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CHAPTER 1 

From Cyanide Complexes as Functional 

Components in Magnetic Materials 

 

This chapter gives an overview on metal cyanide complexes. The properties of 

mononuclear cyanide complexes are described and their uses as building blocks in the 

formation of bimetallic systems, i.e. Prussian Blue Analogs (PBAs), are focused upon. The 

motivation for studying PBAs is their potentially interesting photo and magnetic 

properties. 



 

 
2 

 Chapter 1 

1.1- The cyano group 

The cyano (or cyanide) group refers to the CN
-
 functionality in which the carbon and 

nitrogen atoms are connected to each other through a triple bond. When present in organic 

molecules as a functional group, it is referred to as a nitrile; the synthesis of the first nitrile 

from formic acid and hydrogen cyanide was reported by C.W. Scheele in 1782.
1
 In 

inorganic compounds, cyano-containing molecules are referred to as “cyanides”. The 

oldest reaction is that of Fe
2+

 with CN
-
 from ferrous sulfate and KCN, respectively; in 

which bonding is extremely strong (Fe-CN bond). This reaction was reported as one of the 

steps in the synthesis of the dye Prussian blue in 1704. 

Although in itself cyanide is highly toxic, its use as a ligand in the synthesis of 

coordination compounds has led to a wide area of research, from dyes, to electron transfer 

and in magnetic materials. From the spectrochemical series
2
: I

-
 < Br

-
 < Cl

-
 < F

-
 < C2O4

2-
 < 

H2O < NH3 < en < bipy < NO
2-

 < CN
-
 ~ CO, the carbon-bonded cyanide is located at the 

strong field limit whereas the field strength of the nitrogen-bonded cyanide is below that of 

ammonia. The chemistry of cyanide compounds is of contemporary relevance; the ditopic 

character of cyanide as a ligand raises the possibility of it being used either as a 

monodentate ligand in the synthesis of the mononuclear complexes M-CN (M= metal ion) 

or as a bridging ligand in the synthesis of binuclear complexes M-CN-M’ (M’= metal ion) 

from the reaction of a mononuclear compound with another metal ion via the nitrogen 

atom. The high affinity of cyanide for metal ions results in the formation of complexes, 

either mononuclear or binuclear, which possess interesting physical and chemical 

properties with respect to applications. 

1.2- Mononuclear cyanides complexes 

A large number of metal cyanides of the type M-CN have already been reported with M = 

Fe
2+/3+

, Co
3+

, Mn
3+

, Ru
2+

, Os
2+

 and Cr
3+

.
3,4

 Typically in an octahedral environment, these 

transition metal ions coordinate six cyano ligands to form [M(CN)6]
3-/4-

 species. Some of 

these complexes have also been reported for the second and third row transition metal ions 

with eight cyano ligands [Mo(CN)8] and [W(CN)8], respectively.
5,6
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The oldest and most widely used complex is [Fe(CN)6]
3-/4-

. Apart from the fact that a series 

of synthesized hexacyanometallate analogues have been reported with different metals, a 

more relevant aspect of the compound [Fe(CN)6]
2-/3-

 is the possible substitution of one of 

the cyano ligands to form the pentacyano ferrate complex of the type [Fe(CN)5L]
2-/3-

 (L is a 

different ligand). The ligand L is non-innocent and therefore modifies and adds new 

properties to the complex. Several complexes of this type with a wide range of ligands L 

have been reported with sodium nitroprusside (Na2[Fe(CN)5NO]·2H2O) being one of the 

most extensively studied pentacyanoferrate complex.
7
  

 

 

 

Figure 1.1: Spatial representation of the [Fe(CN)6]
n-

 and [Fe(CN)5L]
m-

 compounds. 

These compounds have been isolated with different counter-cations such as potassium, 

sodium or even an organic counterion such as guanidinium (CN3H6),
8
 tetra-, tri- or di-

phenylphosphonium (Ph4P
+
, MePh3P

+
, Me2Ph2P

+
),

9
 tetrabutylammonium

10
 or 

tetramethylammonium.
11

 

1.2.1- Synthesis  

Synthesis of Fe(CN)6 complex 

The hexacyanoferrate(II) or hexacyanoferrate(III) ions are isolated from the reaction of a 

stoichiometric proportion of a chloride or sulphate salt of iron(II or III) with potassium 

cyanide (KCN) or sodium cyanide (NaCN) depending on the counter-cation required.  

Synthesis of [Fe
II,III

(CN)5L]
m−

 compounds  

A number of procedures can be used to synthesize [Fe(CN)5L]
m−

 compounds. 

Direct preparation from a mixture of a stoichiometric amount of an aqueous solution of Fe
II
 

with a cyanide salt such ACN (A = K or Na) under an atmosphere of CO leads to the 
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formation of the A3[Fe(CN)5CO] complex.
12

 By following the same procedure 

[Et4N]3[Fe
II
(CN)5(py)] can be obtained from the reaction of FeCl2 with five equivalents of 

CN in pyridine.  

It is possible to substitute one of the cyano ligands of the hexacyanoferrate anion 

[Fe(CN)6]
n-

 with a different ligand. This is the case for [Fe(CN)5NO]
2-

, also called 

nitroprusside, which is extracted from a mixture of an aqueous solution of [Fe(CN)6]
3-

 with 

nitric acid.
13

 Under high temperature and pressure Na3[Fe(CN)5CO] is formed from the 

reaction of CO and [Fe(CN)6]
4-

.
14

 

However, the vast majority of the [Fe
II,III

(CN)5(L)]
n−

 compounds have been 

obtained by a multistep reaction sequence. The preparation of which involves a series of 

ligand exchange reactions at the iron center, which starts with the nitric acid oxidation of 

[Fe
II
(CN)6]

4−
 to form the nitroprusside anion ([Fe(CN)5(NO)]

2−
). This is followed by a 

displacement reaction of the NO ligand by NH3 via an oxido-reduction reaction between 

excess ammonia and sodium nitroprusside to form the pentacyanoaminoferrate complex 

([Fe(CN)5NH3]
3-

).
15

 

 

Finally, many other Na3[Fe(CN)5L] complexes can be isolated from solution by using the 

Na3[Fe(CN)5NH3] as precursor in which the amine ligand NH3 is substituted by another 

ligand L.
15,16,17

 Since many of these substitution reactions take place in aqueous media, an 

intermediate unstable complex [Fe(CN)5H2O]
3-

 is formed in situ during the process as 

represented in the equations below. 

 

All of these synthetic methods apply to the ferrous complexes; the ferric complexes are 

formed from the oxidation of the corresponding ferrous complexes. Hydrogen peroxide 

(H2O2) or potassium periodate (KIO4) can be used as oxidant
18

 to prepare the ferric 

complex [Fe
III

(CN)5im]
2-

 from its ferrous state in situ. Subsequent air oxidation produces 

the ferric complex [(n-Bu)4N]2[Fe
III

(CN)5(py)] from its ferrous complex.
19
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1.2.2- Characterization 

The pentacyanoferrate complexes are generally hydrated except for some of the alkali 

nitroprussides with larger cations such as Rb
+
 and Cs

+
 (RbNP, CsNP), which crystallize as 

anhydrous salts.
20

 

Although various substituted pentacyano(L)ferrate complexes have been 

synthesized, only a few have been characterized structurally.
21,22

 These complexes have an 

octahedral structure with interatomic iron-L distances that depend on the oxidation state of 

the metal as in the case of Na3[Fe(CN)5NH3]·7H2O where the Fe
II
-N distance

23
  is 0.06 Å 

longer than the Fe
III

-N distance
24

  in Fe
III

 analogues. Depending on the electron-

withdrawing or donating ability of L, its coordination to the pentacyanoferrate complex 

can modify the octahedral structure of the complex such that the trans-Fe-C distance will 

differ from the cis-Fe-C distance.  

Mössbauer and infrared spectroscopic studies on a series of substituted sodium 

pentacyano ferrate(II) complexes reported by Brar and Mazumdar
25

 reveal that the 

quadrupole splitting (∆EQ) is affected by both the substituted L and the cyano ligand CN
-
 

trans to it, [Fe(CN)5L], such that ∆EQ increases when L is a better π-acceptor or less 

effective σ-donor than CN
-
; in the order enH

+
 < N2H5

+
 < NH3 < H2O < NO2

-
 < NO

+
 (enH

+
 

is protonated ethylenediamine). The reverse order is applicable for the isomer shift.  

Cyanide can act as a σ–donor (by donating electrons to a metal) and π–acceptor (by 

accepting electrons from a metal) with the σ–donor ability being dominating its π–acceptor 

ability because of its negative charge. σ–Donation also increases with the removal of 

electrons from the weakly antibonding σ molecular orbital and therefore increases the υCN 

value while conversely its  π–accepting properties decrease with the addition of electrons 

into the π bonding orbital and therefore a decrease of υCN is observed. 

One of the main vibrational characteristics of the pentacyanoferrate is the CN 

vibrational modes. υCN stretching vibrations are dependent on the cyano ligands’ 

environment. The υCN bands of Fe-CN appear in the region between 2000 and 2100 cm
-1

 

when the cyano is bonded to the Fe
II
 ion center. These bands shift to higher frequencies 

(between 2100 and 2200 cm
-1

) upon oxidation of the metal center to the Fe
III

 state due to 

the decrease in the π–acceptance of the CN
-
 ligand.  

The number of bands allows for the symmetry of the compound to be ascertained. 

Although the structure of the [Fe(CN)5L]
m-

 is generally distorted and hence has reduced 
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symmetry, the assignment of bands are mainly based on the assumption of C4v symmetry. 

The anion nitroprusside [Fe(CN)5NO]
2-

 in the form Tl2[Fe(CN)5NO] shows four IR bands 

in the CN stretching region, where modes at 2146 and 2140 cm
-1

 are assigned to A1, 2134 

cm
-1

 assigned to B1 and 2122 cm
-1

 assigned to E.
26

 These values are about 30 cm
-1

 lower 

compared to those of sodium nitroprusside
27

 and about 10 cm
-1

 lower than those reported 

for Rb2[Fe(CN)5NO]·H2O,
28

 showing the importance of counterion to the properties of the 

complex. 

The υCN stretching frequency of this series of pentacyanoferrate(II) complexes was 

also found to decrease with the order NO
+
 < NO

-
2 < N2H5

+
 < enH

+
 ≈ NH3; the decrease in 

the frequency correlates with the increase in the isomer shift. 

 

Figure 1.2: Representation of variation of the isomer shift versus the asymmetric stretching 

frequency υCN of [Fe(CN)5L]
m-

. (Reproduced from reference 25). 

The pentacyano(L)ferrate(II) complexes (with L being an aromatic ligand) exhibit an 

intense metal to ligand charge transfer (MLCT) band
29

 in the visible to near UV region of 

the spectrum. Shepherd et al. have shown that the origin of the ligand-to-metal charge-

transfer bands observed for the low-spin d
5
 Fe

III
 (from [Fe(CN)5L]

2-
 and L = imidazole, 

pyrazole or their derivatives) appear in the visible and UV regions and could be assigned 

on the basis of the HOMOs of L. These bands shift to lower energy upon deprotonation of 

the ligand.
 30

 

A spectrochemical order for back-donation of pentacyano-complexes of Fe(II) with 

aromatic nitrogen heterocycles prepared by Toma et al. was shown to be N-

methylpyrazinium > pyrazine ~ isonicotinamide > pyridine > 4-methylpyridine, for the 

correlation of electron-transfer energy with the energy of the unoccupied orbitals in the 

aromatic nitrogen heterocyclic ligands.
31
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1.2.3- Uses of cyanoferrate complexes. 

Mixed iron(II) cyanide complexes can be treated as precursors in catalyzed redox 

reactions. Kamaluddin et al. reported a series of [Fe(CN)5L]
3-/4-

 anions (with L = glycine, 

histidine, imidazole or triglycine) as catalyst in the decomposition of hydrogen peroxide.
32

 

During the reaction, L is substituted with an hydroxide ion and the newly formed complex 

reacts with the hydrogen peroxide to form an unstable intermediate. The rate of the 

reaction is controlled by the decomposition of the precursor complex. 

Evidence for the catalytic properties of the [Fe(CN)5L]
3-

 ion has been reported by 

Chevalier et al. in the reduction of nitrite by hydrazine as represented in scheme 1.1. 

Nucleophilic attack of the hydrazine leads to the formation of the N2O, NH3 and 

[Fe(CN)5H2O]
3-

 ions.
33

 The aqua complex binds more nitrite, which converts to NO
+
 upon 

coordination and enters a new cycle. 

 

Scheme 1.1: Catalytic cycle for the reduction of nitrite by hydrazine.
34

 

[Fe
II
(CN)5NO]

2-
 was also reported to catalyze the auto-oxidation of cysteine to cystine

35
 

involving the NO
+
/NO redox couple with dioxygen as terminal oxidant.   

Na2[Fe(CN)5NO]·2H2O (SNP) is the most investigated system.
36

 Under laser irradiation at 

low temperature the nitroprusside anion [Fe(CN)5NO]
2-

 displays a metastable state which 

arises from the 7
e
(π*NO)�2b2(dxy).

37,38
 The two metastable states SI and SII of the SNP, 

which decay at about 198 K and 147 K, respectively, are separated from the ground state 

by potential energy barriers of 0.7 eV and 0.5 eV, respectively.
39

 Excitation can take place 

under irradiation with light in the spectral range of 350-580 nm and the deactivation to the 

ground state occurs upon irradiation between of 600-1200 nm or by increasing the 

temperature. This long-living metastable state gives sodium nitroprusside (SNP) as well as 

the barium salt Ba[Fe(CN)5NO]·3H2O
40

 potential for use as an optical-memory storage 
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material.
41

 Because of its NO-donor ability, SNP has also been explored widely for 

pharmaceutical applications due to the biological properties of NO (i.e. lowering blood 

pressure).
42, 43, 44

 

One of the most important properties of the mononuclear cyanometallate complexes 

is their use as starting material in the synthesis of bimetallic cyanide complexes in which, 

due to the ditopic ability of the cyano ligand, the two metal centers are bonded through the 

carbon and the nitrogen of the cyanide ligand, M-CN-M’ (M and M’ are any transition 

metal ion). 

1.3- Bimetallic cyanide compounds. 

1.3-1 Synthesis 

By reacting [Fe(CN)6]
3-

 with an aqueous solution of Fe
2+

 a deep blue complex called 

Turnbull’s Blue is formed while the reaction of [Fe(CN)6]
4-

 with an aqueous solution of 

Fe
3+

 ions forms a deep blue complex called Prussian Blue; in both case the complexes 

formed are hydrated salts and of the formula Fe4[Fe(CN)6]3·xH2O (with x ≈ 14)
45

 with blue 

color due to the inter valence transition between Fe(II) and Fe(III) sites. This was 

accidentally discovered for the first time in 1704 by a Berliner draper M. Diesbach.
46

 The 

structure was proposed by Keggin and Miles
47

 and later reformulated by Ludi and Güdel.
48

 

Since then, based on this formula, by substituting the center or counter metal ion with any 

other transition metal ions a wide family of Prussian blue complexes have been 

synthesized of general formula AnMa[M’(CN)6]b·xH2O, called Prussian blue analogues 

(PBAs) (where M
m+

 and M’
p+

 are any transition metal ions, A
+
 is an alkali cation). These 

binuclear compounds form three-dimensional structures such that the cyano (CN
-
) acts as a 

bridging ligand and both metal ions are in an octahedral environment. The arrangement of 

atoms form a cubic system where M
m+

 ions occupy all the corners and the centers of the 

faces while the [M’(CN)6]
n-

 ions occupy the octahedral sites and the cations A
+
 can be 

located in part of the tetrahedral sites of the cubic system. The cell parameter of the cubic 

structure of the PBAs varies between 10.0 and 10.9 Å.
49

 

According to the stoichiometry of the metal ions and the presence or absence of the alkali 

metal, three main structures have been identified as represented in figures 1.3 below. The 

ratio M/M’ can be 1:1 in the case of trivalent metal ions M(III)[M’(III)(CN)6] or a mixture 

of bivalent and trivalent metal ions with an alkali ion A(I)M(II)[M’(III)(CN)6], the ratio 
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M/M’ can also be 3:2 as in case of M(II)3[M’(III)(CN)6]2·xH2O. In figures 1.3 (b) and 1.3 

(c) the octahedral environments are such that M’ is bonded to six carbon atoms of cyanide 

whereas M is bonded to six nitrogen atoms of the cyanide ligand; however in the figure 1.3 

(a) the centered metal ion M’ is still connected to six cyanides through carbon but the 

counter metal M is coordinated to four nitrogen atoms and to two oxygen atoms of water 

molecules (MC4O2). These coordinated water molecules occupy the defects present in the 

structure due to the absence of some [M’(CN)6] molecules at the corresponding positions.  

 

Figure 1.3: Cubic structure of Prussian blue analogues.
50

 M(II)3[M’(III(CN)6]2·xH2O (a), 

M(III)[M’(III)(CN)6] (b), A(I)M(II)[M’(III)(CN)6] (c). Octahedra represent [M’(CN)6] moieties, 

light grey spheres represent M ions and dark gray spheres (when present) represent A ions. The 

water molecules in b) are represented by small spheres. (Reproduced with permission from 

reference 50).  

