamine and Nam and Oc for glycine. The coordination 



Chapter 4 

 80 

geometry of these Cu2+ complexes is well-known and relatively simple, as both ligands 

possess only two potential sites for coordination to the Cu2+ cation. The spectra of the 

complexes were recorded over the same pH range and at the same concentration as for the 

Cu2+/His compounds. As illustrated in Figure 6, the position of the d-d transition band is the 

same for all three compounds at pH = 1, but different at higher pH values. Furthermore, all 

samples exhibit a considerable shift to shorter wavelength, but the band of Cu2+/His passes 

through a minimum at pH = 5, whereas the positions of the Cu2+/Gly and Cu2+/Him solutions 

stabilize when they reach the shortest wavelengths. However, after the maximum of the d-d 

transition band Cu2+/His reaches the shortest wavelengths, it starts to increases again with the 

pH up till pH = 8, after which it stabilizes. 
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Figure 6. The maximum of the copper d-d transition as a function of the solution pH for 0.01 M aqueous 

solutions of Cu2+/His (-■-), Cu2+/Gly (-▲- ) and Cu2+/ Him(-●- ) with Cu:L=1:3. 

.  

4.3.3 Electron spin resonance spectroscopy 
 

The first derivative ESR spectra of the Cu2+/His solutions at different pH values are 

presented in Figure 7. As can be seen, the spectra recorded at pH values 4.4 and 7.3 show four 

hyperfine lines as expected for a Cu2+(I = 3/2) complex in solution at room temperature. In 
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contrast, at least five hyperfine lines can be distinguished at pH = 2.0, 2.9 and 3.4, which 

indicates that more than one Cu2+ species must be present in the corresponding solutions. 
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Figure 7. First derivative ESR spectra of 0.001 M Cu2+/His solutions at room temperature at pH values 2.0, 2.9, 

3.4, 4.4, and 7.3. 

 

In order to determine the ESR parameters of the different complexes and to determine their 

relative contribution spectrum simulations were carried out. The natural abundance of the 

copper isotopes and the different widths of the copper hyperfine lines were taken into 

consideration by fitting the relaxation parameters. As an example of the results obtained from 

these calculations, the simulated spectrum of the Cu2+/His solution at pH = 2.0 is shown in 

Figure 8, together with the experimental spectrum and the residual that remains after 

subtraction of the simulation from the experimental data. In addition, the results of the 

calculations obtained for all samples are summarized in Table 1. As can be seen from this 

table and Figure 8 the main contribution (85%) at pH = 2 originates from a complex with a 

relatively high g0 value and a low A0 value. Furthermore, the spectrum of a second species 

(15%) with a much lower g0 value and a higher A0 value is present, superimposed on the 

spectrum of the main complex. Finally, the spectrum of a third copper species is visible in the 
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residual. In the pH range 2.0-7.3 at least five different Cu2+/His complexes were found to be 

present in a relatively large abundance; each one characterized by its own g0 and A0 values. A 

rough estimate of the relative contribution of the different species in the various absorption 

spectra is also presented in Table 1.  
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Figure 8. Overview of the experimental spectrum (E), the result of the simulation (S) and the residual (R) of the 

Cu2+/His solution at pH = 2.0. 

 

 

Table 1: Optimized ESR parameters obtained from simulation of the Cu2+/His ESR spectra at different pH’s. 

The species indicated c, e, f and h refer to the structures as depicted in Figure 13. 

pH Species % g0 value A0 value 

2.0 Cu2+(H2O)6 85 2.193 34 

 c 15 2.154 58 

2.9 c 75 2.154 58 

 e 25 2.126 74 

3.4 c 50 2.154 58 

 e 50 2.126 74 

4.4 f 90 2.119 72 

7.3 h 90 2.120 64 
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4.3.4 Extended X-ray absorption fine structure spectroscopy 
 

The X-ray absorption near edge structures (XANES) of the X-ray absorption spectra 

of four Cu2+/His samples are presented in Figure 9. Furthermore, the background subtracted 

EXAFS data (k1 weighted) at various pHs (2.0, 2.9, 3.4, 4.4, 6.0, 7.3 and 8.0) are shown in 

Figure 10 and the associated Fourier Transforms (including both the real part and the 

transform envelope) are given in Figure 11.  

8980 9000 9020 9040
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

8.0
6.0
3.4
2.0

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Energy (eV)
 

Figure 9. The XANES regions of the aqueous Cu2+/His solution at different pH values (indicated in Figure). 
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Figure 10. Phase-corrected k1-weighted EXAFS spectra recorded at increasing pHs. Note that data are k1 -

weighted in order to emphasise the changes that occur in the first shell of the Cu2+/His complex. The arrow 

indicates the trend in the data with increasing pH.  
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Although the differences between the spectra are very small, closer examination 

revealed a small shift for the start of the oscillations towards a lower k-space value with 

increasing pH. This has been indicated in Figure 10 by an arrow. Since the position of the Cu 

K-edge did not change, it is unlikely that this shift is due to a change in the oxidation state of 

copper. However, it is well known that such a shift, which is also associated with an increase 

in the EXAFS oscillation frequency, is related to an increase in the average absorber-scatterer 

distance.58 Since the shift is observed at low k-space values it is clear that it corresponds to 

changes in the first Cu2+/His coordination shell. Indeed, the corresponding Fourier 

Transforms shown in Figure 11 confirm these observations, as the centroid position of the 

peaks from the real part of the transform is shifted towards higher r values (indicated by the 

arrow). Next, it is possible to conclude from a comparison of these positions that the bond 

distance sequence as a function of pH is 2.0 ≈ 2.9 ≈ 3.4 < 4.4 < 6.0 < 7.3 ≈ 8.0.  
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Figure 11. Associated Fourier Transforms for the data shown in Figure 10. Both the real part and the envelope 

are shown. The shift in the position of the centroid of the peaks in the real part indicates that the bond distance 

between copper and its nearest neighbours follows the trend in pH: 2.0 ≈ 2.9 ≈ 3.4 < 4.4 < 6.0 < 7.3 ≈ 8.0. 

 

Fitting of the EXAFS data was also performed and the results obtained are shown in 

Table 2. Most notably, the best fit for the first shell for samples between pH = 2.0 and pH = 

3.4 is obtained with 4 oxygen atoms at a distance of 1.95 Å. At pH = 4.4 this distance has 

increased to 1.96 Å, although a tendency towards under-coordination (CN < 4.0) was 
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observed. This finding may reflect a gradual increase in the number of nitrogen atoms present 

in the first coordination sphere, which might prevent sensible refinement parameters from 

being obtained. Indeed for pH = 6.0, 7.3 and 8.0 better r values were obtained when 

considering 4 nitrogen atoms as nearest neighbours at a distance of 1.99 – 2.00 Å. Whilst we 

note that the error in the determination of bond distances by fitting the EXAFS is ca. 0.02 Å 

(1%),59 it is clear that the parameters derived by this process follow closely the variation 

observed in r- and k-space shown in Figures 10 and 11. This suggests that the refined 

differences of 0.01 Å observed between pH = 3.4, 4.4, 6.0 and 7.3, respectively, are real and 

not an artefact of the data fitting procedure.  The observed Debye-Waller factors are typical 

for these species in solution.6         

 
Table 2. Parameters derived from a 1st shell analysis of k1-weighted EXAFS data. 

pH r (Å) CN Scatterer σ2(Å2) Ef 

2.0 1.95 4.3 O 0.015 0.59 

2.9 1.96 3.9 O 0.013 0.00 

3.4 1.95 4.4 O 0.014 0.93 

4.4 1.96 3.7 O 0.013 -0.66 

6.0 1.99 4.4 N 0.012 1.19 

7.3 1.98 4.0 N 0.010 -0.08 

8.0 1.99 4.4 N 0.015 1.27 

r(Å) = average 1st shell distance, CN = coordination number, σ2(Å)2 = Debye-Waller factor, Ef = Fermi energy. 
 

4.4 Discussion 
 

A large amount of spectral data, covering a variety of spectral changes as a function of 

pH, has been obtained from the different experiments. In order to systematically relate these 

data to (changes in) the geometrical structures of Cu2+/His complexes the results will be 

discussed in sub-sections that represent the most important pHranges.  

 

4.4.1 pH range 0 - 2 
 

The IR and Raman spectra of the Cu2+/His solutions recorded up to pH = 1.8 appeared 

to be virtually identical to the ones obtained from the solution containing only His at the same 
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highly acidic conditions. Besides, as can be seen in Figures 3 and 4, respectively, the 

relatively high intensity of the ν C=O band at 1736 cm-1 in IR and Raman as well as the C-O(-

H) stretching band in IR around 1257 cm-1 confirm that the carboxyl group is largely 

protonated in accordance with the pKa value of 1.8 of this structural element. It implies that, 

under these conditions, His is exclusively present as a free, non-coordinated ligand in the 

double protonated ionic form, H4His2+, and thus complex formation does not occur. This is 

confirmed by the UV/Vis data, since the copper solutions with His, Him and Gly exhibit the 

same band position and intensity at pH = 2. The position of the d-d transition and its intensity 

are characteristic for copper surrounded by oxygen atoms. This is a clear indication that Cu2+ 

is present as a free, non-bonded ion, i.e. as a hexa-aqua complex. The same conclusion can be 

drawn from the ESR data. It is known that the effect of the nuclear spin of Cu2+ on the 

unpaired d-electron will be larger when the density of the electron at the position of the 

copper nucleus increases. When only oxygen atoms are coordinating, the density of the 

unpaired paramagnetic electron at Cu2+ is at its minimum and this is accompanied by a 

relatively high g- and low A-value compared to coordination by N-atoms. The simulation of 

the ESR spectrum of the Cu2+/His solution at pH = 2 indicates an 85% abundance of a 

complex with the relatively lowest A- and highest g-values (Table 1). From literature it is 

known that these g- and A-values are characteristic for the copper hexa-aqua complex.60 This 

confirms the outcome of the other characterization techniques, which state that the copper 

hexa-aqua complex is the main species present at pH < 2. In accordance with these results, a 

perfect EXAFS fit is obtained when four oxygen atoms from water are assumed to be present 

in the first shell of the equatorial plane at a distance of 1.95 Å. This distance is in accordance 

with the literature on studies on the structure of the copper hexa-aqua complex.61 

 

4.4.2 pH range 2 - 4 
 

On increasing the pH, the first differences compared to the IR and Raman spectra of 

free His are observed at about pH = 2. This indicates that complex formation starts around 

this pH value. The changes in the IR vibrations are well illustrated by the spectra recorded 

during titration from pH = 1.95 to pH = 3.55, as shown in Figure 12. Obviously, the intensity 

of the CH2 scissoring band at 1440 cm-1 remains the same, but the C=O stretching band at 
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1736 cm-1 disappears completely. Concomitantly, two bands increase in intensity, viz. the 

symmetric stretching vibration of the CO2
- group at 1402 cm-1 and the anti-symmetric 

analogue that is part of a combined absorption band around 1610 cm-1. These changes reflect 

the deprotonation of the carboxyl group at increasing pH and as such, this behaviour is 

identical to what we observed for free His.55  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 12. IR spectra of aqueous solutions of  0.25 mM Cu2+ / His at pH 1.95 to 3.55. The arrows indicate the 

increasing (↑) and decreasing (↓) intensities at increasing pH. 

 

However, the position of the νas CO2
- band is about 10-15 cm-1 lower than we 

determined in the spectra of free His recorded at the same pH values. Although a part of this 

shift can be attributed to deprotonation of the amino group, as will be pointed out later, the 

large downward shift must be the result of coordination of the carboxylate oxygen atoms to 

the Cu2+ ion.62 The same conclusion has been reported by Kruck and Sarkar27 from the 

intensity decrease of the 1736 cm-1 band at pH = 2.5 upon addition of Cu2+, but it also 

illustrates that the conclusion of a Cu2+/His complex with a protonated carboxyl group as 

proposed by Meyer and Bauman50 is wrong.  In accordance with literature,63 the effect of 

metal coordination on νs CO2
- around 1402 cm-1 is much smaller. The presence of a Raman 

shift around 560 cm-1 at pH > 2 has been proposed as additional evidence by Itabashi and Itoh  
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32 and the band has been assigned to an out of plane bending mode of equatorial Cu-bound 

CO2
-. Indeed, as can be seen from Figure 4, a Raman band is observed at 559 cm-1 at pH = 2, 

which rapidly increases in intensity at higher pH. However, it should be noted that a weak 

band at this position is also present in the spectrum at pH = 1, but this weak band possibly 

originates from another vibration. In principle, these observations point to the formation of 

complexes of the type Cu2+[H3His+(Oc)] and Cu2+[H3His+(Oc)]2, as depicted in Figures 13a 

and 13b, but closer examination of the IR spectra in Figure 12 shows that the intensity of the 

IR band at 1535 cm-1 decreases rapidly too on raising the pH to 3.55. Referring to the 

vibrational study on His,55 this absorption originates from the symmetric bending vibration of 

the protonated amino group (δs NH3
+), which implies that the observed intensity decrease 

must be the result of deprotonation of this structural element. Regarding the pKa value of 9.1 

of this amino group, it can only be concluded that deprotonation must be the result of 

coordination of Nam to Cu2+. The same can be concluded from the absorption band around 

1610 cm-1. The observed band consists of a peak from δas NH3
+ at about 1620 cm-1 that partly 

overlaps the absorption of νas CO2
- around 1600 cm-1. Upon increasing pH, the contribution of 

δas NH3
+ to the summed intensity of the observed band decreases and as a result the band 

maximum shifts to lower wavenumber and νas CO2
- becomes the dominating component. In 

principle, one might expect the appearance of an NH2 scissoring vibration in the same region; 

but as for the ionic states HHis- and His2- of free His, this absorption is probably weak or it 

coincides with νas CO2
-. Either way, the observed spectral changes can only be explained by 

assuming coordination of Nam to Cu2+, which eliminates the dominating presence of a 

complex with (Oc,Nim) coordination at this pH, as proposed in several literature 

reports.30,36,51,64 It follows that the complexes must convert practically instantaneously via a 

monodentate complex with Oc to a bidentate complex with Oc and Nam as the coordinating 

anchors. Clear vibrational spectroscopic differences between the complexes with one or two 

His ligands cannot be expected since the coordination and the structure of both ligands are 

largely the same and hence it is not possible to draw quantitative conclusions on their relative 

abundance. Most likely, in accordance with Itabashi and Itoh,32 the glycine-like form with one 

ligand, Cu2+[H2His0(Oc,Nam)], as depicted in Figure 13c, will be the major species at pH = 3.  
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Figure 13. Proposed molecular structures of Cu2+/His complexes at different pH values in the pH range 0 - 10. 

Coordination sites not coordinated  by His are occupied by H2O. 
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However, since all bands related to C=O (1736 cm-1) and NH3
+ (1535 cm-1) have virtually 

disappeared at pH = 3.5, it is evident that free His is practically absent at this pH and as a 

result the complex with two His ligands, Cu2+[H2His0(Oc,Nam)]2, represented in Figure 13e, 

must be the predominant structure at this pH. It is reasonable to assume that the formation of 

this species will proceed via the intermediate form Cu2+[H2His0(Oc,Oc,Nam)][H3His+(Oc)] 

(Figure 13d), but the lifetime of this complex will be negligibly short. 