These figures represent the three ideal structures of the PBAs that can be obtained but in 

reality, apart from a few reported structures,
51,52

 the PBAs are difficult to crystallize 

therefore their structural characterization is mostly limited to the resolution of their powder 

diffractograms and/or the elemental analysis. In most cases this reveals a non-

stoichiometric formula which is an intermediate of the three ideal structures above. 

Another series of PBAs have attracted considerable attention. By using the 

substituted pentacyano(L)ferrate complexes (L = NO
+
, CO, NH3 and H2O) as building 

blocks, a new series of bimetallic complexes could be synthesized. These complexes were 

also reported to crystallize in three three-dimensional networks and in the cubic systems 

characteristic of Prussian Blue Analogues; however the space group is not O
5

h-Fm3m in a 

strict sense because the symmetry group of the [Fe(CN)5L]
3-

 moiety
53

 is not Oh but C4v. In 

the case of the substituted pentacyanides, the channels formed result from the unbridged L 

ligand (replacing one of the cyanide) and also from the coordinated water molecules, 

which is unlikely in case of the hexacyanides for which the channels formed are from the 
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systematic [Fe(CN)6]
3-/4-

 vacancies. The octahedral arrangement around the metal ion is 

not perfectly symmetric as in the case of the Mn[Fe(CN)5NO]·3H2O or 

Cd[Fe(CN)5NO]·3H2O.
54

 The deformation of the distorted octahedral is manifested in the 

difference in the bond length Fe-N = 1.667 Å that is shorter than the Fe-C bond length 

(1.942 Å) and also the difference in electronegativity between the coordinated water 

molecule (lower) and the cyanide ligands (higher) cause deformation of the distorted 

octahedral array towards the coordinated water molecule. 

1.3.2- Properties  

The chemistry of the transition metal-cyanides has seen a remarkable revival in the past 

decade mostly due to interest in the magnetic and photomagnetic properties of bimetallic 

cyano-bridged molecules. 

1.3.2.1- Magnetic properties 

The complexes formed contained transition metals; therefore the five metal d orbitals (dz
2
, 

dxy, dxz, dyz, and dx
2

-y
2
) are involved. For these complexes, the d shell orbitals split into two 

subshell orbital energy levels; the separation of these orbitals depends on the geometry of 

the complex formed (Figure 1.4). In the octahedral structure, the orbitals split into two 

energy levels, one triply degenerate named t2g (lower energy level containing dxy, dxz and 

dyz) and one doubly degenerate named eg (higher energy level containing dz
2
 and dx

2
-y

2
). 

The inverse is the case for a tetrahedral structure.  

 

Figure 1.4: d-Orbital energy diagram. 

Under an applied magnetic field the electric charge in a material can be field-induced to 

generate a magnetic moment opposed to the applied field. So the material can either be 

repelled in the case where all its electrons spins are paired (the material is said to be 

diamagnetic) or the material can be attracted in the case where it contains one or more 



 

 
11 

 From Cyanide Complexes as Functional Components in Magnetic Materials 

unpaired electrons (it is a paramagnetic material). In a ferromagnet, the magnetic moments 

of the contained unpaired electrons are oriented parallel to each other; by heating a 

ferromagnetic material, the magnetic moment are still parallel up to a curie point (Figure 

1.5) above which the material looses its ferromagnetic property to become a paramagnet. 

Unlike a ferromagnet, in an antiferromagnet these magnetic moments are oriented in 

opposite direction to each other.  

 

Figure 1.5: Representation of the variation of the magnetic susceptibility χ (left) and its reciprocal 

1/χ (right) versus temperature of a paramagnetic, ferromagnetic and antiferromagnetic material. 

Since most of the PBAs are composed of transition metal ions, they contain d electrons. 

These metal ions can be diamagnetic in the case where all the electrons in d orbitals are 

paired. They can also be paramagnetic when they have one or more unpaired electrons in d 

orbitals.  

Due to the field strength of the cyanide it can form low-spin state complexes 

through its carbon atom and high spin state complexes through its nitrogen atom; therefore 

in the binuclear system M-NC-M’, the central metal ion M’ is surrounded by six carbons of 

the cyanides (–NC-M’(CN)5), the strong ligand field induces a low spin metal center, 

whereas at the M site, the metal ion M is surrounded by a mixture of 6-x nitrogen atoms of 

the cyanide and x oxygen atoms ([M(CN)6-x(OH2)x]
m-

  with x = 0-6) depending on the 

stoichiometry of the material. These ligands are generally weak field therefore the metal 

ion M will be high spin. Since both metal centers are in an octahedral environment and the 

bridging character of the cyano ligand allows some magnetic interactions between metal 

ions, the entire molecule can be a paramagnet, ferromagnet or ferrimagnet. From the 

models developed by Hoffman
55

 and Khan
56

 to predict the nature of the exchange 

interaction, it was concluded that; the molecule is ferromagnetic if the orbitals of the metal 

centers bearing unpaired electrons are orthogonal and the molecule is antiferromagnetic 

when the orbitals overlap. According to the partition of electrons over the t2g or eg orbitals 
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on molecular-based magnets of bimetallic (CN)5-M’-CN-M(NC)5 complexes, three main 

situations might arise for the M’-M interaction predictions.
50

 When the magnetic orbitals 

t2g of the M’ center interact with that of eg of the M center it leads to ferromagnetic 

interactions, whereas interactions between t2g(M’)-t2g(M) magnetic orbitals lead to 

antiferromagnetic interactions. In the case where both the t2g and eg orbitals present on M 

center both bear unpaired electrons, there is a coexistence of ferromagnetic and 

antiferromagnetic interactions with the t2g magnetic orbitals of M’. The dominance of the 

antiferromagnetic interactions leads to a ferrimagnetic material. 

The challenge in these molecular magnet studies is to build a magnetic system with 

an ordering temperature (Tc see equation below) close to or above room temperature. So 

far, the V/Cr (with [Cr(CN)6]) systems remain the only synthesized materials ordering 

ferrimagnetically and with a relatively high Curie temperature where values vary between 

310 and 376 K.
 57,58,59,60,61

 

 

 

Equation: Neel’s equation to fit the susceptibility of ferrimagnets in a range of 

temperatures close to the ordering temperature.
62

 z is the number of magnetic neighbors, 

J  is the absolute value of the exchange interaction, CM and CM’  are the Curie constants of 

M and M’ respectively, NA is the Avogadro constant, g  is the Lande factor, β is the Bohr 

magneton. 

1.3.2.2- Photomagnetic properties 

In 1996, the group of Hashimito reported
63

 for the first time the photomagnetic properties 

of one of the Prussian Blue derivatives of formula K0.2Co1.4[Fe(CN)6]·6.9H2O. This was 

the beginning of a new research area that attracted considerable interest.
64,65

 The 

compound, the structure of which is mainly constituted of the Fe
III

-CN-Co
II
 pairs and a few 

Fe
II
-CN-Co

III
 pairs, also contains vacancies in the structure as can be seen from the non-

stoichiometric formula. The compound has magnetic properties and the interactions 

between the metallic centers is antiferromagnetic with an ordering temperature of Tc = 16 

K. Under irradiation with a red light (660 nm), an increase of the Tc of the compound up to 

19 K was observed. The return to the initial state was possible by irradiating the compound 

with blue light (450 nm). 

kTc z J C C N gM M A= ' / 2 2
β
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Figure 1.6: Photomagnetic effect of the compound K0.2Co1.4[Fe(CN)6].6.9H2O under irradiation. 

(Reproduced from reference 63). 

The photomagnetic behavior of the compound, as represented in the figures 1.6 and 1.7, 

was attributed to an electron transfer from the Fe
II
 to Co

III
 with the cyanide behaving as 

electron transfer bridge and the process influenced by the cyano-alkali metal interactions.
66

 

 

Figure 1.7: Photoinduced reversible electron transfer in the compound K0.2Co1.4[Fe(CN)6].6.9H2O. 

In order to better understand the photomagnetic effect, several research group synthesized 

various Co/Fe bimetallic compounds with different type or amount of the alkali cations 

AxCoy[Fe(CN)6]z·nH2O (A = K
+
, Rb

+
, Cs

+
). The photomagnetic studies carried out on these 

compounds show a possible transition from either a diamagnetic or paramagnetic state to a 

ferromagnetic state or they can remain unaffected by irradiation, depending on the 

composition of the material.
67

 

Similar electron transfer properties were also reported for the complex 

RbxMn[Fe(CN)6]y, where under irradiation with light of 532 nm and 410 nm an electron 

transfer from Fe
II
 to Mn

III
 and back from Mn

II
 to Fe

III
, respectively took place.

68
 These 

results were reported soon after Ohkoshi et al. discovered a temperature induced charge 

transfer and magnetism with RbMn[Fe(CN)6] .
69

 They could show that upon heating the 
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material, an abrupt increase of the magnetic susceptibility occurs at around 295 K and also 

abruptly decreases at around 220 K on cooling, in such a way that the cyclic measurement 

forms a hysteresis with a width of about 75 K. This was later assigned to the electron 

transfer from one metal to another
70

 so that the system Fe
III

-Mn
II
 is predominant at low 

temperature while Fe
II
-Mn

III
 is formed at high temperature.   

The photomagnetic behavior of the Co/Fe(CN)6 system happens to be favored by 

not only the presence of diamagnetic pairs Co
III

-NC-Fe
II
 in the structure but also by the 

presence of the amount of vacancies (Figure 1.8). The presence of these vacancies allows 

the expansion of the coordination sphere of metals during the electron transfer. The 

number of vacancies can be controlled by the type or the amount of the alkali metal used in 

the synthesis.
71

 

 

Figure 1.8: Representation of the structure (a) and photo-induced magnetization (b) of the Co/Fe 

system with different alkali cations. K0.1Co4[Fe(CN)6]2.7·18.4H2O (1) contains 33% of [Fe(CN)6]
n-

 

vacancies, Rb1.8Co4[Fe(CN)6]3.3·13H2O (2) contains 17% of [Fe(CN)6]
n-

 vacancies, 

Cs3.9Co4[Fe(CN)6]3.9·12.9H2O (3) has no vacancies in the structure. (Reproduced with permission 

from reference 67).  

In contrast to compound 2, compounds 1 and 3 do not exhibit photomagnetic behavior. So 

the size of the alkali metal ion has to be optimum to control the number of the vacancies; 

and in this case rubidium is the optimum. 
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1.3.2.3- Other properties of the Prussian Blue Analogues. 

Apart from the magnetic and photomagnetic properties that have been widely developed, 

other properties of PBAs have recently been considered. 

1.3.2.3.1- Gas storage properties 

Due to the porosity of some dehydrated PBAs, these compounds can allow for the insertion 

of other types of molecules such as gases or ions into their structure. Some of these 

materials have been reported for hydrogen storage.
72

 Yuan et al. have shown that the 

presence of the alkali metal ion K
+
 in the porous structures could enhance the binding of 

H2.
73

 The PBAs also have shown stability after adsorption of other gases
74,75

 such as CO2, 

N2, NO, SO2, H2S and H2O. 

1.3.2.3.2- Electrical properties 

The electrical conductivity of the Prussian blue analogues has been reported and therefore 

it is also described as an electroactive material.
76

 In fact because of the presence of a 

gradient of reduced and oxidized Fe sites in the lattices of solvated Prussian blue, electron 

transport is expected between neighboring oxidized and reduced iron ions. Cyclic 

voltammetry showed that thin films of Prussian blue deposited on electrodes in 

aqueous
77,78,79

 and organic solvents
80

 can be oxidized and reduced in two different ways 

according to: Fe
III

/Fe
II
 to Fe

III
/Fe

III
 and Fe

III
/Fe

II
 to Fe

II
/Fe

II
 conversions. Feldman and 

Murray
81

 described the effects of countercation size, lattice oxidation state, and solvent 

population on electron conduction for a single, well-ordered Prussian blue film. 

1.3.3- Some applications 

Because of its magnetic and photomagnetic properties, the PBAs have the potential to be 

used in the development of new types of magneto-optical devices such as opto-magnetic 

memory devices which can be performed by selecting specific laser wavelengths. These 

materials can then transform light into mechanical energy.
82

 

In electrochemistry, the ability to modify the electrodes with a layer of PBA confers 

to these materials the possibility to be used as sensors for detection of certain compounds, 

such as ascorbic acid,
83

 hydrazine,
84

 hydroxylamine
85

 or even hydrogen peroxide
86,87

 for 

which the detection limit varies between 2.10
-7

 M and 10.10
-7

 M. The electro-optical 

properties of PB are of interest as exemplified by Chen et al. recently in an electrochromic 

device (composed of working electrode, counter electrode and electrolyte) in which the 
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Prussian Blue compound is the anodic coloring material and shows good electrochemical 

stability.
88

 

1.4- Overview of the thesis 

The goal of this thesis is to study the influence of the presence of a ligand L (with L being 

ethylenediamine or imidazole) on the properties of complexes of the type [Fe(CN)5L]
2-/3-

. 

Also by using such complexes as building blocks in the synthesis of a new series of 

bimetallic systems of the type M[Fe(CN)5L] (M = transition metal cation) the extent that 

the ligand L can tune the physical and chemical properties of these bimetallic systems can 

be determined by comparison with the general properties of PBAs. The basis of these 

studies is that PBAs of the type AxMy[Fe(CN)6]z (A = alkali metal cation) are mostly 

reported to crystallize into a three dimensional network and they are also called molecular-

based magnets because they exhibit potentially useful electronic and magnetic behavior.  

This thesis is divided in two parts: Part 1 concerns the study of cyanometallate complexes 

and Part 2 focuses the study of the manganese(tmtacn) complexes 

An overview of the cyanometallate complexes is provided in this Chapter. 

In Chapter 2 several substituted pentacyano(L)ferrate compounds of the type 

Na3[Fe
II
(CN)5en]·5H2O and (PPh4)2[Fe

III
(CN)5im]·2H2O (with en = ethylenediamine, 

PPh4
+
 = tetraphenylphosphonium cation and im = imidazole) are examined. The former is a 

yellow complex isolated from the reaction of sodium nitroprusside with an excess of the 

ethylenediamine, the latter is red brown complex obtained from air oxidation of the former 

complex in the presence of a tetraphenylphosphonium chloride salt. Although both ligands 

(en and im) contain two nitrogen atoms, the structure of both complexes shows 

monodentate behavior of these ligands towards the iron ion. Spectroscopic studies reveal 

the low-spin Fe(II) (former) and the low-spin Fe(III) (latter) character of the complexes. 

Chapter 3 extends the study of the (PPh4)2[Fe
III

(CN)5im]·2H2O complex especially 

in its use as building block in the synthesis of a new series of bimetallic complexes of the 

type M[Fe
III

(CN)5im]·xH2O (where M = Mn
2+

, Co
2+

 and Zn
2+

) and Mn(byp)[Fe
III

(CN)5im]. 

The structural characterization of these complexes using single crystal X-ray diffraction 

confirm the bridging character of the cyano ligands; it is revealed that compared to other 

Prussian Blue Analogues, which mostly crystallize in three dimensional systems, these 

complexes adopt a two-dimensional network. These planar systems are such that the cyano 
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ligand in the trans position of [Fe
III

(CN)5im] remains terminal and does not show bridging 

character. Quantitative analysis using SQUID magnetometry shows the amelioration of the 

magnetic property of the bimetallic systems especially the Co/Fe due to the presence of the 

imidazole ligand. 

Chapter 4 is devoted to the mechanistic study of the formation of the 

(PPh4)2[Fe
III

(CN)5im]·2H2O complex from Na3[Fe
II
(CN)5en]·5H2O. Several spectroscopic 

methods (UV-vis, Raman) are used in kinetic studies to identify the origin of the extra 

carbon reacting with the ethylenediamine to form the imidazole ligand in the product 

complex. 

Chapter 5 describes the influence of the substituents (R group) on the general 

properties of manganese complexes of the type [Mn
III

2(µ-O)(µ-R-CO2)2(tmtacn)2] (tmtacn 

= N,N',N'',-trimethyl-1,4,7-triazacyclononane). The goal of this chapter is to ascertain if 

electrochemical and spectroscopic data can give predictive insight into the selectivity and 

activity of the catalysts in the oxidation of alkenes. 

Chapter 6 describes the various analytical methods used in the analysis of all the 

compounds represented in this thesis. 
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CHAPTER 2 

Solution and Single Crystal Magnetic and 

Spectroscopic Characterization of 

Na3[FeII(CN)5en]·5H2O and 

(PPh4)2[FeIII(CN)5im]·2H2O 

 

This chapter describes the synthesis of (PPh4)2[Fe
III

(CN)5im].2H2O (1) and 

Na3[Fe
II
(CN)5en].5H2O (2) together with their 

13
C labeled analogues (where im is imidazole 

and en is 1,2-ethylenediamine). The structural characterization shows an octahedral 

environment with the metal center coordinated to the five cyano ligands through its 

carbons and to one of the nitrogens of the imidazole (1) and 1,2-ethylenediamine (2). 

Magnetic measurements reveal the low spin state of the compounds. Polarized Raman 

spectroscopic studies on a single crystal of 1 show the strong dependence of the stretching 

cyano ligand vibrations on crystal orientation relative to the direction of laser polarization 

and allows for assignment of all CN vibrational modes.  