 The shift in equilibrium from a complex with one His ligand to a structure with two 

His molecules, as well as the nature of the coordinating groups, can also be observed from the 

UV/Vis spectra. The position of the Cu2+ d-d transition band is primarily defined by the 

physical properties of the coordinating atoms, the relative number of these coordinating atoms 

and the distance between these atoms and the Cu2+ ion. The higher the amount of nitrogen 

atoms in the equatorial plane (compared to oxygen atoms, either originating from the 

carboxyl group or from water molecules), the more the band maximum shifts to higher 

energies (lower wavelengths). Since EXAFS analysis reveals that there is no change in 

distance of the first coordination sphere (Table 2), the observed shift points to an increasing 

amount of coordinating nitrogen atoms in the equatorial plane. Furthermore, as can be seen in 

Figure 5, on increasing the pH of the Cu2+/His solution to about 4, the band position of the d-

d transition shifts to 15750 cm-1 (635 nm), a position which is about the same as for the 

maximum of the d-d transition of the Cu2+/Gly solution in the pH range 6-10. In this system 

the ligands are known to be coordinating by two Nam and two Oc atoms in the equatorial plane 

and hence it is logical to assume an NamOcNamOc-like coordination for Cu2+/His at pH = 4. 

This conclusion is in agreement with the majority of the papers in literature.10, 27, 28, 32  

The ESR results support these interpretations. The copper hexa-aqua complex is 

dominant at pH = 2 (85 %) with g0 and A0 values that are characteristic for an oxygen 

coordination sphere around the copper cation. The less dominant copper complex at pH = 2 

becomes the dominating one (75 %) at pH = 2.9. The g0 and A0 parameters of this species 

indicate the coordination of one nitrogen atom to the copper cation and can, therefore, be 

assigned to the mono-His complex (Figure 13c) or the bis-His complex as depicted in Figure 

13d. In the latter complex, two His molecules are coordinating via the carboxyl oxygen 

atoms, while one of the ligands is also coordinating with the amino group. As stated before, 

we assume that the amino group deprotonates and subsequently coordinates to the copper 
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cation immediately after coordination of the carboxyl group. So, it is not very likely that the 

main species at pH = 2.9 is the structure of Figure 13d. Probably, it is the mono-His complex 

as drawn in Figure 13c. The ESR parameters of the minor species at this pH value (2.9) are 

characteristic for a complex in which two nitrogen atoms are coordinating to the copper 

cation. This species can be assigned to the bis-His complex, in which both ligands are 

coordinating via the carboxyl group and the amino group (Figure 13e). The relative amount of 

the two species is changing to a 50% : 50% mixture at pH = 3.4.  
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Figure 14. Raman spectra of 0.25 mM aqueous solutions of Cu2+/His at pH = 2.78, 2.97, 3.14 and 3.47. The 

arrows indicate the appearance of bands at 1588 and 1555 cm-1 with increasing pH. 

 

Further information on the coordination geometry of the different complexes at this pH 

can also be extracted from the Raman spectra. As can be seen in Figure 14, small but 

significant changes are also observed in the range 1750-1400 cm-1. At pH = 2.8 two bands 

start to appear around 1588 cm-1 and 1555 cm-1. The position of the 1588 cm-1 band is close to 

that of νas CO2
- in the IR spectra, but it is unlikely that the band originates from the same 

vibration, since this type of polar mode is usually not very Raman active. Bands around 1580 

cm-1 also show up in the Raman spectra of free His, but at much higher pH values. These 

bands have been assigned to coupled imidazole C=C / C=N modes and are the result of 

deprotonation of the ring in accordance with the pKa value of 6.1.55 Apparently, analogous to 
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the amino group, deprotonation of the ring can only be explained as the result of coordination 

of (one of) the Nim atoms. The latter is in agreement with literature reports.15, 16, 32 The 

involvement of the imidazole ring in the coordination can also be concluded from the 

prominent imidazole =N-H deformation bands in the Raman spectra at 1490 and 1198 cm-1, 

which start to reduce in intensity at about pH = 3.5 instead of around pH = 6, as for free His.  

At first glance, the deprotonation of the imidazole ring and the primary amino group at 

a pH significantly lower than the corresponding pKa value seems strange. Moreover, repulsive 

forces will hamper attraction between Cu2+ and the positively charged ring and the NH3
+ 

group, which implies that another mechanism must be the driving force. A plausible 

explanation is that, after coordination to Oc, the Cu2+ ion has an inductive effect on the ligand 

that promotes deprotonation and hence coordination of the rest of the functional groups. The 

fact that coordination to Nam seems to be favored over Nim can be attributed to a sterically or 

energetically more stable geometry. It is also probable that the inductive effect via the 

imidazole ring is partly reduced by the longer distance to the carboxylate group in 

combination with the resonance properties of the imidazole ring system that will act as an 

electronic buffer. On the other hand, it is evident that coordination to Nim also starts at a 

considerably acidic pH. However, regarding the low intensity of the corresponding bands, it 

can be concluded that the abundance of the species in n which Nim coordinates, is fairly low 

around pH = 3. The UV/Vis data, as depicted in Figures 5 and 6, are in accordance with this 

conclusion. The observed d-d transition bands represent the summation of all complexes that 

are present in the solution, but the position and the intensity determined at pH = 3 are closer 

to the values recorded at pH = 2 than to the data at pH = 4. This indicates that Nim 

coordination does not play a large role at pH = 3, but it also demonstrates that its relative 

abundance increases upon raising the pH to 4. The growing involvement of nitrogen atoms in 

the coordination also follows from comparison of the ESR data recorded at pH = 3.4 and pH 

= 4.4. A single copper complex is found to be dominating at pH = 4.4 and the corresponding 

ESR parameters differ from those of the complex with two His ligands at pH = 3.4. The g0  

and A0 parameters indicate a relatively smaller number of nitrogen atoms in the coordination 

sphere of the copper cation at pH = 3.4 compared to the species at pH = 4.4.  
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4.4.3 pH range 4 - 5 
 

On increasing the pH to 5 the maximum of the UV/Vis d-d transition band shifts to 

about 16200 cm-1 (615 nm), a value which is similar to that of the Cu2+/Him complex at pH > 

7, where the coordination is known to be NamNimNamNim  in the equatorial plane. The 

observed shift for Cu2+/His can only be explained by an increase in the number of nitrogen 

atoms coordinating to the copper cation, as the ligand field splitting for nitrogen atoms is 

larger than the splitting for oxygen atoms.56, 57 The increase in the ligand field splitting cannot 

be caused by a decrease in the distance of the first coordination sphere around the copper 

cation, as the EXAFS analysis reveals that this distance remains the same in this area. For that 

reason it is concluded that the predominant equatorial NamOcNamOc coordination at pH = 3.5 

starts to change into a NamOcNamNim coordination around pH = 4.5 and subsequently into an 

NamNimNamNim coordination at pH > 5. This is in line with most of the literature,27 35, 36 32, 64 

but proves that the assignment of Crawford and Dalton, who stated that NamOcNamOc 

coordination remains the major structure up till pH = 8, is incorrect.44 According to the 

UV/Vis data, NamNimNamNim coordination appears to be almost complete already at pH = 5, 

since the position of the band is almost identical to that of the Cu2+/histamine solution at pH > 

6.  This is in line with the ESR results, as the simulation of the ESR spectrum recorded at pH 

= 4.4 shows the presence of one dominating complex with g0 and A0 values that confirm the 

increasing number of coordinating nitrogen atoms in the equatorial plane. 

The IR and Raman data are largely in accordance with this conclusion. Firstly, it is 

evident that Nam remains coordinated to Cu2+ as the IR peaks related to the NH3
+ group 

remain absent in the spectra although the pH is still far below the pKa value of the amino 

group. Secondly, the Raman band at 1588 cm-1 rapidly increases in intensity and at pH = 5 it 

becomes even stronger than the one at 1632 cm-1, which clearly points to an increasing 

amount of coordination of (one of) the Nim atoms. The presence of a band at about 1588 cm-1 

has also been reported in Raman studies on copper (II) complexes with histidyl side chain 

peptides3, 16 and histamine.31 This Raman shift has been proposed to represent Nπ-Cu2+ 

ligation (Nτ-protonated). Additional indications that Nπ is the favored coordination site are 

extracted from the weak Raman band at 990 cm-1 and the IR absorptions at 1272 and 1087  

cm-1. These bands are commonly used to distinguish the Nτ-protonated from the Nπ-
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protonated tautomer in the free ionic states H2His0 and HHis-. In addition, the appearance and 

increasing intensity of a broad band at 454 cm-1 also indicates coordination to Nim. In 

literature this band has been assigned to a Cu-N stretching vibration in Cu2+/histidyl and 

histamine complexes.3, 31 Furthermore, the IR spectra reveal the appearance of a weak band at 

1506 cm-1 around pH = 4. This band is absent in the spectra of free His and therefore it must 

originate from a Cu2+/His complex. It has been proposed as a marker for coordination to Nπ in 

the spectrum of copper(II) histamine,31 but the corresponding vibrational mode is not clear. 

Consequently, it seems logical to conclude that the increasing coordination of Nim (i.e. 

Nπ) will be accompanied by a proportional release of carboxylate groups from the equatorial 

plane to the free form.  However, the vibrational frequency of the IR active νas CO2
- decreases 

to 1584 cm-1, while νs CO2
- increases from 1403 to 1408 cm-1. Indeed, the direction and 

magnitude of the shifts are similar to what we measured in the spectra of free His recorded in 

the same pH range, but the position of νas CO2
- remains about 15 cm-1 lower, which means 

that a substantial amount of the carboxyl groups must remain coordinated to Cu2+, either still 

in the equatorial plane or converted into the axial position. Therefore, we propose that the 

equatorial glycine-like bidentate complex Cu2+[H2His0(Oc,Nam)]2 (see Figure 13e) starts to 

convert to the tridentate complex Cu2+[HHis-(Nam,Nim,Oc)]2 with an equatorial histamine-like 

coordination for the Nam’s and Nim’s and the carboxyl Oc’s in the axial position (see Figure 

13h). Most likely this process proceeds via the mixed bidentate / tridentate complex 

Cu2+[HHis-(Nam,Nim)][HHis-(Nam,Nim,Oc)] as an intermediate species (see Figure 13g).  

 

4.4.4 pH range 5 - 7 
 

The data obtained at higher pH values confirm the previous conclusions, but also reveal 

that a complex with NimNimNimNim coordination around pH = 6.5 as proposed by Basosi et al. 

is very unlikely.40 As apparent from Figure 6, the increase of pH from 5 to 7 and basic 

conditions results in a shift of the maximum of the UV/Vis d-d transition band back to longer 

wavelength. This behavior is different from that of the Cu2+/Gly and Cu2+/Him solutions 

(Figure 6) where the band positions remain stable at respectively pH > 6 and pH > 7 after 

reaching the shortest wavelengths. This can be explained by assuming a process of increasing 

oxygen coordination in the equatorial plane at the expense of nitrogen coordination, but this is 
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very unlikely, as will be illustrated later by the IR and Raman data interpretation. As already 

mentioned before, a more plausible explanation is, that on increasing pH, two Nam’s and two 

Nim’s coordinate in the equatorial plane, while the Oc atoms convert from the equatorial to the 

axial position by substituting the axially coordinating water molecules. The net result will be 

a decrease of the ligand field splitting, as this parameter is also related to the distance of the 

d-metal orbitals to the atoms of the ligand. Such an increase in axial carboxyl coordination 

also explains why the intensity of the d-d transition band enhances, as this type of geometrical 

orientation causes a distortion of the tetragonally elongated symmetry. The effect is that the 

transition probability becomes larger than for a complex structure without distortion and 

hence the intensity increases. The observed shift of the band maximum to lower energy 

confirms the distortion of the symmetry, as the coordination of a carboxyl group at an axial 

position initiates an increase in the distance between the central copper ion and the chelating 

atoms in the equatorial plane. This is confirmed by the EXAFS analysis, in which an increase 

in the distance of the copper cation to the first coordination sphere is observed upon 

increasing the pH from 4.4 to 7.3. The average distance increases significantly from 1.96 at 

pH = 4.4 to 1.99 at pH = 6.0. In the Cu2+/Him solution this distorting axial coordination 

cannot occur, so both the position and the intensity of the d-d transition will not change on 

increasing the pH. Although this phenomenon is often overlooked in literature, it illustrates 

that the position of the d-d transition band in the UV/Vis spectra is not only a function of the 

nature and the amount of the coordinating atoms, but also depends on the distance between 

the central ion and the coordinating groups. 

These conclusions confirm the conversion from the bidentate ligand complex 

Cu2+[H2His0(Oc,Nam)]2 to the tridentate ligand form Cu2+[HHis-(Oc,Nam,Nπ)]2 , most likely via 

the mixed bidentate / tridentate complex Cu2+[HHis-(Nam,Nπ)][HHis-(Oc,Nam,Nπ)] as an 

intermediate form. In contrast, the co-existence of the mono-ligand tridentate form 

Cu2+[HHis-(Oc,Nam,Nπ)] is unlikely, since this would mean the presence of free His in the 

solution. However, bands that can be assigned to free His have not been observed in this pH 

range, neither in the IR nor in the Raman spectra. 

As already pointed out, coordination of both Nam and Nim also follows from the 

vibrational spectra. At pH = 6 a shoulder around 1578 cm-1 appears on the Raman band at 

1590 cm-1 and the intense peak at 1492 cm-1 drops in intensity. Furthermore, new bands 
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appear at 1325, 1310, 1226, 1022, 826 and 456 cm-1. Similar to free His, the decrease in 

intensity of the 1492 cm-1 band can be attributed to the decrease in symmetry of the imidazole 

ring as result of deprotonation of one of the Nim atoms. It also seems obvious to assign the 

shoulder around 1578 cm-1 as well as the other new bands to the formation of a complex with 

Nτ coordination, since the presence of two bands around 1580 cm-1 is also observed in free 

His above pH = 6, in accordance with the pKa value of the ring. However, according to 

literature,3, 15, 16, 31 the vibration that is correlated to Nτ-ligation (Nπ-protonated) should be 

found at the high instead of the low frequency side of the 1588 cm-1 band, i.e. around 1603 

cm-1. Besides, model calculations revealed that coordination to Nτ is not attractive for sterical 

reasons. This implies that the co-existence of complexes with coordination to both Nτ and Nπ 

or a complex with both tautomeric forms coordinated to the same copper ion, as suggested by 

Torregiani et al., 31 is unlikely. Another argument to reject two types of coordination of the 

Nim atoms is the lack of doublets around 1100 cm-1 in IR and around 1275 and 1000 cm-1 in 

Raman. According to literature, such double bands should have been present as additional, 

commonly accepted tautomer markers,9, 29, 30, 33, 65-67 but only one band is observed in these 

regions. The presence of one tautomeric form is further evidenced by the small bandwidth of 

the Raman active ring breathing vibration at 1273 cm-1. This peak is considerably sharper 

than the corresponding one in the Raman spectra of free His, which indicates a single, rigid 

structure of the ring, i.e. only one type of Nim coordination. In order to explain the presence of 

the band around 1578 cm-1 we propose two possibilities: (1) the metal coordination of the ring 

results in decoupling of the combined C=C / C=N vibration, which gives rise to separate C=C 

and C=N stretching modes, or (2) two Nπ-ligated complexes are present that only differ in the 

symmetrical orientation towards the copper ion. The origin of the weak Raman band that 

comes up at 1555 cm-1 is not clear, but its appearance matches the explanation of decoupling, 

as in this region only C=C and/or C=N stretching modes are present. Finally, the fact that 

only one Raman band arises at 1228 cm-1 can also be attributed to deprotonation of only one 

of the Nim atoms, similar to free His.55  

 

4.4.5 pH range 7 - 10 
 

 The spectral changes in IR, Raman, UV/Vis and EXAFS in the pH range 7-10 are 
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relatively small compared to the data collected at pH = 6. The EXAFS results show a 

negligible increase of the average first shell inter-atomic distance between the copper ion and 

the chelating N-atoms, which implies that the distortion of the octahedral symmetry is 

maintained, obviously as a result of the axial coordination of the carboxyl groups. These 

results confirm that Cu2+[HHis-(Oc,Nam,Nπ)]2 (species h) has become the predominant 

complex at neutral and basic conditions. In accordance, simulation calculations on the ESR 

spectrum at pH = 7.3 clearly point to the dominating presence of a single copper complex. 

Moreover, the high A0 and low g0 value are fully in line with the Cu2+[HHis-(Oc,Nam,Nπ)]2 

complex (species h in Table 1). As can be seen from Figure 5, the UV/Vis absorption band 

recorded at pH = 7 shows a minor red shift compared to the spectrum taken at pH = 6, but at 

higher pH the position of the band stabilizes at 16000 cm-1 (625 nm). The former trend 

illustrates the increasing distortion of the octahedral symmetry as a result of conversion to 

Cu2+[HHis(Oc,Nam,Nπ)]2 , whereas the latter phenomenon indicates that this process is 

virtually completed at pH > 7. The same can be concluded from the increase in absorption 

intensity in the UV/Vis on raising the pH from 5 to 7, which is consistent with the results 

from EXAFS and ESR. The on-going intensity increase in UV/Vis at pH > 7 seems to 

contradict this, but, most likely, this is due to the formation of precipitating copper 

hydroxide/oxide species, as pointed out in the experimental section. It also explains why 

Perrin and Sharma47 and Sigel et al.36 erroneously assumed the presence of Cu2+(OH)/His-

type of complexes at pH > 7.  

As already indicated, the changes in the vibrational spectra are small, but important 

information on the coordination of the CO2
- group can be extracted from the position of the 

anti-symmetric stretching band (νas CO2
-) around 1584 cm-1 in IR. In contrast to free His, 

where we observed a continuous red shift on increasing the pH, the band remains fixed at 

1584 cm-1 for Cu2+/His at pH > 5. This finding confirms the conclusion drawn from UV/Vis 

that the carboxyl group is coordinated to Cu2+, but the fact that the band does not shift, like in 

free His, also indicates a change in the coordination position from the equatorial to the axial 

position. Closer examination of the 1584 cm-1 band reveals that it is much broader around pH 

= 4, which points to differently coordinated CO2
- groups and hence to the co-existence of two 

different complexes. A plausible explanation is to assume a mixture of complexes at this pH 

with the oxygen(s) in the equatorial plane, in the axial position or both. As already explained, 
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the equatorial position is supposed to be preferred at low pH and so the complexes at higher 

pH must be the ones with the Oc coordinated in the axial position. The fixed band position 

and band width in the pH range 7-10 can be considered as a prove that reorientation into the 

axial position is completed. The simultaneous disappearance of the Raman band at 560 cm-1, 

which has been assigned to a Cu-O vibration in the equatorial plane, can be seen as additional 

evidence for the correctness of this assignment. Further changes in the Raman spectra in 

Figure 5 are small, although the intensity of the combined C=C / C=N band at 1580 cm-1 

increases at the expense of the one at 1632 cm-. This indicates that all His has become 

coordinated to Cu2+ via Nπ, which is confirmed by the enhanced intensity of the Cu-N 

stretching band at 454 cm-1. It follows that the bi-ligand tridentate complex Cu2+[HHis-

Oc,Nam,Nim)]2 (species h) is indeed the major species prevailing at high pH, while bidentate 

geometries are probably no longer present.  

 

4.5 Conclusions 
 

 The combined application of IR, Raman, UV/Vis, ESR and EXAFS spectroscopy 

appears to be a very successful approach to obtain a variety of complementary information on 

the geometrical structures and relative abundances of the complexes that are formed in the 

aqueous Cu2+/His (1:2) system at various pHs. The results from UV/Vis and ESR analyses are 

fully consistent with the nature of the atoms in the first coordination shell of the Cu2+ ion, 

while EXAFS yields information on the average distance between the coordinating atoms and 

the central Cu2+ ion. Finally, IR and Raman spectroscopic monitoring during titration 

experiments produces detailed complementary information on the state of protonation of the 

His ligands and hence on the sites involved in the coordination to Cu2+. The multi-technique 

approach of measuring samples under more or less identical conditions over a wide range of 

pH values proves to be extremely valuable for obtaining accurate and reliable information on 

the coordination chemistry of Cu2+/His complexes. As a result, structural proposals from 

literature have been unambiguously confirmed, clarified or corrected.  

The results of the integrated interpretation of the spectroscopic data have been 

summarized in Figure 15. In addition, equilibrium constants have been calculated, which are 

presented in Table 3. The process of complex formation turns out to be reversible as long as 
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the pH does not exceed a value of 10. At a higher pH decomposition and precipitation occurs. 

 

 
Figure 15. Proposed distribution of Cu2+/His complexes as a function of the solution pH. Indications a,b, c, e, f, 

g and h correspond to the structures depicted in Figure 13. Note that complex d is supposed to be absent. 

 
Table 3. Equilibrium constants Keq of the Cu2+/His complexes in aqueous solution in the pH range 0-10. The 

complexes a,b,c,e,f,g and h correspond to the structures depicted in Figure 13. 

Conversion Keq 

Cu2+ ↔ a 3.5 x 10-5 

a ↔ b 3.0 x 10-2 

b ↔ c 1.0 x 10-1 

c ↔ e 3.7 x 10-4 

e ↔ f 1.6 x 10-4 

f ↔ g 1.6 x 10-6 

g ↔ h 1.5 x 10-7 

 

Under highly acidic conditions both Cu2+ and His are present as free ions. The formation of 

complexes starts around the pKa value of the carboxyl group, i.e. at pH = 1.8, by the 

coordination of a carboxyl oxygen atom in the equatorial plane (species a and b). Almost 

concomitantly coordination via the amino group begins, which results in a bidentate glycine-
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like chelation with mainly one ligand (species c). At pH = 3 this complex is the major 

constituent. However, coordination of a second His molecule rapidly follows and at pH = 3.5 

the bi-ligand complex is the dominant species (e). Raman data show that coordination to the 

Nπ atom of the imidazole ring starts around pH = 2.8 and around pH = 5 complexes with 

coordination via both Nam and Nπ become the main components (species f and g). The 

coordination of the nitrogen atoms is histamine-like in the equatorial plane. Most likely, this 

reorientation of the His ligands is accompanied by a partial release of the carboxyl groups to 

the non-bonded state. According to the IR spectra, the coordination of the oxygen atoms 

changes from the equatorial to the axial position. At pH > 7 the bi-ligand tridentate complex 

with four N atoms in the equatorial plane and two carboxyl O atoms in the axial position is 

the dominant geometrical structure (species h). This complex remains stable up till pH=10, 

but decomposes at a higher pH.  

 Finally, it is concluded that the pKa values are not the primary driving force in the 

coordination process. After deprotonation and anchoring to the carboxyl group, in accordance 

with the first His pKa value (1.8), coordination of Nam and Nim to Cu2+ occurs around pH = 3 

and 5, respectively, which is in a different order and at significantly lower pH levels than 

could be expected on the basis of the pKa values of these nitrogen groups (9.1 and 6.0,  

respectively). This might be the result of an inductive effect of Cu2+, but the precise origin of 

the phenomenon is not yet clear. 
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Chapter 5 
 

 

 

On the Molecular Structure of Aqueous 
Cu2+/Histidine Complexes as Studied with XANES 

Spectroscopy 
 

 

 

 

 

 

 

Abstract 
 

X-ray absorption spectroscopy has been used to study the molecular structures of 

Cu2+/His complexes in aqueous solution at different pH values. Information on the 

coordination geometry and local environment of copper was obtained by following the 

changes in the features present in the X-ray absorption near edge structure (XANES) as a 

function of the solution pH. For the Cu2+/His solutions measured at high photon flux 

beamlines a reducing influence of the X-ray beam on the sample was found. The extent of 

reduction was found to be independent of time, but dependent on the solution pH. A similar 

trend was found for the development of the maximum of the d-d transition as a function of 

solution pH, as measured with UV/Vis spectroscopy. These findings provide evidence that (1) 

Cu2+ reduction is facilitated when the imidazole rings are in equatorial coordination and (2) 

XANES can be used to monitor the molecular structure of Cu2+/His complexes in aqueous 

solution. 
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5.1 Introduction 
 

X-ray absorption spectroscopy (XAS) is a direct method to probe the electronic and 

structural nature of transition metal ion complexes. In contrast to X-ray diffraction, XAS is 

not dependent on long-range ordering of these complexes. The technique can be used to probe 

the local structure around the transition metal ion by analyzing the extended X-ray absorption 

fine structure (EXAFS) of the X-ray absorption spectrum. From this analysis information can 

be obtained on which neighboring atoms are present, as well the distances of these 

neighboring atoms, even though it is very difficult to discriminate between neighboring atoms 

in the periodic table. The technique can also be used to determine the oxidation state of the 

transition metal ion by studying the X-ray absorption near edge structure (XANES) region of 

the X-ray absorption spectrum. XANES also contains information on the molecular structure 

of the transition metal ion complex. 

In this study XAS was used to study copper histidine (Cu2+/His) complexes in aqueous 

solutions as a function of the solution pH. There are only a few X-ray absorption studies on 

Cu2+/His complexes available in literature.1, 2 In these studies the focus is on the EXAFS part 

of the X-ray absorption spectrum. To our best knowledge the first X-ray absorption study on 

the copper histidine complex in aqueous solution was by Ozutsumi et al. They studied the 

properties of a number of mono- and bis(aminocarboxylato)copper(II) complexes in aqueous 

solution by EXAFS and spectrophotometry.1 They assumed a glycine-glycine coordination 

mode for histidine in the copper histidine complex. Recently, Carrera et al. studied the 

EXAFS of 10 mM and 50 mM aqueous solutions of copper histidine at physiological pH = 

7.3.2 They propose a dominating histamine-histamine-like coordination mode for histidine in 

the equatorial plane at this pH value. The key to discriminate between the different proposed 

coordination modes of histidine in the complex is the determination of the number of 

imidazole rings within the equatorial plane of the complex. These imidazole rings give rise to 

an enhanced multiple scattering contribution, thus allowing the analysis of higher shells. 

These results confirm earlier results of Strange et al., who simulated the EXAFS of a number 

of imidazole-containing copper complexes with a multiple scattering treatment in orders to 

study the metal-histidine coordination in metalloproteins.3  

In this work the abundant information available in literature on the XANES of copper 

complexes will be used to obtain information on the molecular structure of Cu2+/His 
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complexes in aqueous solutions as a function of the pH. This will be done by carefully 

fingerprinting the developments in the different features that are present in the XANES 

regions of the X-ray absorption spectra. The results will be compared with results obtained 

from IR, Raman, UV/Vis, EXAFS and ESR studies described in the previous chapter. It will 

be demonstrated that additional information on the molecular structure of the Cu2+/His 

complexes can be extracted from the XANES region. 

 

5.2 Experimental  
 

5.2.1 Chemicals and solutions 
 

All chemicals were obtained from Acros Organics (Geel, Belgium). For each 

experiment aqueous solutions of Cu(NO3)2·3H2O and L-histidine (His), histamine (Him) or 

glycine (Gly) (all p.a. grade), were freshly made. The copper nitrate precursor salt was used, 

combined with HNO3 and NaOH to adjust the solution pH (instead of CuCl2 and HCl, 

respectively), to minimize the reducing effect of the X-ray beam on the sample.4  

 
Table 1. Overview of the X-ray absorption experiments performed with aqueous Cu2+ complex solutions at 

different pH levels. The ligands (L) present in the Cu2+ complex are indicated in the fourth column. 

Photon Flux Beamlines [Cu] (M) L Cu : L pH 

Hasylab X1 0.33 His 1:5 2.9, 4.4, 7.3 

BM29 0.25 His 1:5 2.0, 3.4, 6.0, 8.0 

DUBBLE 0.01 His 1:3 3.8, 7.3 

DUBBLE 0.01 Him 1:3 3.8, 7.3 

DUBBLE 0.01 Gly 1:3 3.8, 7.3 

 

 

LOW 

DUBBLE 0.01 - 1:3 3.8, 7.3 

ID24 0.02 His 1:3 1,2,3,4,5,6,7,8,9,10,11 and 12 HIGH 

ID26 0.01 His 1:5 0, 2, 4, 6, 8, 10 and 12 

  

All the samples were measured at room temperature, using a stainless steel sample cell 

(diameter of 2.5 mm) with kapton windows. The X-ray absorption spectra of aqueous 

Cu2+/His solutions at different pH levels were measured at different beamlines and at different 
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synchrotrons. For comparison X-ray absorption spectra of 0.01 M aqueous solutions of 

Cu2+/Him, Cu2+/Gly and Cu(NO3)2.3H2O without ligand were collected at pH 3.8 and 7.3 at 

the DUBBLE beamline. An overview of all the experiments is presented in Table 1. Important 

to note is that the aqueous Cu2+/His solutions have been measured both at beamlines with a 

relative low photon flux (1010 – 1011 photons s-1 mm-2) and at beamlines with a relative high 

photon flux ( >1013 photons s-1 mm-2). 