 

Part of this chapter has been published in: Tchouka, H.; Meetsma, A.; Molnár, G.; 

Rechignat, L.; Browne, W. R., J. Mol. Struct., 2011, 999, 39. 
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2.1- Introduction 

The coordination chemistry of cyano complexes is receiving continued attention due to 

their widespread application in magnetic materials
1
 and catalysis.

2
 Studies of [Fe(CN)5L]

n-
 

complexes
3
 have focused primarily on their preparation and properties in solution and 

where the [Fe
II/III

(CN)5]
2-/3-

 moiety is incorporated as a component in novel magnetic 

materials, such as Prussian blue analogues. A wide range of ligands (L) of diverse σ- and π-

bonding capabilities have been employed in the [Fe
II/III

(CN)5L]
2-/3-

 moiety,
4
 and several 

systematic studies of the effect of ligand type on the rate of thermal and photochemical 

ligand substitution, photoinduced electron transfer reactions have been reported to date.
5
 

Due in part to its biological availability and presence at the active site of a large 

number of metalloenzymes,
6
 imidazole and its derivatives have seen widespread 

application in coordination chemistry,
7
 not least in low-spin Fe

II
 and Fe

III
 complexes. 

[Fe(CN)5im]
n-

 complexes were first reported by Shepherd and coworkers
8
 in the 1970s and 

considerable attention was directed towards their spectroscopic properties in solution. 

These studies demonstrated the increased π donor properties of imidazole compared with 

CN
-
 toward Fe

III
 centers.

8
 These solution studies allowed for the complexes to be examined 

in their energetically most favorable solvated structure. An important question however is 

how the symmetry and hence molecular properties of [Fe
III

(CN)5L]
2-

  (where L = 

imidazole) are affected by confinement in a crystal lattice and what effect these changes 

have on molecular properties. A detailed understanding of these effects is of particular 

importance in the application of these classes of complex in molecular solid state devices. 

Furthermore the often limited or total absence of single crystal X-ray crystallographic data 

for many materials formed using this motif requires that alternate methods to structural 

determination are available to probe the effect of immobilization on molecular properties.  

The preparation and single crystal characterization of this building block using a 

novel route in which the imidazole is formed from an ethylenediamine ligand was 

reported.
9
 This building block was used to prepare a series of bimetallic materials 

exhibiting a diverse range of magnetic properties. 

In this chapter a combined spectroscopic and structural study of this important molecular 

building block is presented focusing especially on the changes imposed by the single 

crystalline state compared with properties observed in solution. The complex 

(PPh4)2[Fe
III

(CN)5im]·2H2O (1) was prepared from [Fe
II
(CN)5en]·5H2O (2) and 
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(CN)5im]·2H2O 

characterized by X-ray crystallography,
9
 UV/Vis, FT-IR, Raman and Mossbauer 

spectroscopies, in addition to the determination of its magnetic properties. The 

interpretation of the data is facilitated by comparison with other [Fe
III

(CN)5L]
2-

 complexes 

and by 
13

C isotope labeling. The primary goal is to provide a detailed analysis of the 

vibrational features, which could serve as a basis in the study of intercomponent 

interactions in mixed metal molecular materials (e.g., Prussian blue analogues) based on 

this building block where single crystal structural data are unavailable. 

2.2- Experimental Section 

2.2.1- Synthesis 

All reagents are of commercial grade and used as received unless stated otherwise. 

Hydrogen peroxide was used as received as a 50% wt solution in water.  

Caution. Sources of HCN should be treated with care and used in small quantities. Contact 

with acids should be avoided. 

Na3[Fe(CN)5(en)]·5H2O (2)  

2 was prepared by modification of the method of Olabe and Ayamonino:
10

 

Na2[Fe(CN)5NO]·2H2O (6 mmol, 2 g) and sodium acetate (12 mmol, 1 g) were dissolved 

in a mixture of water (20 mL) and ethanol (15 mL). After 30 min an excess of 

ethylenediamine (10 mL) was added to the solution and it was heated to between 40 and 60 

o
C with stirring. After 30 min an excess of ethanol (15 mL) was added to the solution. The 

solution was filtered while hot and allowed to cool to room temperature. Yellow crystals of 

Na3[Fe(CN)5(en)]·5H2O were obtained following slow evaporation at room temperature 

and were collected by filtration. Yield 86% (2.35 g). Anal. Calc. for FeC7N7Na3H18O5 

Na3[Fe(CN)5(en)]·5H2O: C, 20.76%; H, 4.48%; N, 24.20%; Found: C, 20.97%; H, 4.56;% 

N, 23.79%. 

(PPh4)2[Fe(CN)5im]·2H2O (1)  

Air was bubbled for 30 min through an aqueous solution (20 ml) of 2 (1.2 mmol, 1 g). 

Over 2 h a color change from yellow to orange was observed. The solution was added 

slowly to a stirred solution (50 ml; 3:2 water/ethanol) of tetraphenylphosphonium chloride 

(Ph4PCl) (2.4 mmol). Red brownish crystals of (PPh4)2[Fe(CN)5im]·2H2O formed upon 
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standing. Yield 56% (1.35 g). Anal. Calc. for FeC56P2H48N7O2: C, 69.43%; H, 4.99%; N, 

10.12%; Found: C, 69.52%; H, 4.88%; N, 10.08%. 

K4[Fe(
13

CN)6]·3H2O  

The preparation of complex K4[Fe(
13

CN)6]·3H2O was adapted from the procedure reported 

by Janiak et al.
11

 FeCl2.4H2O (7.20 mmol, 1.43 g) was dissolved in 10 mL of water. Solid 

NaOH (12.50 mmol, 0.50 g) was added to this solution which became green immediately. 

K
13

CN (45.50 mmol, 3 g in 20 mL of water) was added to the mixture which turned red. 

The solution was warmed to 50 
o
C for 20 min to yield a yellow solution. The red 

precipitate present was removed by filtration. The filtrate was evaporated to dryness and 

the compound was purified by recrystallization from hot water/methanol (1:1). The light-

yellow crystalline solid was collected by filtration. Yield: 60 % (1.8 g). Anal. Calc. for 

C6H6N6K4O3Fe: C, 16.81%; H, 1.41%; N, 19.62%; Found: C, 16.66%; H, 1.20%; N, 

19.33%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2046 (2048), 2019 (2021), 2012 (2015), 1995 (1995) cm
-1

. 

K2[Fe(
13

CN)5NO]· 2H2O 

The preparation of Na2[Fe(
13

CN)5NO]·2H2O was by modification of the method reported 

by Janiak et al.
11

 Concentrated nitric acid (1 mL, 65%-HNO3) was added to an aqueous 

solution (5 mL) of K4[Fe(
13

CN)6]·3H2O (3.27 mmol, 1.40 g). The solution was heated at 60 

o
C for 6 h followed by stirring at room temperature for 48 h to yield a dark-blue solution. 

Using a pH-meter, the pH of the solution was adjusted to pH 7.10 carefully with an 

aqueous solution of Na2CO3 yielding a red- blue solution.
12

 The solution was heated at 60 

o
C for 15 min and solvent removed in vacuo until near dryness. At room temperature, 40 

mL of methanol was added to dissolve the desired product and precipitate side products. 

The precipitate was removed by gravity filtration and the product was obtained by 

evaporating the red filtrate to dryness in vacuo. Yield: 48 % (0.53 g). Anal. Calc for 

C5H4N6K2O3Fe: C, 17.91%; H, 1.20%; N, 25.10%; Found: C, 16.53%; H, 1.10%; N, 

25.22%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2125 (2128), 2113 (2117), 2108 (2111), 2097 (2099) cm
-1

. 

Na3[Fe(
13

CN)5En]·5H2O (2b) 

K2[Fe(
13

CN)5NO]·2H2O (1.5 mmol, 0.5 g) was dissolved in 20 mL of water/ethanol (1/1 

v/v). After warming at 60 
o
C for 30 min, sodium acetate was added (3.7 mmol, 0.3 g). The 

solution was stirred for 30 min and an excess of ethylenediamine (90 mmol, 6 mL) was 
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added and the mixture heated at 60 
o
C for 15 min. An excess of ethanol (10 mL) was added 

slowly to the stirred solution and the solution was immediately filtered under vacuum. The 

filtrate was allowed to cool to room temperature. After 3 d, yellow single-crystals were 

collected by filtration and washed with ethanol.  Yield: 93 % (0.57 g). Anal. Calc. for 

C7H17N7Na3O5Fe: C, 20.54%; H, 4.19%; N, 23.97%; Found: C, 20.51%; H, 4.29%; N, 

23.60%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2038 (2038), 2014 (2015), 1995 (1995), 1985 (1985) cm
-1

. 

(Ph4P)2[Fe(
13

CN)5im]·2H2O (1b) 

H2O2 (8 µL, 50 % aq. soln.) was added to an aqueous solution of Na3[Fe(
13

CN)5en]·5H2O 

(0.12 mmol, 50 mg). After stirring for 15 min, a water/ethanol (16 mL, 1:1) solution of 

tetraphenylphosphonium chloride (0.25 mmol, 93 mg) was added. The mixture was heated 

to reflux under constant purging with air. After 5 h, the solution was allowed to cool to 

room temperature. The dark-yellow precipitate formed was filtered and washed with water. 

Yield: 34% (40 mg). Anal. Calc. for C56H48N7O2P2Fe: C, 69.05%; H, 4.97%; N, 10.08%; 

Found: C, 68.44%; H, 4.66%; N, 9.94%. 

2.2.2- Instrumentation. 

Elemental analyses (C, H, N) were performed with a Euro EA Elemental analyzer Euro 

Vector Instrument. FT-IR spectra were recorded using ZnSe/Diamond ATR attachment on 

a Perkin-Elmer spectrum 400 FT-IR/FT-FIR in the range between 4000 and 600 cm
-1

. 

Raman spectra of a single crystal (4 cm
-1

 resolution) were recorded using a Perkin Elmer 

spectrum 400 Raman station equipped with a polarization accessory (PE) for independent 

polarization of the excitation laser (785 nm) and the Raman backscattering or via a 

Olympus BX51 upright reflecting microscope coupled to the Raman station by fiber optic 

cables. Polarized Raman spectra were obtained by placing a U-ANT polarizer in the 

common excitation and Raman scattering collection pathway and orientation was varied 

using a U-SRG 2 circular rotable stage. Resonance Raman spectra at λexc 355 nm were 

recorded in quartz cuvettes using a 355 nm cw laser (Cobolt, 10 mW) in a 180
o
 

backscattering arrangement with detection using a Shamrock303 spectrograph and a 

Newton EMCCD (Andor Technology). Solution UV/Vis spectra were recorded on a 

JASCO V630 spectrophotometer in 1 cm pathlength quartz cuvettes. Diffuse reflectance 

spectra were recorded as solid solutions in BaSO4 (spectroscopic grade) using a JASCO 

V560 UV/Vis/NIR spectrometer equipped with an integrating sphere and the intensity is 
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corrected using the Kubelka-Munk function [F(R∞)].
13

 MCD (Magnetic Circular 

Dichroism) spectra were recorded at room temperature using a DeSa magnet 1.4 Tesla and 

LD (Linear Dichroism) spectra were recorded on a Jasco J-815 CD spectrometer at 293 K. 

57
Fe Mössbauer spectra were acquired at 80 and 293 K on a constant-acceleration 

spectrometer using a 50 mCi source of 
57

Co (Rh matrix). Spectral evaluation as carried out 

under the assumption of Lorentzian line shapes using the software package Recoil. All 

isomer shifts are given relative to metallic iron at room temperature. EPR measurements 

were performed with a Bruker ER200D spectrometer equipped with an Oxford EPR-900 

continuous flow cryostat. The g-values were determined at selected crystal orientations at 

115 K. 

X-ray crystallographic data.  

All refinement calculations and graphics were performed on a HP XW6200 (Intel XEON 

3.2 Ghz) / Debian-Linux computer with the program packages SHELXL (least-square 

refinements).
14

 Crystals were mounted on glass fibers and cooled to 100(1) K using a 

Bruker KRYOFLEX low-temperature device. Intensity measurements were performed 

using graphite monochromated Mo-Kα  radiation source (λ = 0.71073 Å) from a sealed 

ceramic diffraction tube (SIEMENS). Crystal fragments of (PPh4)2[Fe(CN)5im]·2H2O and 

Na3[Fe(CN)5en]·5H2O., cut to size to fit in the homogeneous part of the X-ray beam, with  

dimensions of  0.53 x 0.38 x 0.32 mm and 0.49 x 0.34 x 0.23 mm, respectively, were 

mounted on top of a glass fiber and aligned on a Bruker
15

 SMART APEX CCD 

diffractometer. The crystal was cooled to 100(1) K using the Bruker KRYOFLEX. The unit 

cell
16

 was identified as triclinic, space group P  for (PPh4)2[Fe(CN)5im]·2H2O. The E-

statistics were indicative of a centrosymmetric space group.
17 

Reduced cell calculations did 

not indicate higher metric lattice symmetry.
18

 Examination of the final atomic coordinates 

of the structure did not yield extra crystallographic or metric symmetry elements.
19,20

 The 

hydrogen atoms of the phenyl groups for (PPh4)2[Fe(CN)5im]·2H2O were generated by 

geometrical considerations, constrained to idealized geometries, and allowed to ride on the 

carrier atoms with an isotropic displacement parameter related to the equivalent 

displacement parameter of their carrier atoms. The unit cell
16

 was identified as monoclinic 

for Na3[Fe(CN)5en]·5H2O. The space group P21/n, was derived from the systematic 

extinctions. A difference Fourier synthesis resulted in the location of all the hydrogen 

atoms and isotropic displacement parameters were refined for Na3[Fe(CN)5en]·5H2O. 

Crystallographic data and numerical details on the structure determination of 
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(PPh4)2[Fe(CN)5im]·2H2O and Na3[Fe(CN)5en]·5H2O are given in table 2.1. Selected 

interatomic distances (Å) and bond angles (deg.) for (PPh4)2[Fe(CN)5im]·2H2O and 

Na3[Fe(CN)5en]·5H2O are represented in table 2.2 and table 2.3, respectively. 

 

Table 2.1: Crystal data and numerical details of the structure determination of 

(PPh4)2[Fe(CN)5im]·2H2O and Na3[Fe(CN)5en]·5H2O.  

 (PPh4)2[Fe(CN)5im]·2H2O Na3[Fe(CN)5en]·5H2O 

Formula 2(C24H20P).(C8H4N7Fe).2(H2O) 3Na.(C7H8N7Fe).5(H2O) 

Formula weight (g.mol
-1

 ) 968.84 405.08 

crystal system triclinic monoclinic 

Space group 
P  

P21/n 

a, b, c / Å 9.8108(15), 11.1655(17),  23.848(4) 8.3607(7), 11.1624(9), 17.4233(14) 

α, β, γ /deg 87.219(2), 85.573(2), 70.729(2) 90.1293(9) 

Volume (Å
3
) 2457.9(7) 1626.0(2) 

Θ range unit cell: min.-max. (deg); 2.49  -  28.94; 5165 2.70  -  29.46; 7779 

Z 2 4 

Dcalc (g.cm
-3

) 1.309 1.655 

F(000) 1010 832 

µ(Mo Kα ) (cm
-1

) 
4.22 10.4 

Color, habit red-brown, parallelepiped yellow, block 

Approx. crystal dimension, mm 0.53 x 0.38 x 0.32 0.49 x 0.34 x 0.23 

Temperature (K) 100(1) 100(1) 

RF  where F0 ≥ 4σ(F0) 0.0514 0.0287 

wR2 0.1379 0.0745 

RF = ∑ (||Fo| - |Fc||)  / ∑ |Fo | and wR2 = [∑ [w(Fo
2
 - Fc

2
)
2
]  / ∑ [w(Fo

2
)
2
]]

1/2
 

2.3- Results and Discussions 

2.3.1- Structural characterization 

2.3.1.1- Structural characterization of (PPh4)2[Fe(CN)5im]·2H2O.  

(PPh4)2[Fe(CN)5im]·2H2O was isolated, by slow evaporation of a solution of 

Na3[Fe(CN)5en]·5H2O and tetraphenylphosphonium chloride in water, as large red brown 

crystals.
21

 These crystals have a triclinic unit cell with two molecules per unit cell. The 

asymmetric unit contains one formula unit, consisting of five moieties: an anionic 

[Fe(CN)5im]
2-

, two PPh4
+
 and two water molecules. These moieties are linked by hydrogen 

bonds, forming an infinite two-dimensional network along the base vectors [1 0 0] and [0 1 

0]. The solid state structure of complex (PPh4)2[Fe(CN)5im]·2H2O is shown in figure 2.1. It 
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consists of five cyano (CN
-
) ligands and one imidazole (C3H4N2) ligand coordinated to the 

iron centre (Fe
III

); four of the CN
-
 are in the equatorial plane while the fifth CN

-
 ligand is 

collinearly axial with the imidazole group. The interatomic distances and bond angles are 

represented in table 2.2. Two [Fe(CN)5im]
2-

 moieties are bonded together through a H-

bond between N7-H7…N3 forming asymmetric chains along the c-axis and separated by 

two PPh4
+
. 

 

Figure 2.1: Structure of the anion in (PPh4)2[Fe(CN)5im]·2H2O, counterions and solvent are 

omitted for clarity. 

Table 2.2: Selected interatomic distances (Å) and bond angles (deg.) of (PPh4)2[Fe(CN)5im]·2H2O. 

Fe-N6 1.999(2) N6-C6 1.335(4) 

Fe-C1 1.964(3) N6-C8 1.382(4) 

Fe-C2 1.934(3) N7-C6 1.339(4) 

Fe-C3 1.936(3) N7-C7 1.365(4) 

Fe-C4 1.961(3) C7-C8 1.360(4) 

Fe-C5 1.936(3) N1-C1 1.160(3) 

    

C1-Fe-C2 91.01(11) C1-Fe-C3 86.75(12) 

C1-Fe-C4 176.53(13) C1-Fe-C5 93.01(11) 

N6-Fe-C1 89.54(11) N6-Fe-C3 176.11(10) 

N6-Fe-C5 91.03(11) N6-Fe-C8 109.3(3) 

N6-Fe-C4 92.89(11) C2-Fe-C3 90.22(13) 

C2-Fe-C5 175.50(12) C2-Fe-C4 86.47(12) 

C3-Fe-C4 90.87(12) C3-Fe-C5 87.99(13) 

Fe-N6-C8 127.09(19) C4-Fe-C5 89.43(12) 

Fe-N6-C6 127.17(19) C6-N6-C8 105.4(2) 

C6-N7-C7 107.9(3) N6-C6-N7 111.0(3) 

N7-C7-C8 106.4(3) N6-C8-C7 109.3(3) 

Fe-C1-N1 178.7(3)   
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The Fe-C bond lengths are between 1.934(3) - 1.964(3) Å; as expected for a low-spin Fe
III

 

mononuclear complex (e.g. [Fe
III

(CN)6]
3-

 1.927(14)-1.971(19) Å)),
22

 and are also in good 

agreement with those reported for Rb2[Fe
III

(CN)5NO] (1.92(2) Å – 1.96(2) Å).
23

 The 

structure shows that PPh4
+
 cations are not involved to an appreciable extent in bonding 

with either H2O or the [Fe(CN)5im]
2-

 ions. Ph4P
+
 has been reported as to stabilize the 

crystal lattice of low-spin Fe
III

 complexes of the type PPh4[Fe(CN)4bipy]·2H2O (bipy = 

2,2’-bipyridine) and PPh4[Fe(CN)4phen]·2H2O (phen = 1,10-phenanthroline).
24,25

  

2.3.1.2- Structural characterization of Na3[Fe(CN)5en]·5H2O 

Compound Na3[Fe(CN)5en]·5H2O was obtained by ligand substitution (NO) of 

[Fe(CN)5NO]
2-

 using an excess of ethylenediamine. Yellow crystals suitable for X-ray 

diffraction were obtained upon standing which comprised of a monoclinic unit cell 

containing four molecules. The asymmetric unit consists of mononuclear [Fe(CN)5en]
3-

 

anions, three sodium ions and five water molecules. These moieties are linked by hydrogen 

bonding, forming an infinite three-dimensional network along the base vectors [1 0 -1], [0 

0 2] and [0 1 1]. The structure of [Fe(CN)5en]
3-

  is shown in figure 2.2. The selected 

interatomic distances and bond angle are compiled in table 2.3. 

 

Figure 2.2: Structure of Na3[Fe(CN)5en]·5H2O, counterions and solvent of crystallization are 

omitted for clarity. 
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As expected, Na3[Fe(CN)5en]·5H2O consists of five cyano (CN
-
) ligands and one 

ethylenediamine (C2H8N2) ligand coordinated to an iron(II) center. Four of the cyano 

groups are situated in the equatorial plane while one cyano is axially collinear with the 

ethylenediamine group. The Fe-N bond length (of the ethylenediamine group) in 

Na3[Fe(CN)5en]·5H2O is 2.0843(13) Å which is comparable to that reported
26

 for 

Na3[Fe
II
(CN)5NH3]·7H2O

 
(2.071(2) Å). The length of the Fe-C bond trans to the 

ethylenediamine ligand is 1.8658(14) Å, which is 0.07 Å shorter than the Fe-C bonds in the 

equatorial positions. This difference was found to be 0.06 Å for Na3[Fe
II
(CN)5NH3]·7H2O 

and 0.05 Å for [Et4N]3[Fe
II
(CN)5py].

27
 This difference reflects the relative donor strength 

of the ethylenediamine and cyanides as ligands. Ethylenediamine promotes π-back-bonding 

from an electron-rich metal to the π-acceptor cyanide in the trans position. Indeed the 

difference can be compared with that reported for Na2[Fe(CN)5MeQ
+
] (0.03 Å) (where 

MeQ
+
 is N-methyl-4,4′-bipyridinium),

28
  which is less, possibly due to the stronger π-

acceptor capability of the MeQ
+
 ligand compared to ethylenediamine or ammonia. 

Table 2.3: Selected interatomic distances (Å) and bond angles (deg.) of Na3[Fe(CN)5en]·5H2O. 

Fe-N6 2.0843(13) Fe-C5 1.9224(14) 

Fe-C1 1.9379(14) N6-C6 1.476(2) 

Fe-C2 1.9330(14) C6-C7 1.525(2) 

Fe-C3 1.8658(14) C7-N7 1.472(2) 

Fe-C4 1.9159(14) N1-C1 1.1661(19) 

C1-Fe-C2 90.57(6) C1-Fe-C4 176.71(6) 

C1-Fe-C3 89.78(6) C1-Fe-C5 89.09(6) 

N6-Fe-C1 93.68(5) N6-Fe-C3 176.48(6) 

N6-Fe-C2 89.94(5) N6-Fe-C4 87.16(6) 

N6-Fe-C3 176.48(6) N6-Fe-C5 89.83(5) 

C2-Fe-C3 89.36(6) C2-Fe-C4 92.62(6) 

C2-Fe-C5 179.57(6) C3-Fe-C4 89.43(6) 

C3-Fe-C5 90.89(6) C4-Fe-C5 87.73(6) 

Fe-N6-C6 119.72(10) N6-C6-C7 113.87(13) 

N7-C7-C6 110.46(13)   

2.3.2- Infrared and Raman spectroscopy  

The infrared and Raman spectra of different cyano complexes 
12/13

C-K4[Fe(CN)6]·3H2O, 

K2[Fe(CN)5NO]·2H2O and Na3[Fe(CN)5en]·5H2O are shown in figures A1, A2 and A3, 

respectively, in Appendix. The stretching vibrations of the CN frequencies are selectively 

represented in table 2.4, as well as the isotope shifts of υCN bands. As expected from the 

values’ table, the cyano vibration frequencies of Fe
II
 complexes are lower compared to that 



 

 

33 

 Solution and Single Crystal Magnetic and Spectroscopic Characterization of Na3[Fe
II
(CN)5en]·5H2O and 

(PPh4)2[Fe
III

(CN)5im]·2H2O 

of Fe
III

 complexes due to the fact that electronic cloud is less intense on Fe
III

 than on Fe
II
 

ions, which increases the back bonding effect from the cyano to the metal and so increases 

the CN vibration frequencies. Also as predicted from the isotope shift equation, the Raman 

results of isotope 
13

C cyano complexes as represented in the table below display an isotope 

shift values close to the calculated values (43-47 cm
-1

) regarding the CN vibration 

frequencies. These shifts confirm the coordination of the labeled cyano ligands to the metal 

center. The shift observed for the 
13

C complexes relative to the 
12

C complexes is such that 

the labeled atom complexes also present the same symmetry structure. That is the case for 

K4[Fe(CN)6]·3H2O where the cyano vibration values are similar to those reported 

previously
29

 and indicates an Oh symmetry for free ion modes. The band at 2024 cm
-1

 in 

the 
12

C complex, which is not observed in the 
13

C complex, may be due to the labeled 

12
C

15
N vibration. This was also observed for K2[Fe(CN)5NO]·2H2O, which according to 

the literature,
30

 presents a C4v point group symmetry for the anion. The 

Na3[Fe(CN)5en]·5H2O presents a C4v point group symmetry which is similar to several 

other reported [Fe
II
(CN)5L]

3-
 complexes.

31,32
 The CN stretching bands of this complex 

appear intense in the region between 2020 and 2090 cm
-1

. These value are close to that 

reported for the protonated ethylenediamine complex Na2[Fe
II
(CN5)enH]·6H2O

33
 and also 

to other pentacyano iron (II) complexes. This suggests that the CN vibrations are less 

sensitive to the substituted L ligand of the complexes. The isotope shift values obtained for 

the labeled atom complex are also close to the theoretical values, meaning that under the 

same conditions, the 
13

CN
-
 ligand could coordinated the metal to form the complex 

Na3[Fe(
13

CN)5en]·5H2O with the same symmetry as the 
12

CN compound. 

The IR and Raman spectra of powdered samples of 1 are shown in figure 2.3. In the 

FT-IR spectrum of 1, the absorption bands between 3400 and 3250 cm
-1

 are assigned to O-

H and N-H stretching modes. The absence of broad absorption bands for the O-H stretch 

indicates that the water of crystallization does not undergo extensive hydrogen bonding 

interactions. Absorptions between 2800 and 3100 cm
-1

 are assigned to νC-H. The NH2 

scissoring mode appears between 1615 and 1585 cm
-1

. The C-H twisting, C-H wagging, N-

H twisting and N-H wagging modes appear between 1066 and 1407 cm
-1

. The strong bands 

of the Ph4P
+
 cations in the structure result in an overlap of phenyl group absorption bands 

and bands due to imidazole. In comparison to Ph4P
+
, the imidazole vibrational bands are 

weak (Figure A4 in appendix). However, the bands at 1265, 1188 and 720 cm
-1

 are 



 

 

34 

 Chapter 2 

assigned to the νN-H, νring and δN-H of the imidazole ligand. These are comparable to that 

reported for the imidazole complex [Fe(im)6](ClO4)2 (im = imidazole).
34

 

Table 2.4: Infrared and Raman modes and isotopic shifts of 
12/13

C- K4[Fe(CN)6]·3H2O (a), 

K2[Fe(CN)5NO]·2H2O (b) and Na3[Fe(CN)5en]· 5H2O (c).  

a) K4[Fe
II
(CN)6]·3H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C  

 
    

  calculated (cm
-1

) 

 
12

C 
13

C 
12

C 
13

C IR Raman  

A1g   2092 2047  45 44 

Eg   2064 2019  45 43.3 

Eg   2058 2013  45 43.2 

F1u 2038 1995 2038 1994 43 44 42.8 

   2024     

b) K2[Fe
III

(CN)5NO]·2H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C 

 
    

  calculated 

 
12

C 
13

C 
12

C 
13

C IR Raman  

A1 2174 2127 2171 2125 47 46 45.6 

A1 2162 2115 2159 2113 47 46 45.4 

B1 2158 2110 2153 2108 48 45 45.3 

E 2144 2097 2142 2096 47 46 45 

c) Na3[Fe
II
(CN)5en]· 5H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C  

 
    

  calculated (cm
-1

) 

 
12

C 
13

C 
12

C 
13

C IR Raman  

 2083 2039 2082 2038 44 44 43.7 

 2060 2016 2059 2014 44 45 43.3 

 2038 1994 2038 1994 44 44 42.8 

 2019 1974 2028 1984 43 44 42.4 

In contrast to the FT-IR spectrum of 1, the powder Raman spectrum (λexc 785 nm) is 

relatively simple and is dominated by Raman scattering from the Ph4P
+
 and CN vibrations. 

The imidazole bands are relatively weak but are observed in the 1100-1550 cm
-1

 region. 

The IR and Raman active cyano stretching (vCN) frequencies of 1 are detailed in table 2.5. 

The vCN bands of 1 are at higher frequency (2100-2130 cm
-1

) compared to those of, for 

example 2, as is expected considering the reduced electron density of the Fe
III

 centre of 1 

compared to the Fe
II
 centre of 2 and hence increased σ-donation and reduced the π–

backbonding from the Fe
III

 to the CN
-
 ligands. In the FT-IR spectrum, five IR active cyano 

absorption bands are observed, with three bands being intense; comparable to that of 



 

 

35 

 Solution and Single Crystal Magnetic and Spectroscopic Characterization of Na3[Fe
II
(CN)5en]·5H2O and 

(PPh4)2[Fe
III

(CN)5im]·2H2O 

[Fe
III

(CN)5NO]
2-

.
23

 By contrast in the Raman spectrum of a powdered sample three intense 

and two weaker vCN bands are observed.   

 

 

Figure 2.3: FT-IR-ATR (upper) and Raman (785 nm, lower) spectra of powdered sample of 

(PPh4)2[Fe(CN)5im]·2H2O (1). 

Table 2.5: Cyano bands (cm
-1

) of (PPh4)2[Fe(CN)5im]·2H2O 1 and (PPh4)2[Fe(
13

CN)5im]·2H2O 1b. 

FTIR /cm
-1

  Raman /cm
-1

 

1 1b  1 1b  δ
13

C (calc) /cm
-1

 

2104 vs 2058 vs 2104 w 2058 vw 46 (44) 

2108 vs 2061 sh, vs 2108 vw 2061 vw 47 (44) 

2115 vw 2069 vw 2116 vs 2069 vs 47 (44) 

2122 w 2075 w 2122 vs 2075 vs 47 (44) 

2127 vw 2082 vw 2127 vs 2082 vs 45 (45) 

vs = very strong, s = strong, w = weak, vw = very weak, sh = shoulder. δ
13

C were 

calculated using a two atom oscillator approximation. 
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Figure 2.4: Powder Raman spectra of 1, 1b, 2 and 2b (bottom) in the region between 200 and 

3300 cm
-1

 and (upper) the region between 1960 and 2170 cm
-1

. 

In acetonitrile solution (Figure 2.5), the Raman spectrum of 1 shows a broad band at 2121 

cm
-1 

and a shoulder at 2114 cm
-1

 and an absorption in the infrared at 2107 cm
-1

, in contrast 

to the well-defined spectrum observed for powder samples. Notably, although the 

absorption spectra in solution and solid state are essentially the same, some changes of the 

imidazole bands are observed. This indicates that the structure in the single crystal/powder 

form of 1 is not retained in solution. The change in the CN stretching region around 2100 

cm
-1

 suggests a substantial change in the symmetry of the molecule possibly with a change 

from C2v symmetry in the solid state where the imidazole lies along one of the NC-Fe-NC 

axes to C4v in solution with the imidazole lying in the dihedral plane formed by the two 

NC-Fe-NC axes. By contrast the CN stretching bands in complex 2 are essentially identical 

in aqueous solution and in the solid state (at 2017 and 2047 cm
-1

). 
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Figure 2.5: Raman spectra of 1 as neat powder and as 1 M solution in CH3CN (solvent subtracted) 

and 2 as neat powder and as 1 M solution in H2O. 

In the region 610-400 cm
-1

, the absorption bands characteristic of the Fe
II/III

(CN)5 moiety,
 35

 

are observed. The bands at 622 and 528 cm
-1

 for 1 are assigned to Fe-C stretching and/or 

FeCN bending modes on the basis of 
13

C isotope labeling (see Appendix). 

2.3.3- Polarized Raman single crystal studies. 

A single crystal of (PPh4)2[Fe(CN)5im]·2H2O (1) with dimensions 4.7 mm × 3.6 mm × 0.4 

mm, was used (Figure 2.6). The identification of each of the crystallographic planes with 

respect to the crystallographic axes of the triclinic crystal group was made using X-ray 

diffraction. The (100) plane is orthogonal to the reciprocal a* axis and the (010) plane is 

orthogonal to the reciprocal b* axis as represented in figure 2.7 and figure 2.9, respectively. 

The (010) plane corresponded to the largest face (4.7 × 3.6 mm) of the single crystal used 

and the (100) plane to smallest face (3.6 × 0.4 mm). The c* axis was not perpendicular to 

the medium face of the crystal; therefore this third face presented a mixture of (100) and 

(010) plane characteristics.  
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Figure 2.6: Photo of the single crystal of (PPh4)2[Fe
III

(CN)5im]·2H2O (1) used for polarized 

Raman studies. Each of the reciprocal cell axes are indicated a* (red), b* (green) and c* (blue). 

 

Figure 2.7: Projection of the structure (Ph4P)2[Fe(CN)5im]·2H2O on the plane (010) along the b* 

axis. α indicates the angle quoted below with respect to the a axis at which the excitation light is 

polarized.  

Spectral positions and intensities of the Raman spectra were measured upon rotating the 

single-crystal sample under polarized excitation light. The sample was fixed at the center 

of a goniometer for rotation through angle α. Raman spectra were measured rotating the 

sample through 2π at 10
o
 intervals around a* and b* axes (corresponding to (100) and 

(010) planes, respectively) perpendicular to the direction of polarization of the laser. 

The polarized Raman spectra recorded on the (010) plane of the single crystal, i.e. along 

the b* axis, are shown in figure 2.8. The cyano stretching vibrations are recorded for the 

single crystal at the angles α = nπ/2 and nπ (where n = integer).  