 

5.2.2 X-ray absorption spectroscopy 
 

The copper K-edge absorption spectra of 0.33 M aqueous Cu2+/His solutions were 

collected at Hasylab (Hamburg, Germany), Wiggler Station X1.1, using an Si(111) double 

crystal monochromator. The monochromator was detuned to 50% of the maximum intensity 

to avoid higher harmonics in the X-ray beam. The photon flux on the sample was 1010 

photons s-1 mm-2. At BM29 (ESRF, Grenoble, France) the X-ray absorption spectra were 

collected with 0.25 M copper histidine solutions, using a double crystal Si(311) 

monochromator. Higher harmonics rejection was carried out by detuning both crystals by 

50%. The sample spectra were recorded in transmission mode. Several scans were averaged 

to improve the signal to noise ratio. The flux at the sample was 1010 photons s-1 mm-2. At 

ID26 (ESRF, Grenoble, France) 0.01 M Cu2+/His solutions were studied, using a Si(220) 

double crystal monochromator. The samples were measured using both a multi-element 

germanium detector and a photo-diode detector. The spot size on the sample was 1.0 x 0.5 

mm2, with a photon flux of >1013 photons s-1 mm-2. The copper K-edge XAFS spectra on 0.01 

M aqueous Cu2+/His, Him and Gly solutions at pH 3.8 and 7.3 were collected at the 

DUBBLE beamline (BM26A) of the ESRF. The measurements were performed using a 

Si(111) double crystal monochromator. The spot size on the sample was 0.5 x 0.5 mm2 (H x 

V, FWHM), with a photon flux of 1011 photons s-1. XAFS spectra were collected in the 

fluorescence mode, in a 90-degree orientation to the incident X-ray beam, using a nine-

channel monolithic germanium detector. One X-ray absorption spectrum was collected in 45 

min. and per sample three spectra were collected and averaged, in order to improve the signal 

to noise ratio. At the energy-dispersive beamline ID24 at the ESRF the X-ray absorption 

spectra of 0.02 M aqueous Cu2+/His solutions were studied. The set-up used for data 
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collection has been described in detail in chapter 2. The Cu2+/His solutions were measured in 

a cuvette with a path length of 5 mm and a total sample volume of 80 µl. The transparent 

quartz windows in the X-ray direction have a thickness of 100 µm to minimize X-ray 

absorption by the windows at the energy of the copper edge. The spot size of the X-ray beam 

in the focal spot in the sample is 0.03 x 0.2 mm2 (H x V, FWHM). The XAFS data were 

collected in the transmission mode using a phosphorous masked Peltier cooled Princeton 

CCD camera. The X-rays (with a photon flux of 1012 photons s-1) were focused on the sample 

using a curved Si(111) Bragg polychromator crystal. One complete X-ray absorption 

spectrum was collected in 12 s. During all experiments a copper foil was measured for 

determining the edge position of copper (first maximum in the first derivative of the 

absorption spectrum) in order to calibrate the energy of the monochromator. 

 

5.2.3 UV/Vis spectroscopy 
 

UV/Vis spectra of the aqueous solutions were measured from 50000 cm-1 to 10000 

cm-1 (200 to 1000 nm) at a spectral resolution of 0.15 nm with a Cary 50 spectrometer 

(Varian) equipped with a probe (Hellma) that was connected to the spectrometer via optical 

fibers. The effective optical path length in the probe head was 2 mm for the samples with a 

high concentration, whereas the path length was 10 mm for the more diluted samples. 

 

5.3 Results 
 

A lot of information can be obtained from the XANES of the X-ray absorption spectra 

of transition metal ion complexes. This is also the case for Cu2+ complexes. The X-ray 

absorption spectra of the aqueous Cu2+/His solutions as a function of the solution pH 

(collected at ID26) are presented in Figure 1. Different features are present in the XANES of 

the solutions and trends in the development of these features can be observed. These features 

are indicated in Figure 1 by the letters A through E. The physical background of the features 

will be discussed, although the main focus will be on the development of the features A and B 

as a function of the solution pH.      



Chapter 5 

 110 

8975 8980 8985 8990 8995 9000 9005 9010
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

E

D

C

B

A

N
or

m
al

iz
ed

 A
bs

or
pt

io
n

Energy (eV)

 
Figure 1: XANES of the Cu2+/His solutions as a function of the solution pH, collected at ID26. The features that 

are present in the XANES are indicated by the letters A through E. The trends as a function of pH will be 

discussed further on. 

 

In the XANES of the X-ray absorption spectra of Cu2+ complexes a very weak feature 

is present at 8978 eV (at position A in Figure 1). This feature can be assigned to a dipole 

forbidden, but quadrupole-allowed 1s → 3d transition.5-7 Only Cu2+ complexes can give rise 

to this transition, as the 3d orbitals in Cu+ complexes are completely filled. The energy 

position of this pre-edge feature is influenced by the properties of the ligands coordinating to 

copper and it is reported to shift to higher energies in the order of the spectrochemical series.8  

This trend is also observed for the different Cu2+ complexes that were measured at DUBBLE. 

In the XANES the position of the maximum of the feature is shifting to higher energy by 

about 0.7 eV upon increasing the pH from 3.8 to 7.3 (see Figure 2). The shift is largest for the 

Cu2+/Him solution at pH 7.3.  There is a linear relationship between this position shift and the 

shift in the position of the maximum of the d-d transition in the UV/Vis absorption spectrum 

of the same solution. This relationship is shown in figure 3. It indicates that the position of the 

maximum of the 1s → 3d transition is shifting to higher energy when the ligand field of the 

complex is shifting to higher energy. This is as expected since the empty d-orbital to which 

the transition occurs, is shifted to a higher energy in the complex with the larger ligand field 

splitting. However, the shift (in eV) of the maximum of the 1s → 3d transition is larger than 

the shift (also in eV) of the maximum of the d-d transition. An opposite trend is expected, as 
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an increase in ligand field strength increases the energy of the highest unoccupied d-orbital, 

but at the same time decreases the energy of the occupied d-orbitals, from which the d-d 

transition occurs.  
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Figure 2: The 1s→3d transition in the XANES of the spectra of the Cu2+ complexes collected at the DUBBLE 

beamline: (a) Cu2+ nitrate, (b) Cu2+/Him 3.8, (c) Cu2+/Gly 3.8, (d) Cu2+/His 3.8, (e) Cu2+/Gly 7.3, (f) Cu2+/His 7.3 

and Cu2+/Him 7.3. The numbers (3.8 and 7.3) indicate the pH of the solution. The line is added to illustrate the 

shift to higher energy. 
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Figure 3: The linear relationship between the position of the maximum of the 1s → 3d transition in the X-ray 

absorption spectra and the position of the maximum of the d-d transition (in eV) in the corresponding UV-Vis 

absorption spectra.  
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From the XANES also the oxidation state of copper can be determined.9 It has long 

been recognized that a pre-edge feature around 8982.5 eV (at position B in figure 1) is present 

in the absorption edge spectra of Cu(I) complexes, but not in those of Cu(II) complexes.9  

This 8982.5 eV pre-edge feature in Cu(I) complexes has been assigned to a Cu 1s → 4s 

transition.10 The intensity of this feature is much higher for Cu(I) complexes than it is for 

Cu(II) complexes, as Cu(I) complexes have the tendency to form trigonal or distorted 

tetrahedral complexes, which allow s-p orbital mixing. 
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Figure 4: The development of the normalized intensity of the 8982.5 eV feature (feature B in Figure 1) as a 

function of the solution pH, measured at both ID24 (-■-) and ID26 (-▲-). These are the undulator beamlines 

with a high photon flux. 

 

 For the aqueous Cu2+/His complexes measured at the low intensity beamlines no 

absorption band is observed at 8982.5 eV. This is contrary the solutions that were studied at 

the beamlines with a high photon flux. The spectra of the aqueous Cu2+/His solutions 

measured at the high-flux beamline ID26 are presented in Figure 1. In these spectra a feature 

develops at 8982.5 eV, indicating the reduction of copper from Cu2+ to Cu+. The intensity of 

the peak is a function of the solution pH. The feature is not present at low pH, but its intensity 

increases up to a solution pH of 6, after which it is lower again at pH = 8 and 10, after which 

it increases again for a solution with pH = 12 (see figure 4). A similar trend in the 

development of the feature at 8982.5 eV is observed for the Cu2+/His solutions that were 

studied at the other beamline with a high photon flux, viz. the ED-XAFS undulator beamline 

ID24 (see figure 4). 
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The occurrence of reduction is confirmed by the development in the 1s → 3d 

transition for a number of Cu2+/His solutions with different pH. The development of this 

feature is presented in Figure 5. The maximum of the 1s → 3d absorption is shifting to higher 

energy with increasing solution pH. However, the area of the absorption peak is decreasing 

with increasing solution pH, especially at pH = 6 and 12, where also the intensity of the Cu+ 

feature is largest. This behavior is indicative for the formation of Cu+, as in Cu+ the 1s → 3d 

transition cannot occur.   
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Figure 5: The development of the 1s → 3d feature in the XANES of Cu2+/His solutions (measured at ID26) as a 

function of the solution pH, indicated by the numbers 0-12.  

 

To obtain X-ray absorption spectra with a good signal to noise ratio every solution 

was measured three times, after which the three resulting spectra were averaged. Thus it is 

possible to check whether there is a development in time of the intensity of the feature at 

8982.5 eV at each pH value. However, the intensity of the feature was found to be 

independent on time.  

The first intense transition in an X-ray absorption spectrum of a Cu(II) complex occurs 

at 8986 eV (position C, Figure 1). The assignment of this feature remains controversial and it 

could be either a vibronically allowed 1s → 4s transition,10, 11 a 1s → 4p transition or a 1s → 

4p with a simultaneous ligand-to-metal shakedown transition.9, 12 It was shown by Strange et 

al. that this feature primarily arises as a result of scattering by the axial ligands and that its 

intensity is related to the number and position of these ligands.6 Garcia et al. claim that the 

energy separation between the features at positions C and D gives a measure of the degree of 
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tetragonal distortion.13 At position C (in the area 8985-8987 eV) there are a number of 

differences in the spectra (measured at DUBBLE) of the solutions of the various Cu2+ 

complexes (see Figure 6). 
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Figure 6: The XANES regions of the spectra of the Cu2+ complexes collected at the DUBBLE beamline: (a) 

Cu2+ nitrate, (b) Cu2+Him 3.8, (c) Cu2+Gly 3.8, (d) Cu2+(His) 3.8, (e) Cu2+(Gly) 7.3, (f) Cu2+(His) 7.3 and 

Cu2+(Him) 7.3. The numbers (3.8 and 7.3) indicate the pH of the solution. 

 

The C feature has a higher energy and is located the same position in the absorption 

spectra of the copper nitrate and the Cu2+/Him solutions at pH = 3.8. This strongly indicates 

that Him is not coordinating to copper at that specific pH value and that the coordination 

environment around the Cu2+ cation is the same as in the copper nitrate solution, viz. a copper 

hexa-aqua complex. However, for Cu2+/His and Cu2+/Gly the feature shifts to lower energy, a 

bit more for the Cu2+/His solution compared to the Cu2+/Gly solution. When the solution pH 

is 7.3 the feature is also present and quite broad with Cu2+/Him. The feature in Cu2+/Gly at pH 

= 7.3 is less broad, but higher in intensity. The intensity and the broadness of the feature in 

the Cu2+/His solution are somewhere in-between and do not differ much from the situation at 

pH = 3.8, although the intensity is slightly higher at higher pH. It is difficult to observe a 

trend in the features at position C as a function of the solution pH. It can only be concluded 

that the position of the feature is related to the coordination of nitrogen atoms in the equatorial 

plane around the Cu2+ cation, since the feature is positioned at a slightly higher energy for the 

solutions containing the copper hexa-aqua complex.  
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The absorption edge maximum, labeled D in figure 1, corresponds to the allowed 1s 

→ np (n ≥ 4) transitions, which merge into the continuum at higher energy.10 There are quite 

some differences between the samples measured at DUBBLE in the region between 8990 and 

9000 eV (Figure 6). The copper nitrate and Cu2+/Him solutions display the highest absorption 

at pH 3.8, whereas the histidine solution has the lowest absorption. The absorption intensity in 

region D is higher for solutions at pH 3.8 than in is for the solutions at pH = 7.3. At pH = 7.3 

there is not much difference in absorption intensity in this region. From the absorption spectra 

at this pH it is obvious that two different absorption bands contribute to the absorption profile 

in region D. Nevertheless, there is a small difference in the relative contribution of the two 

absorption bands to the absorption in region D in the different solutions at pH = 7.3. For the 

Cu2+/His solution the intensity of the second band is significantly stronger than the intensity 

of the first band, whereas the intensity of the two bands is about the same for the other two 

solutions. 

At position E in Figure 1 features can be present that are supposed to originate from 

continuum resonances involving multiple scattering effects. It is reported that orientation of 

imidazole rings relative to the equatorial plane of the Cu2+ complex may give more or less 

intense absorptions at position E.6 Only the Cu2+/Gly solution at pH = 7.3 has some increased 

intensity in this region. As the Gly ligand does not possess an imidazole moiety, the increased 

intensity can not be caused by continuum resonances involving multiple scattering effects in 

the imidazole ring. Therefore it is possible that coordination of the imidazole ring gives rise to 

a lowering of the intensity in this region. 

 

5.4 Discussion 
 

From the results it is clear that a distinction has to be made between Cu2+/His solutions 

studied at beamlines with a low photon flux and Cu2+/His solutions studied at beamlines with 

a high photon flux. This is again an illustration of the conclusions in chapter 2 that the 

synchrotron X-ray beam used for X-ray absorption measurements may influence the sample 

under study. The main difference in the X-ray absorption spectra for samples studied at a low- 

flux beamline and samples that are measured at high-flux beamlines is the presence of a 

feature at 8982.5 eV in the latter. The intensity of this feature depends on the solution pH and 
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does not increase in time at a specific pH value. Thus the change that is inflicted to the 

Cu2+/His system by the high-flux beamlines results in a stable situation, possibly an 

equilibrium. This situation is reached very quickly, as the spectra that are recorded at ID24 are 

collected within 12 s and they show no significant difference compared to the absorption 

spectra that are collected at the same pH during a much longer time at ID26. What is the 

physical background of the upcoming of the feature at 8982.5 eV? Based on the position of 

the pre-edge feature the formation of a Cu+ species is suggested.9 This is supported by the fact 

that the area of the 1s → 3d absorption peak decreases with increasing intensity of the 8982.5 

eV feature. Since the d-orbitals of the Cu+ species are completely filled, the 1s → 3d 

transition cannot occur. 

There are three different possible pathways via which the reduction of copper in the 

Cu2+/His complex can occur, two of which involve hydrated electrons. The first pathway is 

direct reduction of Cu2+ by a hydrated electron. The hydrated electron has a very negative 

reduction potential (-2.9 V vs. SHE).14 Hydrated electrons can be generated by the radiolysis 

of water under influence of (X-ray) radiation. The radiolysis process is, amongst others, a 

function of the flux of the incoming X-rays. The second reduction pathway follows via an 

indirect mechanism, in which the hydrated electron is taken up and transported to Cu2+ by the 

ligands that coordinate to the Cu2+. The third pathway involves reduction of Cu2+ by a radical 

species that is generated under influence of the X-ray beam. This radical species may be a 

product from the radiolysis process, but may also be generated as a result of direct radiation 

damage to the histidine ligands that coordinate to the copper cation.   

In all pathways the role of the ligands that coordinate to Cu2+ is very important. The 

ligands may physically block reactive species from approaching Cu2+ for direct interaction. 

Furthermore, the ligating species influence the redox potential of the copper cation, thus 

making it easier or more difficult for reduction of Cu2+ to occur. The ligands can also act as a 

mediator for the transport of an electron to Cu2+. So, it is important to focus on the His ligand 

when trying to explain the observed phenomena and trends.  

His coordination to transition metal ion complexes occurs in many metalloproteins 

that are active in redox processes. Most of the times coordination occurs via the imidazole 

group of histidine, as both the carboxyl group and the amino group are incorporated into the 

peptide backbone of the protein. Hence the combination of a transition metal ion and one or 
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more imidazole rings is an important theme in biochemical redox processes. Therefore it 

should not be surprising that there is a relationship between coordination of the imidazole 

groups of histidine to Cu2+ and the susceptibility of the Cu2+/His complexes towards reduction 

under influence of the X-ray beam.  

The development of the intensity of the Cu+ pre-edge feature at 8982.5 eV as a 

function of the solution pH roughly follows the concomitant shift of the maximum of the d-d 

transition band in UV/Vis. This UV/Vis absorption band shifts to higher energy up to pH = 5, 

than shifts back to lower energy for intermediate pH levels and finally shifts again to higher 

energy for solutions with pH >10. This behavior indicates that the upcoming of the pre-edge 

as a function of the solution pH is related to the coordination mode of the His ligands to Cu2+. 

In the previous chapter it was concluded that coordination of the imidazole group 

started at a pH of about 3.5 and that it was fully coordinating at a pH of about 5.5. The 

intensity of the Cu+ feature is at its maximum in this pH interval, so involvement of the 

imidazole ring in the reduction mechanism is very plausible. EXAFS analyses revealed that 

the distance of the equatorially coordinating atoms is larger for solutions in the pH range 6-8 

than it is for solutions at lower pH. This observation can explain the decrease of the intensity 

of the Cu+ feature in this region, as the influence of the coordinating imidazole groups on the 

copper cation decreases with increasing distance. It was proposed in the previous chapter that 

the increase of the distance in the equatorial plane is caused by an increased axial 

coordination of the carboxyl moiety. The replacement of a very mobile water molecule at the 

axial position by a much more rigid oxygen from the carboxyl groups makes a direct approach 

of the copper cation by reducing species (like the hydrated electron or other radicals) much 

more difficult.  

So, different factors contribute to the reducing influence of the synchrotron X-ray 

beam on Cu2+/His solutions. The first factor is coordination of the imidazole moiety to Cu2+. 

The second factor is the distance between this imidazole moiety and Cu2+. Directly related to 

this is the coordination of the carboxyl moiety in an axial position.  
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5.5 Conclusions 
 

 The XANES region of aqueous Cu2+/His solutions provides information on the 

molecular structure of the Cu2+/His complex as a function of the solution pH. The position 

and the area of feature A provide information on the ligand field splitting and on the oxidation 

state of the copper, respectively. Feature B also provides information on the oxidation state of 

the copper. This feature was present in the Cu2+/His samples that were studied at beamlines 

with a high photon flux and its intensity was dependent on the pH. Next to the results of 

Chapter 4, the phenomena described in this Chapter, viz. X-ray-beam induced pH-dependent 

reduction, provide additional information on the structure of the Cu2+/His system in solution, 

since the extent of the reduction is related to the coordination geometry of the Cu2+/His 

complex. The reduction process was found to be dependent on imidazole coordination and on 

the distance of the imidazole towards the Cu2+. 
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Chapter 6 
 

 

 

Host-Guest Chemistry of Zeolite-encaged 
Cu2+/Histidine Complexes  

 

 

 

 

Abstract 
 

Structural analysis has been carried out on copper(II) histidine (Cu2+/His) complexes 

after immobilization of the complexes in the pore system of the zeolites NaY and 

dealuminated Y (DAY) by means of ion exchange. The aim of this study was to determine the 

geometrical structure of Cu2+/His complexes after encaging, in order to obtain insight into 

both the effect of the zeolite matrix on the molecular structure and the properties of the 

immobilized complexes. Next to N2 physisorption and XRF analyses, a combination of 

UV/Vis/NIR, ESR, X-ray absorption, IR and Raman spectroscopy has been used to obtain 

complementary information on both the first coordination shell of the copper ion and the 

orientation of the coordinating His ligands. Vibrational spectroscopy appeared to be 

insufficiently sensitive to obtain structural information on the complexes, but the data were 

useful to determine an intra-zeolitic “pH-value” of 5. With the UV/Vis/NIR, ESR and X-ray 

absorption data it was demonstrated that two complexes (A and B) are formed, in which two 

His ligands are coordinating to the central Cu2+ ion. The absolute and relative abundance of A 

and B depends on the Cu2+ concentration in the Cu2+/His solution used for ion exchange. A 

mechanism for the immobilization of both complexes is proposed. In complex A one ligand 

coordinates in a glycine-like fashion, via Nam and Oc, and the other one via the imidazole ring 

(Nim), while the complex is anchored to an oxygen atom of the support via the fourth position 
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in the equatorial plane. In complex B one His ligand is coordinated in a histamine-like fashion 

via Nam and Nim and the other one in a glycine-like fashion via Nam and Oc. The geometrical 

structure of both complexes differs from the preferred structure of Cu2+/His complexes in 

aqueous solution, which implies that the zeolite host material affects the coordination and 

orientation of the guest molecules. Therefore this type of support materials can be used to 

stabilize transition metal ion complexes which do not form the preferred species in aqueous 

environment. These results provide new perspectives for the design of catalyst materials with 

novel applications.  

 
6.1 Introduction 
 

Enzymes reflect in many respects the properties of an ideal catalyst. They operate at 

ambient conditions and combine high activity and selectivity with an unbeaten efficiency. A 

disadvantage, however, is their limited thermal stability and chemical resistance. For that 

reason the development of a more robust catalyst that matches the performance and properties 

of an enzyme is the ultimate dream of many catalyst researchers. A first step in realizing this 

dream is obtaining fundamental insight into the chemistry of enzymes, for instance by 

studying a compound that largely resembles (one of) the active sites of the enzymes. As 

outlined in the previous chapters, complexes of Cu2+ ions with histidine (His) moieties are 

commonly known to play a key-role in many metallo-enzymes,1 and for that reason Cu2+/His 

species have been studied as model compounds to obtain knowledge on the working 

mechanism of redox-active enzymes.2 As a logical next step towards the design of bio-

inspired heterogeneous industrial catalysts, a lot of research has been conducted on the 

incorporation of Cu2+/His complexes in inorganic hosts such as zeolites and clay minerals.2-7 

Immobilization of these complexes, in the micropores of a zeolite, for instance, provides a 

structural analogue for the active site of galactose oxidase.2, 4 Besides, the pore structure of 

the zeolite introduces shape selectivity in the reactions and allows intra-particle transport of 

reactants and products. Furthermore, the host material supplies additional stability to the 

incorporated active center, thereby expanding the physical and chemical resistance of the 

catalyst. The catalytic potential of zeolite Y encaged materials has already been demonstrated 

for the epoxidation of alkenes and for the oxidation of alcohols in the presence of tert-butyl 

hydroperoxide at 60 ºC. 7 
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Structural analysis to determine the coordination geometry of zeolite-encapsulated  

Cu2+/His complexes has been carried out with a number of different characterization 

techniques, viz. UV/Vis/NIR spectroscopy,6, 7 X-band Electron Spin Resonance (ESR) 

spectroscopy,3, 6, 7 Electron Spin Echo Envelop Modulation3, 6 (ESEEM) and high-field (W-

band) pulsed electron-nuclear double resonance (ENDOR) analysis.3, 6 X-band ESR analysis 

revealed the presence of two different Cu2+/His species of which the relative amount appeared 

to be a function of the copper concentration in the ion exchange solution.6, 7 The 14N 

superhyperfine splitting pattern of one of the complexes indicated that three nitrogen atoms 

are coordinating to the copper cation,6 which was confirmed by UV/Vis measurements.6, 7 The 

other complex was concluded to be anchored to the zeolite framework via an oxygen atom, as 

ESEEM showed an intense 27Al modulation. This technique also provided proof for the 

coordination of an imidazole nitrogen in both complexes.6 From advanced pulsed ESR and 

ENDOR analyses, the second complex was initially proposed to have only one His ligand 

coordinating to Cu2+ via two nitrogen atoms, while the other equatorial positions were 

occupied by oxygen atoms from a water molecule and from the support. Later on this 

proposal was adjusted by replacing the coordinating water molecule for the oxygen of a 

carboxyl group of a second His ligand.3   

Despite the consensus in literature on most of the coordination chemistry of Cu2+/His in 

the supercages of zeolite Y, the precise effect the host material has on the coordinating 

preferences of Cu2+/His complexes is still not fully understood. However, knowledge of this 

effect is essential, as it may influence the catalytic properties of the transition metal ion 

complex after immobilization. As a logical continuation of the research on the Cu2+/His 

complexes in aqueous solution described in previous chapters, we decided to carry out a 

model study on a series of these solid samples in order to obtain insight into the host-guest 

chemistry of the Cu2+/His/zeolite system.  

It has been shown that X-ray absorption, infrared (IR) and Raman spectroscopy can be 

valuable tools to obtain complementary information not only on the local structure around the 

central copper ion, but also on the state of protonation of the His ligand. For that reason we 

decided to use these techniques in addition to UV/Vis/NIR- and ESR-spectroscopy to study 

the structural behavior of Cu2+/His complexes upon immobilization in the zeolite pores. Four 

different Cu2+/His concentrations have been used for ion exchange on zeolite NaY to the 
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determine effects of the Cu2+/His loading on the structure and the relative abundance of the 

immobilized complexes. In addition, two samples of Cu2+/His immobilized on de-aluminated 

zeolite Y (DAY) have been prepared to study the influence of the Si/Al ratio of the support. 

As a result, a better understanding of the host-guest chemistry in this type of bio-inspired 

heterogeneous catalysts is obtained. 

 

6.2 Experimental 
 

6.2.1 Sample preparation 
 

Two commercially available zeolite support materials have been ion exchanged with 

copper histidine (Cu2+/His): NaY zeolite (AKZO Nobel, Si/Al ratio = 2.5, micropore volume 

= 0.34 ml/g) and DAY zeolite (Wessalith, Si/Al ratio = 100, micropore volume = 0.29 ml/g). 

The DAY zeolite material is a Y-type zeolite having a faujasite structure with a very high 

Si/Al ratio. The zeolite was prepared via a special SiCl4 treatment that yields a Y zeolite in 

which almost all of the aluminum sites have been occupied by silicon. However, the 

properties of the framework have been fully retained, whereas medium-sized pores and 

defects are absent. Therefore this type of zeolite exhibits enhanced temperature stability and 

improved hydrophobic properties.  

The NaY zeolite was exposed to solutions of Cu2+/His (1:5) with Cu2+ concentrations of 

6.5·10-5, 1.3·10-4, 3.9·10-4 and 1.2·10-3 M, which corresponds to respectively 0.25, 0.5, 1.5 and 

4.5 copper atoms per unit cell (Cu/UC) of the zeolite Y material. For DAY concentrations 

corresponding to 0.25 and 4.50 Cu/UC were used. First, equilibration of 5 g NaY in 1 l of 

demineralized water was performed for 3 h at pH = 7.3. The pH was adjusted using solutions 

of 0.1 M NaOH and/or 0.1 M HNO3. Next, an aqueous solution containing Cu(NO3)2·3H2O 

(Merck, p.a.) and L-histidine (Acros Organics) in a 1:5 ratio at pH = 7.3 was added and the 

mixture was stirred for 48 h at room temperature. The pH of the solution was kept constant at 

pH = 7.3 by adding NaOH or 0.1 M HNO3 when necessary. In the next step the exchanged 

zeolitic material was isolated by vacuum filtration, washed three times with demineralized 

water and dried at 60ºC for 24 h. The same procedure, only without the addition of 

Cu(NO3)2·3H2O, was followed to obtain His/NaY and His/DAY as reference materials. 

Additional ion exchange experiments were carried out to determine the effect of the ion 
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exchange time on the amount of Cu2+ complexes exchanged into the zeolitic material, but no 

significant increase was observed for longer exchange times (data are not presented). 

 

6.2.2 Characterization 
 

Prior to spectroscopic characterization nitrogen physisorption experiments were carried 

out to determine changes in the zeolite pore volume as result of ion exchange with Cu2+/His.  

After degassing the solid samples for 24 hours at 100ºC in vacuum, analyses weres performed 

at 77 K with a Micromeritics ASAP 2400 apparatus. The micropore volumes were determined 

using the t-plot method.  

X-ray fluorescence (XRF) analysis was carried out to establish the exact copper contents 

of the samples after immobilization of Cu2+/His. Measurements were performed using a 

Spectro X-lab 2000 spectrometer. From the data the numbers of Cu2+ atoms per unit cell of 

zeolite Y were calculated. 

UV/Vis/NIR measurements were carried out in diffuse reflectance mode with a Cary-

500 spectrophotometer (Varian), equipped with an integrating sphere. Bare NaY zeolite 

powder was used as a white background. The spectra were recorded in the range 50000 to 

10000 cm-1. 

X-band ESR spectra were recorded on a Bruker ESP300 apparatus and on a Bruker 

ESP300E apparatus, both operating near 9.5 GHz. The samples were recorded at 120 K in a 

quartz tube. Data acquisition and spectral manipulation were performed using the instrument 

software. Spectral simulation was carried out using the commercially available Symphonia 

software. The shape of each sub-spectrum was chosen as a molecule with an axial Zeeman 

interaction plus an axial hyperfine interaction to the copper nucleus (I = 3/2). The 

experimental accuracy did not require simulation as a mixture of 63Cu/65Cu isotopes. 

X-ray absorption measurements on the Cu2+/His/NaY samples with the lowest copper 

concentrations (samples a and b, Table 1) were collected in the fluorescence mode at wiggler 

station X1.1 of Hasylab (Hamburg, Germany), using a Si(111) double crystal monochromator. 

The monochromator was detuned to 50% of the maximum intensity to avoid higher 

harmonics in the X-ray beam. The Cu2+/His/NaY samples with higher copper concentrations 

(samples c and d in Table 1) were measured in transmission mode at beamline BM29 of the 

ESRF (Grenoble, France), using a Si(111) double crystal monochromator. Higher harmonic 
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rejection was performed by detuning both monochromator crystals by 50%. Additional X-ray 

absorption spectra of all Cu2+/His/NaY samples were measured at beamline BM26a at 

ESRF/DUBBLE (Grenoble, France). These spectra were collected in the fluorescence mode at 

a 90-degree orientation wit respect to the incident X-ray beam, using a nine-channel 

monolithic germanium detector. A Si(111) monochromator crystal was used. For all 

experiments the samples were pressed into self-supporting wafers and placed in a controlled-

atmosphere cell, which was flushed with Ar at room temperature prior to measurements. The 

spectra were collected at 77 K and several scans were averaged to improve the signal to noise 

ratio of the data. A description of the methods used for EXAFS analysis can be found in the 

experimental section of Chapter 4.  

IR spectra were recorded at room temperature on a Perkin-Elmer 2000 FTIR 

spectrometer equipped with a DTGS detector. Samples were prepared as KBr-pellets and for 

each spectrum 256 scans were accumulated at a data point resolution of 2 cm-1 (optical 

resolution = 4 cm-1). The spectrum of dried air was used as background. 

Raman measurements were carried out on a Perkin-Elmer 2000 FT-Raman system 

equipped with an InGaAs detector and a 1064 nm NdYag laser for excitation. Scanning was 

performed in backscattering mode at an laser output power of 100 mW and a data point 

resolution of 4 cm-1 (optical resolution 8 = cm-1). For each spectrum 500 scans were 

accumulated and averaged. Spectral subtraction procedures were applied for both IR and 

Raman in order to compensate for bands of the support material.  

 

6.3 Results 
 

6.3.1 N2 physisorption 
 

The N2 physisorption isotherms were found to be  Langmuir type I. Table 1 summarizes 

the micropore volumes of the different Cu2+/His/Y samples. The micropore volume decreases 

from 0.34 ml/g for sample a (with the lowest loading, 0.183 Cu/UC) to 0.29 ml/g for sample 

d with the highest copper loading (0.820 Cu/UC). For the Cu2+/His/DAY samples e and f no 

significant decrease in micropore volume was observed with increasing Cu2+ loading.  
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6.3.2 XRF analysis 
 

As appears from Figure 1 and Table 1, the copper content in the zeolite material, as 

determined by XRF spectroscopy, increases proportionally to the Cu2+/His concentration in 

the ion exchange solution up till a value of 1.5 Cu/UC (0.683 Cu/UC after immobilization). 