From the spectra, it is apparent that when the a* axis is perpendicular to the direction of 

laser polarization (α = nπ/2), the band at 2122 cm
-1

 is at a maximum intensity whereas the 
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band at 2116 cm
-1

 is not observed. By contrast, the band at 2116 cm
-1

 is most intense and 

the band at 2122 cm
-1

 least intense for α = nπ (a* axis parallel to the direction of laser 

polarization). The intensity of the band at 2128 cm
-1

 varies less upon rotation, nevertheless, 

the intensity is at a maximum with α = nπ/2. In addition the very weak band at 2108 cm
-1

 is 

observed at nπ and the band at 2104 cm
-1

 is entirely absent. Notably the imidazole 

vibrations are completely absent when the direction of polarization is orthogonal to the 

plane of the imidazole rings (i.e. α = nπ/2). The variation of the intensity of bands at 2116 

and 2122 cm
-1

 upon rotating around the b* axis, has a periodicity of π as represented in 

figure 2.8. This indicates that the 2122 cm
-1

 band can be assigned to the axial CN (trans to 

the imidazole) and the bands at 2116 and 2128 cm
-1

 assigned to the equatorial CN
-
 ligands, 

with the band at 2116 cm
-1

 assigned to the CN vibrations orthogonal to the imidazole ring 

(i.e. approximately parallel to the c* axis).  

 

Figure 2.8: Polarized Raman spectra of a single crystal of (Ph4P)2[Fe(CN)5im]·2H2O (1) at 

different angles α = nπ (solid lines) and nπ/2 (dashed lines) (n = integer). Rotation along the b* 

axis. (inset) Relative intensity of the bands at 2116 and 2122 cm
-1

 upon rotating the [010] plane of 

the single crystal under a fixed direction of the polarization for the excitation laser. 

The same analysis was carried out on the crystal upon rotating around the a* axis as shown 

in figure 2.9; the three bands at 2128, 2116 and 2104 cm
-1

 undergo significant intensity 

changes upon rotation in this case. The band at 2122 cm
-1

, is almost entirely absent 

regardless of the angle of rotation, however, the band at lower wavenumber (2104 cm
-1

) 

becomes more intense. Upon rotating the crystal around the corresponding a* axis, the 

variation of the intensity of each of the bands is in such a way that the band at 2104 cm
-1
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remains the least intense band as shown in figure 2.10. In contrast, this band is the most 

intense in the IR spectrum. The bands at 2116 and 2128 cm
-1

 also vary periodically 

however the bands retain significant intensity at all orientations. Similar analysis of the 

third face of the crystal, which is a mixture of (100), (010) and (001) planes, shows all the 

five bands (2128, 2122, 2116, 2108 and 2104 cm
-1

) where their intensity varies upon 

rotating the single crystal relative to an axis perpendicular to that face (Figure 2.11). 

 

Figure 2.9: Projection of the structure (Ph4P)2[Fe(CN)5im]·2H2O on the plane [100] along the a* 

axis.   
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Figure 2.10: Polarized Raman spectra of the single crystal along the a* axis for different 

orientations around the relative to the b* axis: polarization 15
o
 of b* axis (upper spectrum) and 

105
o
 of b* axis (lower spectrum). 

 

Figure 2.11: Selected polarized Raman spectra of the single crystal of 1 along (a) a* axis, (b) b* 

axis and (c) the third face of the crystal showing all five bands with various relative intensities. 
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In summary the polarized Raman spectra on a single crystal indicate that each of the cyano 

stretching bands at 2128, 2122, 2116, 2108 and 2104 cm
-1

 can be assigned to the CN
-
 

ligand trans to the imidazole (2122 cm
-1

), the equatorial CN
-
 ligands orthogonal (2116 and 

2108    cm
-1

) and in the same plane (2122 and 2104 cm
-1

) to the imidazole plane, 

respectively. 

The single crystal structure of the complex (PPh4)2[Fe(CN)5im]·2H2O is a triclinic 

system with the only local symmetry being a center of inversion (i). With regard to the CN 

stretching modes, the most interesting feature is the local symmetry of the [Fe(CN)5im]
2-

 

ion, which is a distorted octahedral structure that can be viewed as either C4v or C2v 

depending on the orientation of the imidazole ring. From the single crystal X-ray structure 

of 1 the imidazole ring lies in the plane formed by the axial CN
-
 and two of the equatorial 

CN
-
 ligands indicating that C2v symmetry is most appropriate. However, the C1N1 and 

C4N4 (which are trans to each other) have C-N bond distances of 1.160 Å and 1.159 Å, 

respectively, and the C2N2 and C5N5 are also in a trans position with a C-N bond distance 

equal to 1.152 Å and 1.160 Å respectively, which indicates that the four CN bonds are 

similar. For C4v symmetry all equatorial CN bonds would be equivalent and hence the 

irreducible representation leads to four Raman active (2A1 + B1 + E) and three IR active 

(2A1 + E) bands. The observation of five IR and Raman active bands confirms that C4v 

symmetry is not appropriate in this case however.  

C2V symmetry predicts a mirror plane containing C2N2, C3N3, C5N5 and the 

imidazole ligand, assuming the absence of significantly different contributions from H-

bonding between the equatorial CN
-
 ligands and the water molecules; the five CN 

stretching modes of [Fe(CN)5im]
2-

 ion in the C2V are 3A1 + B1 + B2; with all modes being 

both Raman and infrared active. The axial CN
-
 (i.e. trans to the imidazole ligand) has one 

vibrational mode A1 associated with it.  

The band at 2122 cm
-1 

is not strongly infrared active and appears with maximum 

intensity when the a* axis is collinear with the direction of polarization of the laser. Hence 

it can be assigned to the CNtrans A1 stretching mode. The bands at 2116 cm
-1

 and 2128 cm
-1

 

are assigned to A1 modes of the equatorial CN
-
 ligands, orthogonal and in the same plane 

of the imidazole, respectively. The bands at 2104 and 2108 cm
-1

 are assigned to the B1 and 

B2 modes of the CNeq and are the strongest bands in the infrared spectrum. The changes 

observed in solution compared with the solid state confirm the change in symmetry to C4v 

and implies that the orientation of the imidazole in the solid state is a consequence of the 
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crystal packing. Indeed, in bimetallic materials based on this building block the imidazole 

orientation has been found to vary considerably.
9
 

2.3.4- UV/Vis absorption spectroscopy 

The electronic absorption spectrum of complex 1 (Figure 2.12) shows two absorption 

bands at 277 and 268 nm, assigned to π  π* transition of the phenyl groups (Ph4P
+
) of 

the counter cation by comparison with the spectrum of Ph4PCl in acetonitrile. The three 

bands at 294, 356 and 410 nm with molar absorptivity of 2.2 × 10
3
, 1.05 × 10

3
 and 1.2 × 

10
3
 M

-1
 cm

-1
, respectively, are in agreement with earlier reports for related [Fe(CN)5im]

2-
 

complexes.
8
 The bands at 294 and 356 nm were assigned to the transitions involving only 

CN
-
 ligands by Shepherd and co-workers.

36
 The band at 410 nm has been assigned by 

Johnson et al.
8d

 as an imidazole based LMCT transition on the basis of the observed 

resonance enhancement of imidazole bands in the Raman spectra recorded at visible 

excitation wavelengths.
37

  

Although ligand field transitions are also expected to occur between 300 and 400 

nm,
38

 the bands around 400 nm wavelength were assigned as a charge transfer transition 

from imidazole to iron(III). These assignments were based on the sensitivity of the 

transition energies to the nature of substituent on the imidazole ligand.
39

 The shoulder at 

450 nm is weak in methanol and is absent in acetonitrile (Figure 2.12). This is in contrast 

to the broad absorption band at 475 nm reported for the other Na2[(CN)5Fe
III

imH]
 
or 

Na3[(CN)5Fe
III

im]
40

 complexes in water and the spectra obtained from solid state diffuse 

reflectance spectroscopy (Figure 2.12). The relative intensity of the shoulder at 450 nm 

compared with the main band at 410 nm band decreases in the order solid state > water > 

methanol > acetonitrile indicating a solvent sensitivity to the transition. This absorption 

band was assigned as charge transfer from imidazole to iron(III) (LMCT),
39

 however the 

solvent dependence and the solid state spectrum of 1 suggests that the hydrogen bonding to 

the CN groups, in particular the axial CN
-
 (trans to the imidazole) may be the controlling 

factor. In the solid state there exists a hydrogen bond between the axial CN
-
 ligand and the 

imidazole N-H of a neighboring molecule. In aprotic solvents, i.e. acetonitrile, such H-

bonding of the cyano ligands is not possible.
41
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Figure 2.12: Left: UV/Vis absorption spectrum of 1 in methanol (solid) and acetonitrile (dashed). 

Right: diffuse reflectance spectrum of 1 in diluted in BaSO4. 

In earlier studies it was noted that resonance enhancement of imidazole bands was not 

observed at 363.5 nm excitation indicating that the band was not imidazole based LMCT in 

origin.
37a

 In the present study the resonance Raman spectrum of 1 in CH3CN at 355 nm 

shows bands at 1588, 1548 and 1001 cm
-1

 assigned to the Ph4P
+
  cation and a strong band 

at 2122 cm
-1

 assigned to the CN stretching modes of 1 (Figure 2.13). This suggests that the 

band at 356 nm is CN � Fe LMCT in origin. 

 

Figure 2.13: Resonance Raman spectrum of 1 in CH3CN (solvent subtracted) (λexc 355 nm). The 

bands at 1588, 1548, 1494, 1098 and 1001 cm
-1

 can be assigned to the Ph4P
+
 ion. 

Addition of base (NaOH) to an acetonitrile solution of the complex results in a red-shifting 

of the band at 410 nm to 445 nm and a new broad band at 630 nm appears as is observed in 
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water (vide infra). It was possible to recover the initial spectrum by adding HNO3 however, 

addition of excess HNO3 resulted in a spectrum similar to that observed in water (Figure 

2.15). The appearance of this new band is comparable to what was reported in the 

literature,
19,23

 and assigned to deprotonation of the imidazole ligand; the two bands are 

assigned to imidazole π charge-transfer transitions. 

2.3.5- Linear dichroism (LD) spectroscopy  

An oriented single crystal of 1 was examined by LD spectroscopy (Figure 2.14). Due to the 

strong absorption of the crystal below 500 nm only the lowest energy electronic transition 

was examinable, which corresponds to the shoulder observed in the diffuse reflectance 

spectra (vide infra) and the absorption spectrum of the single crystal itself. The crystal was 

orientated so that it was rotated with the b* axis collinear to the direction of propagation of 

the monitoring beam. A strong LD signal was observed, which varied periodically with 

orientation orthogonal to the light-path. The band is assigned to an LMCT transition 

involving the imidazole ligand and which is enhance by intermolecular H-bonding between 

the axial cyano ligand and the imidazole N-H (Figure 2.14). The chain formed by this H-

bonding arrangement lies along the b* axis and hence the variation in LD intensity is in 

agreement with the band assignment band. 

 

 

Figure 2.14: Crystal orientation angle dependent LD spectra of a single crystal of 

(Ph4P)2[Fe(CN)5im]·2H2O (1) (at – top to bottom- the angles 50, 100, 150 and 190
o
). The b* axis 

of the crystal was held parallel to the direction of the beam.  
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2.3.6- Magnetic circular dichroism (MCD) spectroscopy. 

The effective magnetic moment of 1 was determined previously to be µeff = (8χMT)
1/2

 = 

1.71 µB, which is typical for low spin Fe
III

 (S=1/2) complexes.
9
 The low spin Fe

III
 state is 

confirmed by MCD spectroscopy with the magnetic field of the value 1.4 T and oriented 

either from S to N or from N to S (N = north, S = South) at room temperature (Figure 

2.15). As for the UV/Vis absorption spectrum, the MCD spectrum shows three main bands 

in the region between 300 and 600 nm. The more intense band centered at 410 nm, the 

medium band at 356 nm and the weakest band at 294 nm with an opposite sign compared 

to the others. Addition of base to an acetonitrile solution of the complex reduces the 

intensity of the bands which contrasts with the increase in intensity observed in the visible 

absorption spectrum. Addition of HNO3 results in the recovery of the initial spectrum with 

an additional shoulder at 450 nm similar to that observed in methanol and aqueous 

solutions. 

 

 

Figure 2.15: MCD spectra (top) and UV/Vis absorption (bottom) of left: 

(Ph4P)2[Fe(CN)5im]·2H2O (1) in acetonitrile, and right: in acetonitrile (thick line), with addition of 

NaOH (dotted line) and HNO3 (thin line).  

In methanol (Figure 2.16), the absorption spectrum is broadened with considerable 

absorption between 450 and 500 nm. The MCD spectrum changes concomitantly, however, 

both UV-Vis absorption and MCD spectra of 1 in methanol are unaffected by addition of 

HNO3. Hence the shoulder in the absorption spectrum is not due to protonation of 1 but 

rather to hydrogen bonding between the solvent and cyano ligands, possibly analogous to 

that observed for single crystals of 1. 
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Figure 2.16: MCD spectra (top) and UV-visible absorption (bottom) of (Ph4P)2[Fe(CN)5im]·2H2O 

(1) in acetonitrile (thick line), plus addition of HNO3 (dashed line) and 1 in MeOH (thin line). The 

magnetic oriented from S to N. 

2.3.7- Electron paramagnetic resonance spectroscopy 

The single crystal X-band EPR spectra of 1 were recorded at 115 K by rotating the single 

crystal around the a, b, c axes of the unit cell. The g-value for 1 was found to be 

anisotropic varying according to the crystal orientation as shown in figure 2.17 with g1, g2 

and g3 equal to 1.723, 2.395 and 2.574, respectively. The parameters g1 and g3 are the 

minimum and the maximum values obtained at the angles π/2 and π/8, respectively (with 

an arbitrary y axis of rotation). The g-factor is maximal in an axial octahedral crystal field 

symmetry; hence g1, g2 and g3 are assigned as gx, gy and gz, respectively, with gz parallel to 

the z axis which is associated with the Fe-N(imidazole) bond in the complex ion. These g-

values are in agreement with those reported for the low spin Fe
III

 complex 

Na2[Fe(CN)5NH3]· 2H2O.
42

 The signal shows unresolved hyperfine splitting at lower field 

(1500 G) ascribed to the short relaxation times of spin-spin mechanisms enhanced by short 

range dipole-dipole (Fe-Fe) interactions.
43
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Figure 2.17: X-band EPR spectra of 1 at 115 K (υ = 9.509909 GHz): (left) rotation around y axis, 

( ) π/2 and (  ) π/8; (right) rotation around x axis, ( ) π/2 and ( ) π. 

2.3.8-
 57

Fe Mössbauer spectroscopy 

57
Fe Mössbauer spectra of Na3[Fe

II
(CN)5en]·5H2O (2) and (PPh4)2[Fe

III
(CN)5(im)]

.
2H2O 

(1) at 80 K and at 293 K are shown in figure 2.18. The values for the Mössbauer 

parameters were obtained by least-squares fitting of the spectra. An isomer shift of δ = -

0.003(2) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 3.035(4) mm.s
-1

 at 80 K and an isomer 

shift δ = -0.076(2) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 2.676(4) mm.s
-1

 at 293 K are 

observed. Overall, these data are in agreement with magnetic and structural data. In 

particular, the large and temperature dependent value of ∆ΕQ together with the low isomer 

shift value are typical of low spin Fe
III

. The quadrupole splitting values of this compound 

are however higher than the theoretical upper limit value 2.54 mm/s for (CN)5FeL
2-

 

complexes, as predicted by Golding.
44

 With other counterions, for example, 

Ca[Fe
III

(CN)5im] and Zn[Fe
III

(CN)5im] ∆ΕQ = 2.35 and 2.40 mm.s
-1

 are observed, 

respectively.
45

 ∆ΕQ is also sensitive to the nature of the countercation and the higher ∆ΕQ 

value of 1 could be due to the large counter-ion (tetraphenylphosphonium ion).  

At 80 and 293 K the Mössbauer spectra of compound 2 are almost identical and the 

signal corresponds to a quadrupolar doublet. The parameters found at 80 K are an isomer 

shift δ = 0.0868(6) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 0.665(1) mm.s
-1

 whereas at 

293 K these parameters are for isomer shift δ = 0.0142(7) mm.s
-1

 and a quadrupole 

splitting ∆ΕQ = 0.675(2) mm.s
-1

. These parameters are typical of low spin Fe(II) especially 

the (relatively) small and temperature-independent quadrupole splitting value. 
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Figure 2.18:  
57

Fe Mössbauer spectra of 1 (left) and 2 (right). 

2.4- Conclusion 

In this chapter the electronic and vibrational properties of the complex 

(PPh4)2[Fe
III

(CN)5im]·2H2O (1) are described and compared with data obtained for the 

complex in protic and aprotic solvents. A key finding of importance to the use of 1 as a 

building block in bimetallic magnetic materials is the role played by the hydrogen bonding 

to the cyano ligands as well as steric factors imposed by the crystal lattice in determining 

the specific electronic and magnetic properties of 1. The use of a bulky counterion (Ph4P
+
) 

allows for a reduction in the intermolecular interactions between the cyano complexes in 

the solid state which is seen in the Mössbauer spectra where the quadrupole splitting is the 

highest observed thus far for the [Fe
III

(CN)5im]
2-

 unit. The detailed analysis of the 

vibrational spectra of 1 together with 
13

C isotope labeling is expected to be of considerable 

value in the study of magnetic materials built from the [Fe
III

(CN)5im]
2-

 for which single 

crystal X-ray data is not available. Furthermore the role of hydrogen bonding to the CN
-
 

ligands should not be underestimated as a controlling factor in determining the properties 

of the Fe-imidazole building block. 
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CHAPTER 3 

Spectroscopic and Magnetic Properties of a 

Series of µµµµ-Cyano Bridged Bimetallic 

Compounds of the Type MII-NC-FeIII (M = Mn, Co 

and Zn) Using the Building-Block 

[FeIII(CN)5im]2- 

 

Many Prussian Blue Analogues (PBAs) have been studied and most are reported to 

crystallize in a three-dimensional network. In this chapter, new heterobimetallic solid state 

materials of the type M
II
-NC-Fe

III
 (M

II
 = Mn, Co and Zn) are prepared by using the 

[Fe
III

(CN)5im]
2-

 moiety as a building block. As determined by the single crystal X-ray 

diffractometry, the systems Co/Fe and Mn/Fe present a two-dimensional structure in 

contrast to the more usual Prussian Blue derivatives. SQUID magnetometry was used to 

study the magnetic properties of these compounds. The Co/Fe systems show 

ferromagnetic behavior with an ordering temperature at 25 K, which is higher than the 

corresponding PBAs Cox[Fe(CN)6]y·zH2O.  

 

This chapter is based on the results published in: Tchouka, H.; Meetsma, A.; Browne, W. 

R., Inorg. Chem., 2010, 49, 10557. 
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3.1- Introduction 

The strong σ-donor properties and its ability to coordinate via the C or N atom or both 

has placed the cyano ligand (CN
-
) centrally in the preparation of ligand bridged 

multimetallic complexes. This is especially the case for Prussian Blue analogues where a 

mixing of a hydrated transition metal ion, e.g. [M(H2O)]
p+

, with hexacyanoferrate ions 

[Fe(CN)6]
n-

 have provided bimetallic compounds of the type Mx[Fe(CN)6]y·zH2O (where 

M is a transition metal); the so-called Prussian Blue Analogs (PBAs).
1
 Importantly the 

short internuclear separation provided for by the CN
-
 allows for such bimetallic systems to 

exhibit magnetic and optical properties not observed in the individual components. 

Bimetallic complexes in particular are of special interest for their electro- and opto-

magnetic
2
 properties because of their potential application in information storage and 

quantum computing. However, the study of such systems has been hampered by the 

insolubility of such compounds and the difficulty encountered in obtaining single-

crystalline material suitable for X-ray structure determination.  

The physical behavior of the PBAs was shown to be influenced by the degree of defects 

in their structure. These defects can be controlled by the proportion and/or type of alkali 

cation employed
3,4

 during preparation.
5
 The [Fe(CN)6]

3-
 paradigm can also be extended 

through use of a substituted cyanoferrate complex
6
 as building block. In addition to tuning 

the molecular properties, this also results in changes to the structural properties of the 

bimetallic material formed. The dimensionality of these bimetallic systems can be tuned 

further by adding a multidentate ligand to the system.
7,8

 To date, the substituted 

pentacyanoferrate complex of the type [Fe(CN)5L]
n-

 that has seen most widespread use is 

sodium nitroprusside (Na2[Fe(CN)5NO]·2H2O), not least because the photoirradiation
9
 of 

this anion has been shown to enhance the magnetization of the nickel nitroprusside 

complex (Ni[Fe(CN)5NO]·5.3H2O).
10

 

The complex Li2[Fe
III

(CN)5im], in which the Fe(III) ion is coordinated by five cyano 

ligands and one of the nitrogen atoms of the imidazole ligand is a potential alternative to 

nitroprusside. In this chapter the [Fe(CN)5im]
2-

 ion (im = imidazole) (Figure 3.1) is 

employed as a building block in the preparation of a new series of bimetallic compounds in 

which the cyano ligands form bridges between the metal centers. The presence of the 
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imidazole ligand in the structure can influence the bimetallic compounds formed in terms 

of their general properties compared to the corresponding PBAs. 

The new cyanide-bridged bimetallic materials of the type M
II
[Fe

III
(CN)5im]·xH2O (M = 

Mn, Co and Zn) formed were characterized by single crystal X-ray diffraction, vibrational 

and electronic spectroscopy and by magnetic methods. This series of compounds provides 

detailed information on the structure of such bimetallic systems and allows for correlations 

between structure, magnetic and spectroscopic properties to be drawn. 

 

Figure 3.1: Molecular structure of the [Fe(CN)5im]
2-

 building block. 

3.2- Experimental Section 

3.2.1- Synthesis 

Material: Chemicals were used as received unless stated otherwise. Li2[Fe(CN)5im]·5H2O 

was prepared by metathesis of (PPh4)2[Fe(CN)5im]·5H2O with LiClO4 in acetonitrile. 

Caution: Perchlorate salts are potentially explosive. Only small quantities should be 

prepared and must be handled with suitable protective safeguards. 

Sources of HCN should be treated with care and used in small quantities. Contact with 

acids should be avoided. 

(PPh4)2[Fe(CN)5im]·2H2O was synthesized as described in chapter 2. 

Preparation of bimetallic materials 

Co(H2O)2[Fe(CN)5im]·2H2O (1). 

1 was obtained by slow diffusion between two test tubes (a small test tube placed within 

a larger test tube) of an aqueous solution of the Li2[Fe(CN)5im] (100 mg) in the inner test 

tube and an aqueous solution CoCl2·6H2O (100 mg) in the larger test tube. The solution 

was heated at 42 
o
C and allowed to stand in the dark. Dark red block crystals of 1 were 



 

 

56 

 Chapter 3 

collected after two weeks (yield 30 mg). Anal. Calc. for C8H8CoFeN7O2·2H2O (1): C, 

24.96%; H, 3.14%; N, 25.47%. Found: C, 25.61%; H, 2.85%; N, 25.52%. Desolvated 

samples were prepared by heating 10 mg at 90 
o
C of 1 for 18 h under vacuum. The mass 

loss (10-15%) is consistent with the loss of the water of crystallization. 

Mn(CH3OH)2[Fe(CN)5im] (2) 

The preparation of complex 2 was carried out using a procedure similar to that used for 

1. 2 mL of an aqueous solution of Mn(NO3)2·4H2O (100 mg) and 2 mL of an aqueous 

solution of Li2[Fe(CN)5im] (100 mg) were each gently layered on opposite sides of a H 

tube initially filled with 12 mL of methanol. The solution was maintained at 42 
o
C. Dark 

red crystals of 2 were collected after two weeks (yield 97 mg). Anal. Calc. for 

C10H12MnFeN7O2 (2): C, 32.20%; H, 3.24%; N, 26.28%. Found: C, 31.95%; H, 2.88%; N, 

26.42%. 

Zn[Fe(CN)5im]·H2O (3) 

The preparation of 3 was carried out as described for 1 except that ZnCl2·6H2O (100 mg) 

was used in place of CoCl2·6H2O. Dark red crystals (3) were collected after one week 

(yield 110 mg). Anal. Calc. for C8H4ZnFeN7·0.54H2O (3): C, 28.48%; H, 1.79%; N, 

29.06%. Found: C, 28.81%; H, 1.54%; N, 29.05%. 

Mn(bpy)[Fe(CN)5im]·H2O (4) 

3 mL of an aqueous solution containing MnCl2·4H2O (30 mg) and 2,2’-bipyridine (24 

mg) was layered gently at the bottom of a test tube; 2 mL of water was added as a second 

layer and a third layer of 4 mL of an ethanolic solution of (Ph4P)2[Fe(CN)5im]·5H2O was 

carefully layered over the second layer. The solution was allowed to stand and red brown 

platelet crystals of 4 were collected after 2 weeks (yield 90 mg). Anal. Calc. for 

C18H12MnFeN9·H2O (4): C, 44.75%; H, 2.92%; N, 26.09%. Found: C, 44.10%; H, 2.53%; 

N, 25.87%. 

3.2.2- Instrumentation 

IR spectra were recorded on a Perkin-Elmer spectrum 400 FT-IR equipped with a UATR 

accessory and MCT liquid N2 cooled detector in the range between 4000 and 400 cm
-1

. 

Raman spectra were recorded using a Perkin Elmer Raman Station 400 on samples 

suspended in paraffin oil to minimize sample heating. UV/Vis-NIR absorption spectra 

were recorded on a JASCO V-570 UV/Vis-NIR spectrophotometer equipped with an 

integrating sphere for diffuse reflectance measurements. Samples were diluted in BaSO4. 
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Magnetic susceptibility measurements under an applied field of 100 G were carried out 

using a Quantum Design SQUID magnetometer in the temperature range 2-300 K. 

Magnetization versus magnetic field measurements were carried out for 1 and 2 at 2 K and 

5 K in the field range of -10000 to 10000 Oe (~-10000 to 10000 G), respectively. 

Diamagnetic corrections of the constituent atoms were applied to the empirical magnetic 

data of all samples. In all cases batches of small crystals were employed to remove effects 

of crystal orientation. 

X-ray crystallographic data. 

All refinement calculations and graphics were performed on a HP XW6200 (Intel XEON 

3.2 Ghz) / Debian-Linux computer with the program packages SHELXL (least-square 

refinements).
11

 Crystals were mounted on glass fibers and cooled to 100(1) K using a 

Bruker KRYOFLEX low-temperature device. Intensity measurements were performed 

using graphite monochromated Mo-Kα  radiation source (λ = 0.71073 Å) from a sealed 

ceramic diffraction tube (SIEMENS). Crystal fragments, cut to size to fit in the 

homogeneous part were mounted on top of a glass fiber and aligned on a Bruker
12

 SMART 

APEX CCD diffractometer. The crystal was cooled to 100(1) K using the Bruker 

KRYOFLEX. The unit cell
13

 was identified as triclinic, space group Imma, P212121, Pnma, 

Pnma, for 1, 2, 3 and 4 respectively. The E-statistics were indicative of a centrosymmetric 

space group.
14 

Reduced cell calculations did not indicate higher metric lattice symmetry.
15

 

Examination of the final atomic coordinates of the structure did not yield extra 

crystallographic or metric symmetry elements.
16,17

 The unit cell
13

 was identified as 

orthorhombic for all four complexes. The overall data collection time was 7.8 h for 1, 3 

and 4 and 17.9 h for compound 2. The crystal used in the experiment for compound 2 

diffracted weakly, hence a 30.0 s exposure time for each image was employed. The 

structures were solved by Patterson methods
18

 and extension of the model was 

accomplished by direct methods applied to difference structure factors using the program 

DIRDIF-08. Final refinement on F
2
 carried out by full-matrix least-squares techniques. 

The positional and (an)isotropic displacement parameters for the non-hydrogen atoms were 

refined on F
2
 with full-matrix least-squares procedures minimizing the function Q = 

∑h[w(│(Fo
2
) - k(Fc

2
)│)

2
], where w = 1/[σ

2
(Fo

2
) + (aP)

2 
+ bP], P = [max(Fo

2
,0) + 2Fc

2
] / 3, 

F0 and Fc are the observed and calculated structure factor amplitudes, respectively. Apart 

from the hydrogen of solvate water molecules in 3 which were not detected, the hydrogen 

atoms were generated by geometrical considerations with an isotropic displacement 
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parameter. Crystal data and numerical details on data collection and refinement for 1, 2, 3 

and 4 are summarized in table 3.1. Selected bond distances and angles are provided as 

supporting online information. 

Table 3.1 : Crystallographic data for Co(H2O)2[Fe(CN)5im]·2H2O (1), Mn(CH3OH)2[Fe(CN)5im] 

(2), Zn[Fe(CN)5im]·H2O (3) and Mn(bpy)[Fe(CN)5im]·H2O (4) 

 1 2 3 4 

formula C8H8CoFeN7O2.2(H2O) C10H12FeMnN7O2 C8H4FeN7Zn.0.54(H2O) C18H12FeMnN9.H2O 

molecular weight, g.mol-1  385.03 373.03 328.13 483.17  

crystal system orthorhombic  orthorhombic  orthorhombic  orthorhombic  

temperature, K 100(1) 100(1) 100(1) 100(1) 

space group Imma,  74     P212121,  19     Pnma,  62     Pnma,  62     

a, Å 7.3558(10) 7.385(5) 13.783(2) 13.192(3) 

b, Å 14.627(2) 13.767(9) 7.1672(11) 7.2242(16) 

c, Å 14.909(2) 14.895(10) 12.599(2) 22.294(5) 

V, Å3 1604.1(4) 1514.4(18) 1244.6(3) 2124.7(8) 

ρcalc, g.cm-3 1.594 1.636 1.747 1.511 

Z 4 4 4 4 

Θ range unit cell: min.-max., deg 2.73  -  29.04  2.73  -  21.81 2.96  -  27.44  2.96  -  25.18  

reflections 2099 444 3238 2654 

 λ, Å 0.71073 0.71073 0.71073 0.71073 

spaceGroup_Z 16 4 8 8 

F(000), electrons 776 752 644 976 

µ, cm-1 19.62 18.05 30.85 13.06 

color, habit red, block  red, block  red, octahedron    red, platelet   

approx. crystal  0.29 x 0.25 x 0.15 0.17 x 0.15 x 0.12 0.39 x 0.23 x 0.15 0.23 x 0.11 x 0.04 

dimension, mm     

Θ; min. max, deg 2.73,  27.09 2.73,  21.72 2.96,  26.36 2.96,  25.02 

index ranges  -9≤ h ≤9; -18≤ k ≤18;    -7≤ h ≤7; -14≤ k   -15≤ h ≤17; -8 ≤ k ≤8;     -15 ≤ h ≤15; -8 ≤ k  

 -17 ≤ l ≤19 ≤14;  -15 ≤ l ≤15 -15 ≤ l ≤15 ≤ 8;   -26 ≤ l ≤ 26 

GooF  1.135 1.122 1.063 1.071 

R(F) 0.0433 0.0705 0.0279 0.0429 

wR(F2) 0.1186 0.1768 0.0751 0.1159 

largest diff, peak and hole, 

e/Å3 

-0.38, 2.14(14) -0.6, 1.7(3) -0.32, 0.83(9) -0.41, 0.67(9) 

3.3- Results and discussions 

3.3.1- Description of the structures 1-4 

Single crystals of materials 1-4 were obtained in general by slow diffusion of solvents. 

For each complex several approaches to crystallization were attempted until crystals 

suitable for X-ray diffraction analysis were obtained. 
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3.3.1.1- Structure of Co(H2O)2[Fe(CN)5im].2H2O (1) 

Co(H2O)2[Fe(CN)5im]·2H2O (1) crystallizes in the orthorhombic space group Imma with 

four formula units in the unit cell (Figure 3.2). The structure of 1 is made up of neutral 

dinuclear entities of the formula [Co
II
(H2O)2(Fe

III
(CN)5im)]. The unit [Fe

III
(CN)5im]

2-
 acts 

as a monodentate ligand to four trans-diaquacobalt(II) units through its four cyanide 

groups in equatorial positions; the axial cyanide ligand does not act as a bridging ligand. 

This leads to a two-dimensional system with basic square [Co2Fe2(CN)4] structural motifs 

running parallel along the a and b axes. This is different to that reported for 

Co[Fe(CN)5NO],
19

 which crystallizes in a face-centered space group forming a three 

dimensional network with all five cyanide ligands acting as bridges between iron and 

cobalt ions; and with the cobalt coordinated to one water molecule.  

The averages of N-Co and O-Co distances in 1 are 2.107(2) and 2.119(9) Å respectively, 

forming a bipyramidal shape with the N-Co bond constituting the planar base. The Fe ion 

is coordinated to cyanide ligands and one N atom from the imidazole ligand. The Fe-N 

bond (1.958(5) Å) with the imidazole is affected by π–back bonding, which results in 

shortening by 0.032 Å of the Fe-Ctrans bond (from the CN
-
 situated trans to the imidazole) 

compared to the other Fe-Ceq bonds (1.951(3) Å). This leads to the distortion of the 

octahedral arrangement around the Fe ions, with the iron center located above the plane of 

the equatorial cyano ligands towards the imidazole (N-Fe-Ceq > 90
o
, Ceq-Fe-Ctrans < 90

o
). 

The presence of two different types of octahedra around the Fe and Co cations, 

respectively, results in a serpentine arrangement of the crystal lattice (Figure 3.3). The 

serpentine appearance of the structure is also due to the deviation in planarity which is 

associated with the divergence of the Co-N-C angle from 180
o 

(178.8(2)
o
) compared to that 

of the N-Ceq-Fe angle (177.7(3)
o
).  

The interlayer is occupied by overlapping imidazole ligands from each plane along the a 

axis and by water molecules. The interplanar imidazole-imidazole distance is 3.683 Å. The 

intramolecular Fe-Co distance through the cyano bridges is 5.201(1) Å, whereas the 

shortest interlayer metal-metal distances are 7.725(2) Å for Fe…Fe, 8.312(2) Å for 

Co…Co and 7.957 Å and 8.312(2) Å for Fe…Co. Adjacent layers are connected through 

hydrogen bonds, yielding a quasi-3D network; i.e. hydrogen bonding between interlayer 

water molecules and the non-bridging trans-cyanide of Fe ion of one layer and nitrogen of 

the imidazole ligand, as shown in figure 3.4. The H-bond distances are 2.806(3) for 

OCo…OH2O, 3.032(9) Å for OCo…Nim and 2.999(4) Å for OH2O-NCNtrans. 
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Figure 3.2: Structure of 1. Thermal ellipsoids are drawn at 50% probability level. 