At a solution concentration of 4.5 Cu/UC the limit in the number of available sites in the 

zeolite cages seems to be reached. This number is approximately 0.8 Cu2+ ions per unit cell.  
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Figure 1.  Copper loadings in zeolite Y as a function of the Cu2+ concentration in the ion exchange solution: (a) 

0.183, (b) 0.272, (c) 0.683 and (d) 0.820 Cu/UC. X-axis: hypothetical value, if all available Cu2+ were to be 

exchanged into the zeolite, Y-axis: actual Cu2+ concentration in the zeolite after ion exchange. 

 

6.3.3 UV/Vis/NIR spectroscopy 
 

The UV/Vis/NIR spectra of the zeolite Y samples are presented in Figure 2. The 

spectra display strong absorption bands in the UV part of the spectrum, at 46000 and 36000 

cm-1 and a weaker one in the visible part of the spectrum at 15000 cm-1. On increasing the 

Cu2+ loading the band at 46000 cm-1 remains fixed in position and increases in intensity. 

Furthermore, the band at 36000 cm-1 also gains intensity but additionally shifts to higher 

energy (40000 cm-1). The band at 15000 cm–1 can be assigned to the Cu2+ d-d transition band 

and is shown in expanded view as an insert in Figure 2. For obvious reasons the intensity of 

this band increases with Cu2+ loading, but it should be noted that this intensity increase cannot 

be used straightforwardly for quantification, as the intensity of the d-d transition is also a 
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function of the molecular structure and geometry of the Cu2+/His complex. The position of the 

d-d transition band shifts from 14500 cm-1 to 15300 cm-1 when the Cu2+/His content in the 

zeolite increases. 

 
 
Figure 2. UV/Vis/NIR absorption spectra of Cu2+/His immobilized in zeolite Y at actual Cu2+ loadings of (a) 

0.183, (b) 0.272, (c) 0.683 and (d) 0.820 Cu/UC.  The insert shows the Cu2+ d-d transition band. 
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Figure 3. Development of the maximum of the d-d transition band of Cu2+/His/Y as a function of the Cu2+ 

loading: (a) 0.183, (b) 0.272, (c) 0.683 and (d) 0.820 Cu/UC. 

  

A plot of the peak position of the d-d transition vs. the Cu2+ loading, as shown in Figure 3, 

reveals that this relation is not linear. This points to the presence of at least two different Cu2+ 

species in the zeolite, of which the ratio changes with Cu2+ loading. Finally, it should be noted 

that the precise position of the d-d transition band is sensitive to the state of hydration of the 
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zeolite matrix. Upon drying in a desiccator a red-shift of the band was observed, whereas 

rehydration of the samples resulted in a back-shift to the original position. 

 

6.3.4 ESR analysis 
 

The first derivatives of the X-band CW-ESR absorption spectra of the Cu2+/His/Y 

samples are shown in Figure 4. 
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Figure 4. First derivative CW-ESR spectra of Cu2+/His immobilized in zeolite Y at different copper loadings: (a) 

0.183,  (b) 0.272, (c) 0.683 and (d) 0.820 Cu/UC. 
 

 It is evident from the spectra that free Cu2+ is absent, since a species with the ESR 

parameters for Cu2+ on zeolite Y (g// = 2.39, A// = 129) is not observed. Thus all copper must 

be coordinated to His. The spectra reveal the contribution of two distinct ESR sub-spectra, 

which implies that at least two different Cu2+/His complexes, A and B, must be present in the 

zeolite support. The absolute abundances of the two complexes were determined from the 

ESR spectra and the results are presented in Figure 5 as a function of Cu2+ loading in the 

zeolite. Obviously, the total number of complexes (A+B) increases with the Cu2+ 

concentration, but it is apparent that the ratio (A:B) changes too. At low loadings complex A 
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is the major species, whereas B becomes the prevailing complex at a high copper content. The 

optimized values for both complexes are presented in Table 1 and complex A is shown to 

have a higher g// and a lower A// value than complex B. The same complexes A and B were 

also found to be present in the Cu2+/His/DAY samples. The corresponding ESR parameters 

and the relative abundances of the two complexes in all samples are summarized in Table 1.  
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Figure 5. The absolute distribution of complex A (-■-) and complex B (-●-) in Cu2+/His/Y (based on ESR 

results) as a function of the copper concentration in the zeolite. 

 

Table 1. Results of chemical and spectroscopic characterizations and ESR simulation data of Cu2+/His-loaded 

zeolite samples.  

  Complex A Complex B 

   XRF N2 

physisorption 

UV/Vis ESR ESR 

Sample [Cu] 

(M) 

Si/Al 

 

[Cu] 

zeolite 

(Cu/UC) 

Micropore 

volume 

 (ml/g) 

d-d  band 

maximim 

(cm-1) 

Rel. 

Abund 

(%) 

g// A// 

(G) 

Rel. 

Abund. 

(%) 

g// A// 

(G) 

a 0.25 2.5 0.183 0.34 14500 80 20 

b 0.50 2.5 0.272 0.32 14650 65 35 

c 1.50 2.5 0.683 0.32 15000 50 50 

d 4.50 2.5 0.820 0.29 15250 40 

 

2.31 

 

160 

60 

 

2.25 

 

180 

e 0.25 100 0.046 0.28 15675 60 40 

f 4.50 100 0.112 0.28 16100 30 

2.31 160 

70 

2.25 180 

 

The exact number of nitrogen atoms in the first coordination sphere around the Cu2+ 

cation was established for each of the samples a-f by investigating the splitting pattern in the 
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hyperfine region of the ESR spectra. As an example the hyperfine region of the Cu2+/His/Y 

samples with the lowest (a) and the highest (d) copper loading are shown in Figure 6.  
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Figure 6. The superhyperfine region of the first derivative CW-ESR spectra of Cu2+/His immobilized in zeolite 

Y at two different loadings:  (a) 0.183 Cu/UC and (d) 0.820 Cu/UC. 

 

For sample a a five fold hyperfine splitting pattern is observed, which points to the presence 

of two nitrogen atoms in the vicinity of the Cu2+ cation. In contrast, for sample d a seven-fold 

splitting pattern is established, which indicates the presence of three nitrogen atoms in the first 

coordination sphere. The same seven-fold superhyperfine splitting pattern was observed in the 

spectrum of the Cu2+/His/DAY sample f. The copper concentration in sample e was too low to 

obtain reliable conclusions. 

 

6.3.5 EXAFS analysis 
 

The EXAFS analyses on the Cu2+/His/Y and Cu2+/His/DAY samples revealed an 

average distance between the Cu2+ cation and the first coordination sphere of 1.96 Å for all 

samples. Additional information is obtained from the XANES regions of the normalized X-

ray absorption spectra of the Cu2+/His/Y samples (a-d) as shown in Figure 7. There are small 

differences between the spectra, especially in the XANES regions B, C and D (see Chapter 5 

for an explanation on the interpretation of these features). Samples a and b exhibit a slight 

increase in intensity at 8983 eV (region B) compared to samples c and d, whereas a pre-edge 
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feature in region C is more pronounced in the highly concentrated samples c and d. In order to 

determine the origin of these differences all samples were also measured in the fluorescence 

mode. The feature in the XANES B-region showed up again in the spectra of all samples and 

increased in intensity with exposure time to X-rays. 
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Figure 7. XANES region of the X-ray absorption spectra of Cu2+/His immobilized in zeolite Y at different 

copper loadings: (a) 0.183,  (b) 0.272, (c) 0.683 and (d) 0.820 Cu/UC. An offset of 0.1 is used between the 

different spectra.  
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Figure 8. The development in time of the X-ray absorption near edge structure of the Cu2+/His/Y sample with 

the lowest copper concentration (sample a). The numbers 1,2 and 3 indicate the successive measurements with a 

45 min. time interval.  
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This is illustrated in Figure 8 with the spectra of sample a, obtained at three different points in 

time (with a 45 min. Time interval). As discussed in Chapter 2, the upcoming of this pre-edge 

feature can be assigned to the reduction of Cu2+ to Cu1+ under influence of the X-ray beam. 

The observed phenomenon is most prominent in the low Cu2+-loaded samples a and b. In 

order to gain insight into the origin of this effect the normalized intensity of the Cu1+ feature 

at 8983 eV has been plotted as a function of the X-ray exposure time in Figure 9 for all 

samples. Indeed, the reduction process proceeds faster for the sample with the lowest 

Cu2+/His loading. This confirms that the beam damage effect on complex A, predominantly at 

low concentration, is larger than on form B, which is the prevailing structure at high 

concentration. The deviating behavior of sample c in Figure 9 is not an artifact, but was due to 

a refill of the beamline between the successive measurements 1 and 2 on this sample. This 

observation endorses the fact that the damage is related to the flux of incoming X-rays. This 

finding is in agreement with the conclusions of Chapter 2 on the same phenomenon.    
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Figure 9.  Effect of the X-ray exposure time on the development of the Cu1+ pre-edge feature at 8983 eV in the 

X-ray absorption spectra of the Cu2+/His/Y  samples with different copper loadings: (a) 0.183, (b) 0.272, (c) 

0.683 and (d) 0.820 Cu/UC. 

 

6.3.6 IR spectroscopy 
 
 The IR spectra of the Cu2+/His/Y and His/Y samples are dominated by the strong 

absorption characteristics of the zeolite Y support material. After subtraction of the spectrum 

of the bare NaY material the difference spectra of the samples a and b were too weak to be 
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useful for interpretation. A better signal to noise ratio was obtained particularly for sample d 

with the highest Cu2+/His concentration but this spectrum appeared to be virtually identical to 

that of the reference compound His/Y. To illustrate this, the spectrum of sample d is presented 

in Figure 10 together with the spectra of the reference compound His/NaY and His in aqueous 

solution recorded at pH = 5. Because of interfering bands of the zeolite support only the range 

1800-1200 cm-1 is shown. The same procedure was followed for the Cu2+/His/DAY 

compounds, but interpretable spectra were not obtained because of the low Cu2+/His 

concentrations in these samples. 

 

6.3.7 Raman spectroscopy 
 

As with IR, useful Raman spectra were only obtained for the Cu2+/His/Y sample d 

with the highest Cu2+/His loading (0.820 Cu/UC) and the reference compound His/NaY. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 10. IR spectra of Cu2+/His/Y (copper loading = 0.820 Cu/UC, top), His/NaY (middle) and His in aqueous 

solution at pH = 5 (bottom). 
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Figure 11. Raman spectrum of Cu2+/His immobilized in zeolite Y at a copper loading of 0.820 Cu/UC, after 

subtraction of the support  spectrum. 

 

The Raman spectrum of sample d, obtained after subtraction of the spectrum of pure NaY, is 

presented in Figure 11. Apart from minor intensity differences the spectrum is virtually the 

same as that of the His/NaY reference material after correction for the peaks of the support. 

Moreover, it largely resembles the Raman spectrum of His in aqueous solution recorded at pH 

= 5. 

 

6.4 Discussion 
 

 The XRF results suggest a congestion of the zeolite pores by Cu2+/His complexes: 

According to the established Cu2+ loadings as determined with this technique, a maximum in 

the number of available sites in the zeolite cages seems to be reached around 0.8 Cu/CU. 

However, since there is an excess in the number of available unit cells in the support material, 

this must be the result of pore-blocking in the outer shells of the zeolite. A plausible 

mechanism is that most of the Cu2+/His complexes are immobilized in the outer pores of the 

zeolite crystals, thus hampering other ‘free’ Cu2+/His complexes to enter the micropore 

channels. This process continues until the outer coordination sphere of the zeolite particles is 
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completely filled. However, as will be discussed later on, we assume that the effect of pore 

blocking does not prevent the smaller free His ions from entering the zeolite cages.  

 

6.4.1 Effects of the zeolite matrix 
 

As already mentioned, the IR and Raman spectra of the Cu2+/His/Y samples c and d are 

very similar to the ones of the reference compound, in which only free His was ion exchanged 

onto the support. This is not surprising regarding the excess of His in the solutions that were 

used to prepare the samples. Referring to literature, it can be calculated that 80% of the His 

molecules are not complexed to Cu2+, but are ion exchanged onto the support6. Consequently, 

the IR and Raman spectra represent mainly these non-complexed His species. However, as 

demonstrated in Chapters 3 and 4, IR and Raman can be used to determine the protonation 

state of the His molecules. This is dependent on the acidity of the local environment and thus, 

the vibrational spectra can be used to establish the “pH” within the zeolite matrix. The “pH” 

within the pore system of the zeolite material cannot be compared straightforwardly with the 

pH in an aqueous solution, as the environment in the two systems is different. But to get at 

least an idea of what is going on in the pores of the zeolite material we compared the IR and 

Raman spectra of Figures 8 and 9 with the data of His in aqueous solutions at different pH’s. 

Referring to Chapter 3, the strong IR band at 1513 cm-1 proves that the primary amino group 

(Nam) is protonated, while the absence of a C=O stretching band around 1735 cm-1 shows that 

the carboxyl group is the only site that is deprotonated. Regarding the pKa value of both 

groups of 9.1 and 1.8, respectively, it follows that the pH must be between these two values. 

Furthermore, the strong bands at 1485, 1264, 1185 and 991 cm-1 in the Raman spectrum of 

Figure 9 can be attributed to the fully protonated form of the imidazole ring, which implies 

that this structural element is not involved in bonding of His to the support. The pKa value of 

this group is 6.0 and so, the “pH” inside the zeolite must be below pH = 6. Further 

comparison of the spectral fingerprints of sample d with the spectra of His recorded in 

aqueous solution as a function of the pH (Chapter 3) reveals a striking similarity with the IR 

and Raman spectra obtained at pH = 5, which is well illustrated in Figure 8. Hence, it can be 

concluded that the “pH” inside the zeolite is also approximately 5. At this pH His is mainly 
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present in the ionic state [H3His]+ and it is obvious to conclude that ion exchange of this 

species with Na+ will take place during the preparation of the samples. 

 Information on the chemical state of the host matrix can also be derived from the 

UV/Vis/NIR spectra. Comparison of the spectra of the Cu2+/His complexes immobilized in 

the zeolites with the ones of the Cu2+/His complexes in aqueous solution shows a difference in 

the position of the Cu2+ d-d transition band of about 1600 cm-1. As described in Chapter 4, the 

complex with NNOO coordination has a maximum at 16100 cm-1 (620 nm) in solution, 

whereas for the solid NNOO analogue (complex A, sample a), this maximum is found around 

14250 cm-1 (640 nm). In theory, the position of the band depends on the nature of the 

chelating atoms and their distances towards the central copper cation, but it is obvious that the 

matrix, i.e, the solvent or the support, can affect this parameter. Apparently, the presence of 

the zeolite support results in a red shift of the d-d transition band of the Cu2+ complex. The 

effect of the matrix also explains the difference in peak position in the UV/Vis/NIR spectra 

that we measured before and after thorough drying of the Cu2+/His/Y samples. Since a zeolite 

matrix can adopt different states of hydration, this finding implies that it is, in principle, 

possible to change the properties of the guest complex (Cu2+/His) by adjusting the state of 

hydration of the host material. 