 
Figure 3.3: Extended crystal structure of 1 with view (left) onto the 2-D layers and (right) stacking 

along the a axis.  

 
Figure 3.4: Fragment of the structure of 1 showing the network on hydrogen bonding (dotted lines) 

between coordinated water molecules (on the Co cation), water molecules of crystallization, the 

trans-cyanide of Fe and N of imidazole. 
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3.3.1.2- Structure of Mn(CH3OH)2[Fe(CN)5im] (2). 

The complex Mn(CH3OH)2[Fe(CN)5im] crystallizes in the orthorhombic space group 

P212121 with four formula units in the unit cell (Figure 3.5). An extended two-dimensional 

neutral network is formed by cyclic tetrameric [-Mn-NC-Fe-]2 units with Fe and Mn atoms 

at the corners of a deformed square grid along the ab plan (Figure 3.6). This is in contrast 

to Mn[Fe(CN)5NO]·xH2O, which although it has been reported to crystallize in either 

monoclinic
20

 or orthorhombic
21

 space group, shows a three dimensional network structure 

with all the five cyanide bridging the manganese and iron ions. In 2, the [Fe(CN)5im]
2-

 

anions are connected to four Mn(CH3OH)2
2+

 cations through the four equatorial CN
-
 

ligands, while Mn(CH3OH)2
2+

 cations are coordinated to four [Fe(CN)5im]
2-

 anions 

through the nitrogen atom of the equatorial CN
-
 ligands. The [Fe(CN)5im]

2- 
ions exhibit a 

distorted octahedral configuration of ligands around the iron with the four symmetrically 

equivalent equatorial bridging CN
-
 ligands, slightly bent towards the axial cyanide 

(opposite to the imidazole group). The average Fe-C and Fe-N bond lengths are 1.937(17) 

and 1.958(8) Å respectively. 

The Mn
II
 ion is in an octahedral environment coordinated to four equatorial cyanides via 

the nitrogen and to two axial oxygen atoms from methanol with average Mn-N and Mn-O 

bond distances of 2.203(13) and 2.20(4) Å, respectively. Due to the non-planarity (Figure 

3.6) of the structure the metal-metal (Mn…Fe) bond intralayer distances are irregular and 

vary between 5.006(4) Å and 5.288(15) Å and distances of 7.532(6) Å (Fe..Fe) and 

8.818(7) Å (Mn..Mn) between two adjacent layers. 

 

Figure 3.5: Structure of 2.Thermal ellipsoids are drawn at 50% probability level. 
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Figure 3.6: Perspective view for 2 along the a axis.  

3.3.1.3- Structure of Zn[Fe(CN)5im]·H2O (3). 

Zn[Fe(CN)5im]·H2O crystallizes in the orthorhombic space group Pnma with four formula 

units in the unit cell (Figure 3.7). X-ray crystallographic analysis reveals that 3 is 

composed of a 3D coordination network (Figure 3.8). The view along the b axis shows 

formation of an irregular basic square with a Zn2Fe2(CN)4 structural motif. The N-Zn-N 

(86.20(8) and 88.56(8) 
o
) and C-Fe-C (92 

o
) angles form a distorted square. The 

[Fe(CN)5im]
2-

 unit is a distorted octahedral complex
 
with an Fe-N bond distance being 

1.966(3) Å and Fe-Ctrans equal to 1.919(4) Å, which is shorter than the other Fe-Ceq bond 

distances (1.942(2) Å). The [Fe(CN)5im]
2-

 moiety acts as a penta-monodentate ligand 

toward the zinc atoms through its five cyanide ligands. The zinc atom is pentacoordinated 

by five cyano nitrogens. The irregular value of Zn-N-C angles (155.7(3), 174.4(2) and 

175.7(2) 
o
) results in a distorted ZnN5 square pyramidal structure around the Zn atom. The 

values of the metal-metal Fe….Zn bond distances are 4.97(1) Å through the axial CN
-
, 

5.135(1) Å and 5.836(1) Å through the equatorial CN
-
 which are comparable with that 

reported for Zn
II
[Fe

III
(CN)4phenanthroline]·4H2O (5.132 and 5.187 Å).

22
 Two nitrogens in 

the longest edges of the tetranuclear unit form hydrogen bonds with water molecules.  
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Figure 3.7: Structure of the Zn[Fe(CN)5im]·H2O (3). Thermal ellipsoids are drawn at 50% 

probability level. 

 

 

Figure 3.8: Perspective view of 3 along the b axis. 

3.3.1.4- Structure of Mn(bpy)[Fe(CN)5im]·H2O (4) 

Mn(bpy)[Fe(CN)5im]·H2O crystallizes in the orthorhombic space group Pnma with four 

formula units in the unit cell. The structure of 4 comprises of one central [Fe(CN)5im]
2-

 

anion linked to four Mn(bpy)
2+

 cations through its four equatorial CN
-
 ligands forming an 

extended two dimensional network along the a and b axis (Figure 3.9). The network system 
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is formed by cyclic [-Mn-CN-Fe-]2 units of deformed square grids with metal atoms at the 

corners. The Fe site exhibits a distorted octahedral geometry. The average Fe-Ctrans bond 

distances are 1.9440(15) Å whereas Fe-Cax is 1.927(6) Å is shorter due it being trans to the 

imidazole ligand. The Fe-N bond distance is 1.969(4) Å. The Mn ion is bonded to four 

equatorial CN
-
 via N and to the two N of the bipyridine ligand with average bond lengths 

of 2.221(4) and 2.30(4) Å, respectively. The environment around the Mn ion is a distorted 

octahedral, with the four N of the CN
-
 resulting in a sinusoidal shape to the layers with 

Mn-N2-C2 157.6(2) and Mn-N3-C3 163.2(3) 
o
 (Figure 3.10). The Fe…Mn distance is 

5.1930(14) Å. 

The deformed planes are antiparallel to each other and the neighboring sheets overlap 

along the b-axis via the bipyridine ligands which are separated by 3.66 Å. The intrachain 

metal-metal separations through the bridging CN
-
 ligand are 5.193-5.298 Å. The shortest 

interlayer separation of the two adjacent metal cations (Mn..Mn) is 8.738(2) Å whereas the 

longest separation is 11.719 Å (Fe…Fe). 

 

Figure 3.9: Structure of the Mn(bpy)[Fe(CN)5im]·H2O (4). Thermal ellipsoids are drawn at 50% 

probability level. 
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Figure 3.10: Perspective view of 4 along the b axis. 

3.3.2- FT-IR and Raman spectroscopy 

The FT-IR and Raman spectra of complexes recorded in the 4000-500 cm
-1

 range are 

shown in figure 3.11. Their spectra show the bands of the imidazole ligand at 3364 cm
-1

 

(υN-H), 3145 cm
-1

 (υC-H); 1539, 1507, 1428, 1323, 1178 and 1064 cm
-1

 (υring); 1260 cm
-1

 

(δN-H); 1120 cm
-1

 and 1098 cm
-1

 (δC-H) and 756 cm
-1

 (γC-H), which are comparable to that 

reported for imidazole complexes of the type [M(imH)6](NO3) and [M(imH)6](ClO4)2 (M = 

Co
2+

, Ni
2+

, Fe
2+

 and Zn
2+

).
23

 The bridging by the CN
-
 ligands in the mixed metal systems 

presented here are confirmed by variation observed in the CN stretching frequencies in the 

range of 2200-2000 cm
-1 

(Table 3.2).
24

 In the FT-IR spectra of the complexes, absorptions 

are observed at 2153 and 2115 cm
-1

 (1), 2145 and 2075 cm
-1

 (2), 2167 cm
-1

 (3), and 2146 

and 2116 cm
-1

 (4). Overall the absorptions are at higher wavenumbers than the cyano 

stretching vibrations of (Ph4P)2[Fe(CN)5im]·2H2O (2104 and 2122 cm
-1

). The higher 

frequencies of υCN that appear at 2153, 2145, 2167 and 2146 cm
-1

 for complexes 1, 2, 3 and 

4, respectively, are assigned to the stretching vibration of the equatorial CN
-
 ligands that 

form the M-CN-M’ bridges. Since the CN stretching frequencies of these CN groups 

depend on the electronegativity, crystal field stability, oxidation number and the 

coordination number of the metal ion,
25,26

 then υCN of Fe
III

-CN-Zn
II
 > υCN of Fe

III
-CN-Co

II
 

> υCN of Fe
III

-CN-Mn
II
 > υCN of Fe

III
-CN. The frequencies at 2115 cm

-1
 (1) and 2116 cm

-1 



 

 

66 

 Chapter 3 

(4) are assigned as the non-bridging CN stretching vibration by comparison with the 

complex (PPh4)2[Fe(CN)5im]·2H2O. 

 

Figure 3.11: ATR-FT-IR (upper) and Raman (λexc 785 nm, lower) spectra of the CN stretching 

region (left) and full spectrum (right) for 1-4 and Li2[Fe(CN)5im]. 

The trends observed in the FT-IR absorption spectra are observed also in the powder 

Raman spectra of the materials. In all cases the Raman CN bands are at higher 

wavenumber than that of the parent complex (Ph4P)2[Fe(CN)5im]·2H2O, and are much less 

well-defined. This is expected since the bulky PPh4
+
 cations serve to isolate the 

[Fe(CN)5im]
2-

 core. Furthermore, for all the bimetallic materials, the imidazole is oriented 

with its plane bisecting the x/y plane formed by the equatorial cyano ligands resulting in 

pseudo C4v local symmetry. For the corresponding PPh4
+
 salt of [Fe(CN)5im]

2-
, the 
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imidazole is oriented such that the plan is coincident with the x/z molecular axis (and 

hence has C2v local symmetry). For 4, additional bands are observed corresponding to the 

2-2’-bipyridine ligand coordinated to the manganese center.  

Table 3.2: FT-IR and Raman CN stretching bands (cm
-1

) 

 FTIR Raman 

1 (CoFe) 2151, 2145(sh), 2076 2169, 2151(sh) 

2 (MnFe) 2143, 2070 2163, 2141 (sh) 

3 (ZnFe) 2165, 2094 2186, 2168 

4 (Mn(bpy)2Fe) 2145, 2128, 2116, 2053 2160, 2116 

5 (LiFe) 2138(sh), 2129 2150 

(PPh4)2[Fe(CN)5im] 2129, 2121, 2104 2128, 2122, 2116, 2108 

3.3.3- UV/vis-NIR spectroscopy 

The UV/vis-NIR diffuse reflectance spectra of all compounds as intimate mixtures in 

BaSO4 are shown in figure 3.12. (Ph4P)2[Fe(CN)5im]·2H2O shows absorption bands in the 

solid state with maxima at 268, 356, 415 nm and a shoulder at 528 nm. In the NIR region 

(1400-2500 nm) overtone IR absorption bands of cyano and PPh4 moieties are observed. 

The absorption at ca. 400 nm is assigned as a LMCT band of the [Fe(CN)5im]
2-

 by 

comparison with the solution spectrum of the complex. The spectra of the bimetallic 

complexes all show an absorption band at longer wavelength compared to the 

(Ph4P)2[Fe(CN)5im]·2H2O. In the visible region, a broad intense band is centered at ca. 645 

nm for 1, 2 and 3 and at 580 nm for 4. For 4 an additional band at 302 nm (not shown) is 

assigned to the π−π* transition of the bipyridine ligands. The band at 645 nm is assigned to 

a LMCT transition of the [Fe(CN)5im]
2-

 and the shift to longer wavelength is attributed to 

stabilization of the Fe(III) d-orbitals due to the weakening of the σ-donor properties of the 

CN
-
 ligands.  

An additional weaker absorption in the near-red is observed for 1 and 3. This band 

is absent in the spectra of the manganese complexes 2 and 4. The observation of a near IR 

absorption band for the Zn(II) complex as well as the Co(II) complex suggests that this 

band is not a intervalence charge transfer band. The red-shift in the main visible absorption 

band and the appearance of a weaker longer wavelength absorption is reminiscent of the 

absorption spectrum of [Fe(CN)5im]
2-

 under basic conditions (i.e. a deprotonated 

imidazolato ligand) and reflects the stabilization of the Fe(III) d-orbitals by reduction in 

the σ-donor strength of the cyano ligands that form the intermetal bridges. 
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Figure 3.12: UV/Vis-NIR diffuse reflectance spectra of powdered samples diluted in BaSO4 

3.3.4- Magnetic properties 

Magnetic properties of (PPh4)2[Fe(CN)5im], 1, 2, 3 and 4.  

The magnetic properties were investigated by temperature dependent magnetic 

susceptibility measurements in the range of 2-300 K under an applied field of H = 100 Oe. 

In addition, field dependent magnetization was determined at 2 K for 1 and 5 K for 2.  

3.3.4.1- Magnetic properties of (PPh4)2[Fe(CN)5im] 

The magnitude of χMT of (PPh4)2[Fe(CN)5im], was determined between 5 K and 300 K 

(Figure 3.13) and remains constant throughout. The effective magnetic moment was 

determined to be µeff = (8χMT)
1/2

 = 1.71 µB, which is typical for low spin Fe
III

 (S=1/2) 

complexes. 

 

Figure 3.13: Temperature dependence of χMT of (PPh4)2[Fe(CN)5im]·2H2O 
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3.3.4.2- Magnetic properties of 1 

Figure 3.14 shows the temperature dependence of field-cooled and the zero-field-cooled 

magnetization M(T)FC and M(T)ZFC, respectively, for 1 under an applied field of 100 Oe. 

The curves show a rapid increase at an ordering temperature of 25 K indicative of a 

magnetic transition. This ordering temperature is higher than that reported so far for Co
II
-

Fe
III

 complexes of the type AxCoy[Fe(CN)6]z·nH2O (between 0-16 K) where A is an alkali 

metal ion.
27

 The temperature dependence of the magnetic susceptibility χMT(T) as well as 

χ-1
 (T) plots are shown in Figure 3.15. The χMT value at 300 K is 3.22 cm

3
·K·mol

-1 
(µeff = 

5.07 µß) that is comparable to the theoretical value 3.00 cm
3
·K·mol

-1 
(µeff = 4.9 µß) for a 

ferromagnetic coupling between one Co
II
 high-spin and one Fe

III
 low-spin center. Upon 

cooling χMT remains constant until 25 K where it suddenly increases to reach a maximum 

value of 1445 cm
3
 K mol

-1 
(µeff = 107.51 µß) at 18 K and then decreases to 97.08 

cm
3
·K·mol

-1 
(µeff = 27.86 µß) at 2 K. This is in accord with the Curie-Weiss Law plot 

(based on 1/χΜ = C(Τ − θ)) in the temperature range of 45-300 K, where a straight line 

with a positive Weiss constant of θ = + 15.33 K can be fit. The ferromagnetic behavior 

may be enhanced by the orthogonality of the half filled orbitals of Fe
III

 ((t2g)
1
) and Co

II
 

((eg)
2
).

28
 The decrease of χMT below 18 K is assigned to an antiferromagnetic interlayer 

interaction since the interlayer distance (7.6 - 8.3 Å) is less than 10 Å.
29

 

The field dependent magnetization performed on 1 at 2 K (Figure 3.16) shows 

ferromagnetic behavior. 1 reaches a saturation value of magnetization (3.21 Nµß) close to 

the theoretical value 4 Nµß for a bimetallic system of high-spin Co(II) and low-spin Fe(III). 

This is compatible with the parallel alignment of the interacting spins. The spectrum 

presents a hysteresis loop at 2 K with a coercive field (Hc) and a remnant magnetization 

(Mr) of 81 Oe and 2.81 Nµß, respectively. The high ordering temperature may be assigned 

to the dimensionality of the material, which facilitates cooperativity between metal centers 

along the planes compared to other reported Co/Fe bimetallics that crystallize as 3D 

systems in which defects in the structure serve to interrupt the cooperativity between metal 

centers. On the other hand the position of the imidazole ligand in the structure is such that 

the superposition of different planes allows imidazoles from adjacent planes to orient 

parallel to each other to engage in π−π stacking. The distance between the imidazole rings 

is 3.683 Å and hence π−π interactions are not expected to be significant. However an 

extensive network of hydrogen bonds between planes through water molecules, and the 
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presence of hydrogen bonds between the trans-CN, the imidazole ligand and water of 

crystallization could influence the general magnetic properties of the complex. 

 

Figure 3.14: Temperature dependence of the magnetization of 1. (a): Field-cooled (FC, squares) 

and zero field-cooled (ZFC, circles) magnetization at 100 Oe. (b): under 50, 250, 500 and 1 kOe 

magnetic fields. (c): Temperature dependence of the magnetization of dehydrated 1. Field cooled 

(FC, open circles) and zero field cooled (ZFC, black squares) magnetization at 100 Oe. 

The temperature dependence of the magnetization of 1 between 50 and 1000 Oe is shown 

in figure 3.14. Similar behavior is observed at all field strengths with a sudden increase in 

the magnetization below 25 K up to a field dependent maximum value between 3000 and 

9600 emu mol
-1

 from 50 Oe to 1000 Oe, respectively. The abrupt increase in the 

magnetization below 25 K confirms magnetic ordering arising from ferromagnetic 

coupling within each layer. 