 Another effect of the support on the complexes can be derived from the EXAFS 

results. As we already noted, the reduction of Cu2+ upon exposure to the synchrotron beam is 

most prominent for the samples with low Cu2+ loadings, i.e. the samples with relatively the 

largest amount of complex A. However, normalizing the data for the relative abundance of 

complex A reveals that the reduction process proceeds in the same way in all samples, which 

indicates that only complex A is susceptible to the influence of the X-ray beam. This 

observation illustrates once more that the zeolite host material affects the chemistry of the 

guest complex: it increases the redox potential of the Cu2+/His complex A, thus facilitating the 

reduction of the Cu2+ cation by solvated electrons (with a reduction potential of -2.9 V vs. 

SHE) that are generated by the radiolysis of water in the pores of the zeolite material. The 

redox potential is higher for metal ions that are surrounded by more electronegative ligands. 

Therefore, it is also expected that complex A is more easily reduced than complex B, since 

there are more oxygen atoms (with a higher electronegativity) in the first coordination sphere 

around the Cu2+ cation in complex A. This hypothesis also explains the observed activity 
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trend in the catalytic experiments with zeolite-encaged Cu2+/His systems described in 

literature:2, 7 in systems with the highest relative amount of complex A higher TOF numbers 

were obtained for the oxidation reactions. At higher Cu2+/His loadings pore-blocking and the 

co-formation of complex B will result in a lower TOF, but nevertheless it is evident from the 

data presented here, that the TOF will increase when Cu2+ can be reduced more easily in the 

catalytic cycle.   

   

6.4.2 Structure of the complexes 
 

Structural information on the Cu2+/His complexes that are encaged in the zeolite pores is 

primarily extracted from the UV/Vis/NIR, ESR and EXAFS spectra. All techniques show 

changes in the spectral data upon increasing the Cu2+/His concentration of the ion exchange 

solution. This implies that the coordination around the central Cu2+ ion changes and hence 

more than one type of Cu2+/His complex is immobilized. As shown in Figures 4 and 5, the 

ESR spectra clearly reveal the presence of two Cu2+/His complexes, A and B, of which A is 

the dominant one at low Cu2+/His concentrations and B is the major species with high 

Cu2+/His concentrations. Furthermore, the hyperfine splitting patterns point to two nitrogen 

atoms in the first coordination sphere in complex A and three in complex B. These 

observations are identical to the results of Goldfarb et al.,3, 6 who proposed the geometrical 

structures of A and B depicted in Figure 12.   

In line with these results, the combined interpretation of our UV/Vis/NIR and EXAFS 

data confirm the larger number of coordinating nitrogen atoms upon increasing the Cu2+/His 

concentration. Figure 2 shows that the d-d transition band shifts to higher energy on going 

from sample a to d, i.e. from mainly complex A to mainly complex B. As EXAFS analysis 

reveals that the distance of the atoms in the first coordination sphere around the Cu2+ cation is 

the same for all samples, the UV/Vis d-d band shift must be due to a larger ligand field 

splitting between the d-orbitals of the Cu2+ complex and this finding  can only be attributed to 

an increase in the amount of nitrogen atoms coordinating to the Cu2+ cation.  
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Figure 12. Structures of Cu2+/His complexes A and B immobilized in zeolite Y, proposed by Goldfarb et al.3, 6 

 

The UV/Vis/NIR, ESR and EXAFS results of the Cu2+/His/DAY samples e and f 

confirm the observation by Grommen et al.,6 that the formation of complex A is related to the 

presence of aluminum in the zeolite matrix. The ESR parameters g// and A// of these samples 

are identical to the values of the Cu2+/His/Y samples (see Table 1) and in sample e  complex 

A is the dominating species (see Table 1). Nevertheless, despite the high Cu2+/His 

concentration in the ion exchange solution for sample f, only a small fraction of the Cu2+/His 

complexes is exchanged on the zeolite material. Complex B is the major component in this 

material, probably due to the lack of aluminum atoms in the support (Note that the Cu2+ 

concentration in this sample is even lower than that of the Cu2+/His/Y sample a, in which 

complex A is the most abundant structure). This implies that the relative amount of the guest 

species A and B can also be varied by changing the aluminum content of the zeolite host 

material.   

Additional structural information about the complexes can be derived from the 

UV/Vis/NIR spectrum, as coordination of an imidazole group to Cu2+ is known to give rise to 

a characteristic band pattern.8-12 This type of absorption originates from ligand-to-metal 

charge transfer (LMCT) transitions of the higher lying orbitals of the imidazole ring to the 

Cu2+ cation. Next to a σ-lone pair there are two filled π-type orbitals on the imidazole ring that 

are high in energy12 and as a consequence, three LMCT transitions from these orbitals to the 

empty σ*(x2-y2) orbital on the Cu2+ cation can occur. The transition from the lone pair is the 

highest in energy and its intensity is independent on the orientation of the imidazole ring with 

respect to the Cu2+ cation.8 This LMTC transition is known to absorb around 46000 cm-1 and, 

as can be seen from Figure 2, a band at this position is indeed present in the spectra of all 
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samples. It follows that at least one imidazole group coordinates to Cu2+ both in complex A 

and in complex B. The other two LMCT transitions are lower in energy12 and the position and 

intensity of the corresponding bands are less well-defined, as they depend on the orientation 

of the imidazole ring to the Cu2+ cation.8 These transitions can be assigned to the bands at 

40000 cm-1 and 36000 cm-1 respectively. As can be seen from Figure 2, the spectral pattern 

changes with the Cu2+/His loading. The band at 36000 cm-1 is strongest for the low-loaded 

sample a, whereas the band at 40000 cm-1 is most intense for the high-loaded sample d. This 

confirms not only the presence of two different complexes, A and B, but it also implicitly 

proves that the structure of these complexes differs in the orientation to Cu2+ via the imidazole 

ring of at least one of the two His ligands. 

 

 

 

 

 

 

 

 A’ B’ 
 

Figure 13. Proposed refined structures of Cu2+/His complexes A’ and B’ immobilized in zeolite Y.  

 

Summarizing these results, we conclude that the coordination around Cu2+ is NONO in 

complex A and NNNO in complex B, which is in accordance with the results of Goldfarb et 

al.3, 6 Although the authors have indications from ESEEM measurements that the two His 

ligands in complex B coordinate via Nim, it can be argued that their proposed geometrical 

orientations are not fully correct. Firstly, as follows from the IR and Raman spectra, the “pH” 

inside the zeolite is around 5 and, as we demonstrated in Chapter 4, a bis-glycine-like NONO 

coordination and a combined glycine/histamine-like NNNO chelation is much more likely 

under these circumstances. Secondly, the 7-membered ring coordination (Nim, Oc) of structure 

B (Figure 12) is not very plausible as it is associated with a considerable ring tension 

regarding the N…O distance in this structure. The presence of a 7-membered ring should have 

affected the EXAFS data in a similar way as observed for the Cu2+/His complexes in aqueous 
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solution, with axial coordination of the carboxyl groups, as presented in Chapter 4. However, 

the EXAFS data show no differences and for that reason we propose structures A’ and B’ in 

Figure 13 as refined alternatives for the complexes A and B presented by Goldfarb et al.3, 6 

 

6.4.3 Formation of the complexes 
 

Based on the preceding results we developed the following mechanism for the formation 

of the Cu2+/His complexes A’ and B’.  At the start of the ion exchange process the pH is 7.3 

and Cu2+ will be mainly present as a complex with two His ligands that both coordinate 

histamine-like (NNNN), as described in Chapter 4. The charge of this complex will be 

neutral, whereas the excess of free His ligands will be charged partly neutral (H2His0) and 

partly positive H3His+. First, the H3His+ ions will exchange with protons and sodium atoms in 

the zeolite framework, thus compensating for the charge deficiency on the aluminum atoms in 

the zeolite framework. This process is accompanied by a decrease of the “pH” in the zeolite 

and as a result not only the amount of H3His+ will increase, but also the NNNN coordination 

of Cu2+/His inside the zeolite will convert to NNNO while the charge becomes 1+. 

Consequently, this complex can exchange with the sodium atoms too, which results in the 

possibility of anchoring the complex on Brønsted acid sites in the zeolite material. In our 

opinion, this is the principle of the formation of complex A’, although we do not yet 

understand the driving forces behind this process. Probably, the anchoring of the complex 

induces changes in the pKa values of the different functional groups, similar to what we 

observed for the Cu2+/His complexes in Chapter 4.  

By the time most Brønsted acid sites in the outer supercages of the support are occupied 

the only place left to accommodate Cu2+/His complexes is in the middle of the supercages.  

Meanwhile, the intra-zeolitic “pH” has decreased to a value of about 5 and most of the 

Cu2+/His complexes will be converted to the Him/Gly structure of complex B’. Occupation of 

this complex in the middle of the supercages is then very likely and this explains why no 

copper-aluminum interaction is found for this complex. In principle, a position between two 

supercages is also possible, but this is rejected for the same reason, since this would result in 

the observation of an Cu/Al interaction. The lack of available occupation sites in the vicinity 
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of Al atoms also explains why the absolute amount of complex A’ is constant at high 

concentrations, whereas the amount of complex B’ is still increasing.   

 

6.5 Conclusions 
 

The combined use of UV/Vis/NIR, ESR and X-ray absorption analysis has proven to 

be a powerful method to obtain complementary information on the structure of Cu2+/His 

complexes immobilized in the supercages of the zeolitic supports Y and DAY. It is concluded 

that two complexes (A’ and B’) are formed, with two His ligands coordinating to the central 

Cu2+ ion. The molecular structure of these two zeolite-immobilized Cu2+/His complexes is 

different from the molecular structure of the Cu2+/His complexes that are present in the 

aqueous ion exchange solution at pH = 7.3 (species g and h, Chapter 4). In complex A’ one 

His molecule coordinates in a glycine-like chelation via Nam and Oc and the other one via the 

imidazole ring (Nim) only. The remaining equatorial position anchors the complex to the 

support via an oxygen atom that is connected to an aluminum atom in the framework. In 

complex B’ one His ligand coordinates in a histamine-like chelation (Nam, Nim) and the other 

one in a glycine-like coordination (Nam, Oc). It resembles mostly species f of Chapter 4. The 

absolute and relative abundance of both complexes depends on the Cu2+/His concentration of 

the ion exchange solution and on the amount of available Brønsted acid sites in the zeolite 

support. Complex A’ is the major species being formed as long as Brønsted acid sites are 

available for ion exchange. As a consequence, complex B’ becomes the prevailing component 

at high Cu2+/His concentrations and in case the Si/Al ratio of the zeolite is high. XRF analysis 

indicates that pore blocking occurs at high concentrations. As a result, the number of 

immobilized complexes is not proportional to the Cu2+/His concentration in the ion exchange 

solutions. IR and Raman spectroscopy are not sensitive enough to obtain structural 

information on the complexes. Yet, the data are useful to determine a “pH” value of 5 within 

the pore system of the zeolite matrix. 

The geometrical structure of complex A’ differs from the preferred Cu2+/His complex 

geometry in aqueous solution at pH = 5. It implies that the zeolite host material is able to 

affect the coordination and orientation of guest molecules and illustrates that zeolite supports 

are not just inorganic supports that can be used for site isolation and shape selectivity. On the 

contrary, the zeolite host material actively participates in the coordination chemistry of the 
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guest complex and affects the chemistry of the guest complexes by imposing a different 

chemical environment than in e.g. aqueous solution. This is illustrated by the increased 

reducibility of the Cu2+/His complexes in the zeolite material upon exposure to X-ray 

radiation. Apparently, the zeolite host material increases the reduction potential of the 

anchored guest complex A’. Complex B’, which has a counterpart in aqueous solution, is not 

reduced. For aqueous Cu2+/His solutions no reduction was observed under the same X-ray 

photon flux. 

These results illustrate how the immobilization of transition metal ion complexes in 

inorganic support materials may open new perspectives for the design of new catalyst 

materials with novel applications. 
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Chapter 7 
 

 

 

Summary and Concluding Remarks 
 

 

 

 

 

 

 

The high activity and selectivity of enzymes have inspired many scientists to study 

the structure and working mechanism of bio-molecular complexes. Also in the catalysis 

community this subject is of topical interest, as it may provide inspiration for the 

development of a new generation of bio-inspired catalyst materials. Functionalization of 

inorganic substrates, such as zeolites, with transition metal ion (TMI) complexes offers the 

possibility to design new materials with a high potential to serve as working enzyme 

mimics. An essential step for the further development of these kinds of materials is 

obtaining fundamental knowledge of the chemistry involved in the making of these 

mimics and an understanding of the factors that influence the molecular structure of the 

resulting materials.  

 These challenging objectives have been the main goal of the research described in 

this thesis. To this end complexes of Histidine (His) coordinated to Cu2+ have been 

selected as model TMI-complexes for introduction into the pore system of zeolite Y and to 

serve as a mimic for the active site of the enzyme galactose oxidase. In order to understand 

and describe the host-guest chemistry of these complexes in the pores of zeolite Y and to 

make the analogy with enzymatic systems a detailed study of the His ligand was 

conducted first. As a logical next step the coordination and geometrical structure of the 
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Cu2+/His complexes in aqueous environment was studied, followed by the characterization 

of the complexes after immobilization in the inorganic zeolite matrix.  

A large set of accurate chemical and physical data is inevitable to (1) establish the 

coordination geometry of the TMI-complexes before and after immobilization and (2) to 

understand the chemistry of the guest complexes within the pores of the zeolite host 

material. For the collection of these data a diversity of characterization methods has been 

used, either as stand-alone techniques or in an integrated set-up. Next to X-ray 

fluorescence spectroscopy (to determine the metal content of the samples) and N2-

physisorption (to establish the micropore volume of the zeolite), before and after encaging 

the TMI-complexes, IR, Raman, UV/Vis, ESR and EXAFS spectroscopy have been 

successfully applied to obtain the desired information. The advantages of combining 

different characterization techniques in one reaction set-up are well illustrated in Chapter 

2. This chapter describes the results of the simultaneous in-situ monitoring of two Cu2+ 

complex catalyzed oxidation reactions, using UV-Vis and ED-XAFS spectroscopy as the 

analytical tools. Two complexes have been studied, viz. Cu2+/bipyridine and a Cu2+/1,10-

phenantroline and combined interpretation of the data revealed unambiguously that the X-

ray beam can reduce the Cu2+ ion during the reaction. It was concluded that the degree of 

radiation damage not only depends on the intensity of the radiation and the exposure time, 

but also on the type of counter anion that is present in the solution. It follows that, next to 

complementary and confirmational purposes, the use of a second technique can be a 

valuable tool to quantift detrimental side-effects of the first technique on the sample. 

Furthermore, it was found that exposure to an X-ray beam can result in a considerable 

increase of the temperature of the reaction mixture, which speeds up the occurrence of 

catalytic reactions in the cell during data acquisition. Although these results do not imply 

that X-ray absorption measurements are always prone to radiation damage, we have strong 

indications that it is an often underestimated phenomenon in literature. Especially when 

aqueous solutions are involved these phenomena may start to play a role. As a 

consequence, interpretations of in-situ XAFS data and related conclusions on the catalytic 

reaction cycle in aqueous solutions should be referred to only after critical evaluation.  

 Knowledge of the structural behavior of a ligand prior to coordination to a TMI-

complex is very important to understand the coordination chemistry and to determine the 
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geometrical orientation of the ligands after complexation. These aspects have been 

described in Chapter 3. The complementary techniques IR and Raman spectroscopy have 

been used in parallel to study aqueous solutions of His over the pH range 0-14 with 

increments of 1 pH unit. This study provided a complete and complementary set of 

vibrational data that enabled us to determine all possible states of protonation of His, i.e. 

H4His2+, H3His+, H2His0, HHis- and His2-. Besides, series of IR and Raman bands have 

been established that are useful as markers to distinguish the Nπ- and Nτ-protonated forms 

of H2His0 and HHis-.  

This information turned out to be crucial for the next step, which was the elucidation 

of the formation, coordination and geometrical orientation of Cu2+/His complexes in 

aqueous environment. This topic is described in Chapter 4.  A multi-technique approach, 

combining IR, Raman, UV/Vis, EPR and EXAFS spectroscopy, was used to study pH-

induced structural changes of the Cu2+/His complexes in aqueous solutions over the pH 

range 0 to 10. Integrated interpretation of the spectroscopic data revealed the formation of 

seven different complexes for which detailed geometrical structures have been established. 

At highly acidic conditions, Cu2+ and His are present as separated solvated ions, but at pH 

= 2 the carboxylic group deprotonates and starts to coordinate. Next, the bidentates 

Cu2+[H2His0(Oc,Nam)] and Cu2+[H2His0(Oc,Nam)]2 are formed, of which the latter is the 

main component at pH = 3.5. Concomitantly, the formation of the mixed bi- and tridentate 

complexes Cu2+[H2His0(Oc,Nam)] [HHis-(Oc,Nam,Nim)] and  Cu2+[HHis-(Nam,Nim)][HHis-

(Oc,Nam,Nim)] begins at pH = 3 and it is concluded that in these complexes coordination of 

the imidazole ring occurs mainly via the Nπ atom. These species become the major 

components at pH = 5, but at pH > 7 they rapidly convert to the bi-ligand tridentate 

complex Cu2+[HHis-(Oc,Nam,Nim)]2  with four nitrogen atoms coordinated in the equatorial 

plane and the carboxylic oxygen atoms in axial position. This complex decomposes at pH 

> 10. As a result of this study the mechanism that drives the coordination and complex 

formation of the Cu2+/His system has been largely unravelled. Furthermore, it enabled us 

to confirm, clarify or correct several structural proposals in literature. 

 In continuation to this study, the molecular structure of the Cu2+/His complexes in 

aqueous solution was studied by detailed analysis of the X-ray absorption near edge 

structure (XANES) of the X-ray absorption spectra in combination with simultaneously 
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recorded UV/Vis data. The results of this research have been outlined in Chapter 5. By 

monitoring the changes in the XANES as a function of the pH information on the 

coordination geometry of the Cu2+/His complexes was obtained. This was in line with the 

conclusions from Chapter 4. The results also confirmed the reducing effect of the X-ray 

beam, as already described in Chapter 2. Reduction appeared to be dependent on the pH of 

the solution. Combining these observations with the geometrical structures of the Cu2+/His 

complexes at various pH values, as determined in Chapter 4, lead to the conclusion that 

coordination of the imidazole ring of histidine in the equatorial plane promotes the 

reduction of Cu2+ to Cu1+.  

 The characterization of Cu2+/His complexes after immobilization in the pore 

system of zeolite Y was the last step in our three-step approach. Chapter 6 elaborates on 

the molecular structure of Cu2+/His complexes after encaging in zeolite Y and de-

aluminated zeolite Y (DAY). Multi-technique analyses of the Cu2+/His/Y and 

Cu2+/His/DAY samples by means of UV/Vis/NIR, ESR and EXAFS spectroscopy reveal 

the presence of two complexes A’ and B’, of which the absolute and relative abundance 

depends on the concentration of the Cu2+/His complex in the solution used for ion 

exchange. IR and Raman spectroscopy showed too less sensitivity to yield structural 

information on the complexes, but the spectral patterns revealed that the “pH” within the 

zeolite pores is around 5. This finding reveals that the glycine- (Nam, Oc) and histamine 

(Nam, Nim)-like chelation, as determined for complex B’, is identical to the structure of the 

free Cu2+/His complex in aqueous solution at the same pH. Complex A’ is found to be 

anchored to an oxygen atom of the support and its geometrical structure differs from any 

of the preferred structures of Cu2+/His complexes in aqueous solution. For that reason, it is 

concluded that the zeolite host material is able to affect the coordination and orientation of 

guest molecules.  

 

Summarizing the results of this thesis, the following conclusions can be drawn:  

 

• The multiple spectroscopic techniques approach is highly beneficial for 

unambiguously elucidating the molecular structure of TMI-complexes in great 

detail, in solution as well as inside a zeolite support. Moreover, it offers valuable 
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complementary information when applied in parallel to the same chemical system. 

An additional advantage is that it may reveal unexpected side-effects caused by 

one of the characterization techniques involved. As such, the application of a 

combination of spectroscopic techniques is inevitable to determine and develop 

essential structural similarities between man-made catalysts and natural enzymes.  

• Inorganic microporous substrates, such as zeolite Y, can be functionalized 

successfully by encaging complexes of transition metal ions with organic ligands 

via the method of ion exchange. The immobilization process is not only driven by 

the chemical properties of the guest complex, but the zeolite host material also 

actively participates in the coordination chemistry of the complex. As a side-effect 

guest molecules are able to influence the chemical environment within the pores of 

the zeolite host material.  

• Zeolite supports can be used to stabilize Cu2+/His complexes in two different 

coordination geometries, neither one of them identical to the complexes present in 

the initial exchange solution. The first one is very similar to the complex in 

aqueous environment at pH = 5. In the second one the zeolite support is involved 

in the coordination, i.e. the zeolite material acts as a monodentate ligand. This 

complex can be envisaged as a structural mimic of galactose oxidase, since it has a 

very similar first coordination environment around the Cu2+ cation. The parameters 

that can be used to favor entrapment of one of these structures inside the zeolite are 

the concentration of the TMI-complex in the ion exchange solution and the 

silica/alumina ratio of the support.  

• Synchrotron radiation effects can be used to evaluate the redox potential of metal 

complexes in solutions and solids if water is present. More specifically, from X-ray 

absorption characterization it was found that the redox potential of the Cu2+/His-

complex, in which the zeolite is serving as a monodentate ligand, is increased. 

Therefore, it is anticipated that the redox properties of TMI-complexes can be 

tuned by a deliberate choice of the support material. The chemical composition of 

the support oxide will affect the redox properties of the encaged metal complexes.  
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 Based on the information on host-guest chemistry of TMI-complexes in 

microporous materials, presented in this thesis, we believe that the development of new 

hybrid materials with potential applications in both catalysis and sensing is within reach. 

Future efforts should be directed at the immobilization of di-nuclear metal complexes as 

well as the use of biologically relevant ligands contaning different coordinating atoms, 

such as S. Moreover, the influence the support composition and porosity on the resulting 

hybrid materials should be evaluated as well.    
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Samenvatting 
 

 

 

 

Enzymen zijn de katalysatoren van de natuur. Ze staan bekend om hun hoge activiteit, 

efficiëntie en selectiviteit. Dit maakt het interessant om ze te gebruiken voor industriële 

toepassingen. Het is echter erg moeilijk om enzymen op grote schaal toe te passen in de 

industrie, aangezien het fragiele moleculen zijn die vaak niet bestand zijn tegen de extreme 

omstandigheden die toegepast worden in de industrie. Een manier om dit probleem op te 

lossen is door het maken van een meer robuuste, synthetisch analoog van het enzym (een zgn. 

“mimic”), waarbij alleen het belangrijkste onderdeel van het enzym (het actieve centrum) 

wordt nagebouwd. Bij dit nabootsen wordt zoveel mogelijk gebruik gemaakt van dezelfde 

bouwstenen als in het actieve centrum van het enzym en wordt getracht een omgeving te 

creëren die vergelijkbaar is aan die van het enzym.  

Tijdens het onderzoek, beschreven in dit proefschrift, werd een structurele mimic 

gemaakt van het actieve centrum van het enzym Galactose Oxidase. Dit enzym is actief in de 

oxidatie van organische moleculen met moleculaire zuurstof. Het actieve centrum bestaat uit 

een koperion dat is omringd door o.a. twee histidine moleculen (die aan het koperion 

coördineren via een stikstofatoom). Voor het maken van de enzym-mimic werden ook koper 

en histidine als bouwstenen gebruikt. Koper-histidine complexen werden geïmmobiliseerd in 

de poriën van zeoliet Y via een ionenuitwisselingsreactie. De zeolietmatrix wordt gebruikt om 

bepaalde vormen van het koper-histidine complex te stabiliseren en om vorm-selectiviteit in 

de enzym-mimic te introduceren. Om de moleculaire structuur van de mimic te bepalen en om 

de invloed van de zeolietmatrix op de moleculaire structuur van het koper-histidine complex 

te kunnen definiëren, werd er gebruik gemaakt van een combinatie van verschillende 

spectroscopische karakteriseringstechnieken. Complicerende factor hierbij was dat elke 

techniek andere condities vereist om optimale resultaten te behalen. 
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Een belangrijk uitgangspunt van het onderzoek was uit te vinden wat de invloed van 

de zeoliet op de moleculaire structuur van het koper-histidine complex was en hoe deze 

invloed zich vertaalt in uiteindelijke toepassing van de mimic. Om een goede beschrijving van 

de moleculaire structuur van de enzym-mimic te kunnen geven, werd het probleem in een 

aantal deelstappen benaderd. Allereerst werd de structuurverandering van het histidine 

molecuul bestudeerd in oplossingen met een verschillende zuurgraad. De kennis die hiermee 

werd opgedaan, werd vervolgens toegepast in de volgende stap: het ophelderen van de 

moleculaire structuur van een met koper gecomplexeerd histidine complex als functie van de 

pH in waterige oplossingen. In de laatste stap werd het koper-histidine complex 

geïmmobiliseerd in zeoliet Y, waarna de moleculaire structuur van de uiteindelijke mimic 

werd bestudeerd.  

In hoofdstuk 2 is beschreven hoe twee verschillende spectroscopische 

karakteriseringstechnieken (UV-Vis en ED-XAFS), gecombineerd in één experimentele 

opstelling, kunnen worden gebruikt om de koper-bipyridine gekatalyseerde oxidatie van 

benzylalcohol te bestuderen. Naast complementaire chemische informatie over het 

mechanisme van de reactie werd met de ene techniek (UV-Vis) aangetoond dat de andere 

techniek (ED-XAFS) onder meer een reducerende invloed heeft op het systeem dat wordt 

bestudeerd. Dit resultaat is van belang voor het onderzoek dat beschreven wordt in de verdere 

hoofdstukken van dit proefschrift. 

 Hoofdstuk 3 beschrijft de resultaten van het onderzoek naar de structuur van één van 

de bouwstenen van de mimic, het histidine molecuul, als functie van de zuurgraad van een 

waterige oplossing. Daarvoor werd een combinatie van infrarood- (IR) en Raman- 

spectroscopie gebruikt. De (absorptie)banden, karakteristiek voor het histidine ligand, werden 

in kaart gebracht om de karakterisering van het koper-histidine complex in de volgende 

stappen te vereenvoudigen.  

Vervolgens werd in de hoofdstukken 4 en 5 de moleculaire structuur van het koper-

histidine complex (dat resulteert bij een combinatie in waterig milieu van histidine moleculen 

met een tweede bouwsteen van de mimic, een koper ion) in water bestudeerd en opgehelderd 

met een combinatie van verschillende karakteriseringstechnieken (UV-Vis, ESR, ED-XAFS, 

IR en Raman spectroscopie). De structuur van het complex is sterk afhankelijk van de pH van 

de oplossing waarin het complex zich bevindt. Aangezien histidine met vier verschillende 
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functionele groepen aan het koperion kan coördineren en in elk koper-histidine complex twee 

histidine liganden tegelijkertijd kunnen coördineren, zijn er veel verschillende conformaties 

van het koper-hisidine complex mogelijk. In totaal werd de structuur van 7 verschillende 

koper complexen opgehelderd, afhankelijk van de pH van de oplossing. Ook in deze stap van 

het onderzoek werd een reducerende invloed van de XAFS-techniek op het systeem 

geconstateerd, hoewel alleen bij gebruik van hoge intensiteit Röntgenstraling. De mate van 

reductie is afhankelijk van zowel de pH van de oplossing als van de moleculaire structuur van 

het koper-histidine complex.  

In hoofdstuk 6 werd de moleculaire structuur van het koper-histidine complex na 

immobilisatie in de poriestructuur van zeoliet Y bestudeerd. De aanwezigheid van twee 

verschillende koper-histidine in de zeoliet werd aangetoond, waarbij de relatieve verhouding 

van de twee complexen een functie blijkt te zijn van de koperconcentratie in de ionen 

uitwisselingsoplossing en de silicium/aluminium (Si/Al) verhouding van de zeoliet. Het eerste 

complex (complex A) is voornamelijk aanwezig bij lage koper concentraties en bij een lage 

Si/Al ratio, terwijl de relatieve hoeveelheid van het tweede complex (complex B) groter wordt 

bij hogere koper concentraties en een hogere Si/Al ratio. In complex A is er een directe 

interactie tussen de structuur van de zeoliet en het koper-histidine complex. In complex B is 

deze interactie niet aanwezig. De moleculaire structuur van dit complex komt overeen met de 

moleculaire structuur van het koper-histidine complex dat aanwezig is in waterig milieu bij 

pH = 5. Tijdens het bestuderen van de mimic met behulp van XAFS-spectroscopie trad alleen 

bij complex A een reductie op, hetgeen aangeeft dat complex A een hogere reductiepotentiaal 

(vs. SHE) heeft dan complex B. De structuur van complex A vertoont ook de meeste 

overeenkomst met de structuur van het actieve centrum van het enzym Galactose Oxidase. 

Aangezien de zeolietstructuur actief deelneemt aan de coördinatiechemie van complex A, zou 

de reductiegevoeligheid van complex A beïnvloed kunnen worden door de elektronische 

eigenschappen van het dragermateriaal te wijzigen en op deze manier de eigenschappen van 

de katalysator te beïnvloeden. 

 In het werk beschreven in dit proefschrift wordt aangetoond dat het mogelijk is om 

een structurele mimic te maken van het enzym Galactose Oxidase. Door in verschillende 

stappen diverse complementaire spectroscopische karakteriseringstechnieken toe te passen, 

was het mogelijk om de processen die een rol spelen in het vormingsmechanisme van de 
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mimic te beschrijven. Tevens leverden deze technieken een schat aan informatie op over de 

vele verschillende structuren die koper-histidine complexen kunnen aannemen, zowel in 

waterige oplossing als geïmmobiliseerd in zeoliet Y. Een voordeel van het gelijktijdig 

toepassen van meerdere technieken was dat één techniek kon worden gebruikt om de invloed 

van een andere techniek op het systeem te bestuderen. De resultaten laten zien dat het 

mogelijk is om natuurlijke de katalysatoren na te bootsen voor allerlei (nieuwe) toepassingen. 
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