The role of water of crystallization in determining the magnetic properties of 1 was 

studied using dehydrated samples. The thermal dependence of the magnetic susceptibility 

χMT and 1/χ  for the dehydrated sample of 1 are shown in figure 3.14. The ordering 

temperature is increased to 30 K from 25 K (for 1). The positive Weiss constant for the 

dehydrated sample (θ = + 12.26 K, obtained between 50 and 300 K) is close to that of the 

hydrated sample ((θ = + 15.3 K) and is indicative of ferromagnetic behavior. However the 

zero field cooled (ZFC) and field cooled (FC) magnetization measurements of dehydrated 

1 (Figure 3.15) show a sharp rise of below 30 K indicative of a magnetic transition. The 

increase in the ordering temperature is tentatively assigned to a decrease in the interlayer 

separation due to the loss of water of crystallization. A bifurcation of the curves is 

observed at 25 K and the ZFC magnetization curve after reaching a maximum at 20 K, 

rapidly decreases, which is indicative of domain wall freezing.
30
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Figure 3.15: Temperature dependence of χMT (circles) and 1/χΜ (squares) for (a) 1; and (b) 

dehydrated 1 at 100 Oe. The solid lines represent the Curie-Weiss law plot between in the range of 

50-300 K. 

 

Figure 3.16: Field dependence of the magnetization of 1. 

3.3.4.3- Magnetic properties of 2 

Figure 3.17 shows the temperature dependence of the molar susceptibility χMT (T) and χ-1
 

(T) of 2. At room temperature, χMT is 3.79 cm
3
·K·mol

-1 
(µeff = 5.50 µB), which is lower 

than the theoretical value for non-coupled high-spin (HS) Mn
II
 and low-spin (LS) Fe

III
 4.75 

cm
3
 K mol

-1
 (µeff = 6.16 µB) assuming g = 2. Upon cooling, χMT decreases slightly to the 

minimum value of 3.20 cm
3
·K·mol

-
 (µeff = 5.06 µB) at 30 K and then abruptly increases to 

97.75 cm
3
·K·mol

-1
 (µeff = 27.96 µB) at 4 K and then rapidly decreases to 59.83 cm

3
·K·mol

-1
 

(µeff = 21.86 µB) at 2 K. The magnetic behavior shows that, above 30 K, the complex 

shows antiferromagnetic interaction between the metal centers whereas below 30 K, the 

metals ions Mn(II) (HS) and Fe(III) (LS) couple ferromagnetically. In accordance with 

this, the Curie-Weiss plots in the temperature ranges of 50-300 K and 5-18 K show a 
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negative and a positive Weiss constant of θ = - 9.7 K and + 4.8 K, respectively. This 

metamagnetic behavior
31

 can be assigned to the combination of intralayer ferromagnetic 

and interlayer antiferromagnetic interactions, with the interlayer separations being less than 

10 Å.  

Figure 3.18 shows the temperature dependence of the zero-field-cooled (ZFC) and 

field-cooled (FC) magnetization, M(T)ZFC and M(T)FC respectively, of 2 under an applied 

field of 100 G. A magnetic ordering temperature of 4.5 K is observed at which the field 

cooled and the zero- field-cooled curves diverge. M(T)ZFC, after reaching a maximum at 4 

K, gradually decreases, possibly due to domain wall freezing as observed for 

KxCo[Fe(CN)6]y·2H2O.
32

 The M(T)FC rises upon further cooling and has a bifurcation at 5 

K suggesting considerable irreversibility. 

 

Figure 3.17: Temperature dependence of χMT (circles) and 1/χΜ (squares) for 2 at 100 Oe; the 

solid line represents the Curie-Weiss law plot. Inset is the 1/χΜ vs T between 0 K and 22 K. 

 

Figure 3.18: Thermal dependence of magnetization of 2. Field-cooled (FC, triangles) and zero 

field-cooled (ZFC, circles) magnetization at 100 Oe. 
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The field dependence of the magnetization of 2 was measured in the field range of -4000 to 

+4000 Oe at 5 K (Figure 3.19). The curve is sigmoidal and above 1000 Oe, it gradually 

increases without reaching the saturation value within the range of the measurement field. 

However the curve shows a small hysteresis with a coercive field and a remnant 

magnetization value of 47 Oe and 0.26 Nµß, respectively. This is indicative of some 

ferromagnetic interaction. 

 

Figure 3.19: Field dependence of the magnetization of 2 at 5 K. The inset shows the hysteresis 

loop. 

 

Figure 3.20: Magnetization as function of the applied field for 2 between 0 and 50 kOe at 5 K 

(black squares) and at 10 K (open circles). 

In order to confirm the metamagnetic transition, the magnetization was determined as a 

function of the external magnetic field at 5 and 10 K (Figure 3.20). As was observed at 

lower field strengths, the dependence at 5 K shows a rapid increase below 250 G and then 

increases gradually at higher fields to approach a saturation value of 3.9 NµB at 50 KOe, 
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which is an indication of a phase transition to a ferromagnetic state. This phase transition is 

not observed at 10 K. Overall, however, it is important to note that although the data 

supports assignment of the material as being metamagnetic, it is also possible that the 

phenomena observed are due to spin glass behavior. 

3.3.4.4- Magnetic properties of 3 

The temperature-dependent molar magnetic susceptibility, χM, of the single crystal of 3 

between 5 and 300 K is shown as χMT(T) and χ-1
 (T) in figure 3.21. χMT at room 

temperature is 0.375 cm
3
·K·mol

-1
 (µeff = 1.73 µß), which is similar to that obtained for the 

(Ph4P)2[Fe
III

(CN)5im]·2H2O, and is as expected for a low spin iron(III) compound with 

regard to the diamagnetic nature of Zn(II). The χ-1
 (T) curve is linear and intercepts the 

axis almost through zero; indicative of a paramagnetic compound. As the temperature is 

lowered, the value of χMT remains constant until 45 K, then steadily decreases to 0.320 

cm
3
·K·mol

-1
 (µeff = 1.6 µß) at 5 K, which indicates weak intra-molecular antiferromagnetic 

(AF) coupling between isolated low-spin iron(III) centers through the –CN-Zn-NC- 

bonding system; the Fe
III

···Fe
III

 distance in the structure of 3 is 9.943 Å. 

 

Figure 3.21: Temperature dependence of χMT (circles) and 1/χΜ (squares) for 3; the solid line 

represents the Curie-Weiss law plot at 100 G. 

3.3.4.5- Magnetic properties of 4 

The plot of χMT(T) for 4 is shown in figure 3.22. The χMT value (4.06 cm
3
·K·mol

-1
, 5.70 

µß) at 300 K is lower than the expected value 4.75 cm
3
·K·mol

-1
 (µeff = 6.16 µB) (calculated 

assuming g = 2) for the non-coupled HS Mn
II
 (S = 5/2) and LS Fe

III 
(S = ½). The slightly 

lower value of χMT than that calculated indicates that the solid sample used for the 
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magnetic measurement contains dinuclear species of the form HS Mn
III

 (S = 2) / LS Fe
II
 (S 

= 0). With decreasing temperature, χMT decreases smoothly to a minimum value of 3.22 

cm
3
 K mol

-1
 (µeff = 5.075 µß) at 15 K, then sharply increases to reach a maximum of 15.76 

cm
3
·K·mol

-1
 (µeff = 11.23 µß) at 3.5 K and rapidly decrease to 5.88 cm

3
·K·mol

-1
 (µeff = 6.86 

µß) at 2 K; indicative of short range antiferromagnetic interaction. This is confirmed by the 

χ-1
 (T), in which the plot above 20 K obeys the Curie-Weiss law (figure 3.22) showing a 

negative Weiss constant of θ = -6.5 K. The highly distorted structure precludes alignment 

of the spins of the metal centers. 

 

Figure 3.22: Temperature dependence of χMT (left) and 1/χΜ (right) for 4; the solid line represents 

the Curie-Weiss law plot. 

3.4- Conclusions 

We have described a series of new bimetallic materials based on the [Fe
III

(CN)5im]
2-

 

building block. The single crystal of a paramagnetic 3D network for Zn
II
/Fe

III
 (3) was 

obtained with the Zn
II
 ions pentacoordinated to cyano ligands through nitrogen and 

forming a square pyramidal structure around the Zn ions. By contrast the Co
II
/Fe

III
 and 

Mn
II
/Fe

III
 systems crystallize as 2D networks. The preference of the latter bimetallic 

complexes to crystallize in a 2D network is ascribed to the effect of the non-bridging 

imidazole ligand, the π acceptor
33

 ability of which results in a trans-effect, reducing the σ-

donor strength of the axial cyano ligand. The layers are made up of deformed square grids 

from tetrameric [-M
II
-CN-Fe

III
-]2 (M = Mn or Co) units. The metal centers are in an 

octahedral geometry with the counter metal ion forming four equatorial bonds with the 

equatorial cyano ligands through nitrogen atoms and bind two solvent molecules trans 

(water in the case of 1 and methanol in the case of 2). The coordination of the imidazole to 
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the iron ion results in a significant trans effect on the axial cyanide ligand, which reduces 

its ability to bridge a second metal ion. The magnetic studies carried out on these 

compounds reveal ferromagnetic behavior for the 1 and 2 and a weak antiferromagnetic 

property for the Mn
II
/Fe

III
 system, 4. The deviation of the layer structure from the planarity 

(less pronounced for 1) induces non-colinearity of the metal centers and hence spins, 

enhancing the disorder of spins and thereby increasing the paramagnetic character of the 

materials formed. In this study we demonstrate that the building block [Fe
III

(CN)5im]
2-

 is a 

versatile component in the preparation of new materials exhibiting a diverse range of 

magnetic properties. Furthermore it shows that the imidazole ligand, while not forming a 

bridge between metal centers itself has a profound influence on the bridging ability of the 

CN
-
 ligands. In principle the use of substituted imidazoles offers a considerable handle on 

tuning the solid state properties. However it should be noted that the synthetic route used to 

make the building block does not allow for this. Nevertheless the preparation of the 

Mn(bpy) based bimetallic material does indicate that further tuning, for example the 

properties of 4, is a worthwhile direction to proceed in obtaining new materials in this 

class. 
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CHAPTER 4 

Mechanistic Study of the Formation of the 

Imidazole Complex (PPh4)2[FeIII(CN)5im] from 

Na3[FeII(CN)5en]. 

 

The synthesis and structural characterization of ethylenediamine and imidazole complexes 

are described in previous chapters. In this chapter the mechanism by which the imidazole 

complex forms for the ethylenediamine complex is studied. The study focuses on the origin 

of the extra carbon atom, which is present in the imidazole ring. A number of 

spectroscopic methods are employed (MCD, FT-IR, Raman, and UV/Vis spectroscopy and 

Cyclic Voltammetry) to help elucidate the reaction mechanism. 
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4.1- Introduction 

The biological properties
1
 of imidazole and its derivatives have attracted considerable 

interest in its role as a ligand. Several synthetic methods have been developed to prepare 

imidazole and its derivatives including the reaction of 1,2-amino-alcohols with PCl5 

(Scheme 4.1) or between diketones,
2
  and ammonium acetate, aldehydes and amines in the 

presence of phosphoric acid,
3
 from the reaction of an imine and an acid chloride in the 

presence of palladium
4
 or from the condensation of carboxylic acids, glyoxals, primary 

amines and isocyanides on Wang resin.
5
 The reaction is promoted by the presence of silica 

gel
6

 or iodine.
7

 Substituted imidazoles can be synthesized from the reaction of 

ethylenediamine either with N-substituted imidates
8
 or with the corresponding nitrile.

9,10
  

 

Scheme 4.1: Synthetic route to substituted imidazoles (EDCI = 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride) (From reference 2). 

In 1961 Reggel et al. reported
11

 the formation of the bis(∆
2
-2-imidazolinyl) from the 

reaction of N-lithioethylenediamine with an excess of ethylenediamine in the presence of 

tetralin between 90 
o
C and 100 

o
C and proposed the following reaction:  

2 8 2 6 10 4 3 23 C H N    C H N  2NH  4H→ + +  

=    C6H10N4 =   bis(∆2-2-imidazolinyl)
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 Mechanistic Study of the Formation of the Imidazole Complex [Fe
III

(CN)5im]
2-

 from [Fe
II
(CN)5en]

3-
 

Many imidazole containing metal complexes have been reported to date. Imidazole has 

been found to be a versatile ligand in the formation of metalloenzymes
12

 coordinating via 

one of its nitrogen atoms. However, in all these cases the synthesis of the complex was 

carried out by a direct reaction of the corresponding metal moiety with a pre-prepared 

imidazole. 

The imidazole containing complex of the type [Fe(CN)5im]
2/3-

 (im = imidazole) has been 

reported
13

 and been studied widely. It can be synthesized via a substitution reaction using 

an excess of imidazole ligand with an aqueous solution of Na3[Fe(CN)5NH3]·xH2O. The 

ferric imidazole complex [Fe
III

(CN)5im]
2-

 is obtained upon oxidation of the corresponding 

ferrous complex with either hydrogen peroxide (H2O2) or potassium iodide (KI). 

In chapter 2, we have shown that the imidazole complex 

(Ph4P)2[Fe
III

(CN)5im]·2H2O (4) could be prepared and isolated in a one-step procedure by 

heating Na3[Fe
II
(CN)5en]·5H2O (3) (en = ethylenediamine) with two equivalents of 

tetraphenylphosphonium chloride in a mixture of water/ethanol (2/1) in air. The 

compounds are low spin Fe
III

 (4) and low spin Fe
II
 (3), respectively. In contrast to other 

[Fe(CN)5im]
2/3-

 complexes reported, the imidazole ligand of 4 was formed in-situ. 

Although the reaction is reproducible and the structures of these complexes have been 

determined, the mechanism by which the imidazole ligand is formed is not known.  

 

In this chapter, in order to gain better insight into the mechanism by which the 

transformation occurs, the parameters that govern the reaction are studied. It is shown that 

heating and the addition of H2O2 accelerate the reaction. A key challenge is to identify the 

origin of the additional carbon atom needed to form the imidazole ligand in the product. In 

this regards, isotope labeling is a valuable tool for atom tracking in the reaction. In this 

case the 
13

C isotopes of KCN and formaldehyde were used in the synthesis of labeled iron-

cyanide complexes and labeled imidazole, respectively. The reaction was studied by using 

Raman, UV/Vis, MCD, EPR and IR spectroscopies. 
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4.2- Experimental Section 

4.2.1- Synthesis 

All the reagents were used as purchased unless stated otherwise. 

K4[Fe
II
(CN)6]·3H2O (1) and K2[Fe

II
(CN)5NO]·2H2O (2) are commercially available. 

The complexes K4[Fe
II
(
13

CN)6]·3H2O (1a), K2[Fe
III

(
13

CN)5NO]·2H2O (2a), 

Na3[Fe
II
(CN)5en]·5H2O (3), Na3[Fe

II
(
13

CN)5en]·5H2O (3a), (Ph4P)2[Fe
III

(CN)5im]·2H2O (4), 

(Ph4P)2[Fe
III

(
13

CN)5im]·2H2O (4a) and Na2[Fe
III

(
13

CN)5im]·xH2O (4b) were prepared as 

described earlier
 
(see chapters 2 and 3). 

Na3[Fe(CN)5det] (det = diethylenetriamine)  

Na3[Fe(CN)5det] was prepared by dissolving Na2[Fe(CN)5NO]·2H2O (6 mmol, 2 g) and 

sodium acetate (12 mmol, 1 g) in a 40 mL mixture of water and ethanol (1:1). After 30 min 

an excess of diethylenetriamine (10 mL) was added to the solution and the solution was 

heated at 60 
o
C with stirring. After 30 min an excess of ethanol (15 mL) was added. The 

solution was filtered hot and allowed to cool to room temperature. A yellow precipitate of 

Na3[Fe(CN)5det]·xH2O was obtained following slow evaporation at room temperature and 

collected by filtration. Yield 30% (1.03 g) (δC≡N: 2046 cm
-1

). 

Na3[Fe
II

(CN)5NH3]·4H2O  

Na3[Fe
II
(CN)5NH3]·4H2O was synthesized according to literature procedures

14
 and the 

purity of the compound was determined by elemental analysis Anal. Calc. for 

Na3[Fe
II
(CN)5NH3]·4H2O: C, 17.46%; H, 3.22%; N, 24.43%. Found: C, 17.74%; H, 2.68%; 

N, 24.41%. FT-IR (δC≡N: 2045 cm
-1

 δN-H: 1266 cm
-1

). 

 

Synthesis of the 
13

C imidazole 

HN
13C

N

H  

Figure 4.1: 
13

C imidazole 

13
C labeled imidazole was synthesized by a modification of the procedure described by 

Schulze in a patent filed in 1971.
15

 Ammonium oxalate (460 mg), oxalic acid dehydrate 

(20.4 mg), 
13

C labeled formaldehyde solution (0.5 g of 20% ) in water/methanol (9/1) and 
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III

(CN)5im]
2-

 from [Fe
II
(CN)5en]

3-
 

glyoxal hydrate (227 mg) (note: glyoxal hydrate as used is trimerized with two water 

molecules) were added to 3 ml of water. The mixture was stirred for 20 h at 55 °C. After 

cooling to room temperature 3 ml of methanol was added; the slurry was filtered, washed 

with methanol and dried, yielding 1.3 g of a solid. The solid was suspended in 4 ml of 

isopropanol and 0.9 ml of 25% ammonia solution was added with cooling. After stirring 

the mixture for 20 h, it was filtered in vacuo and the filtrate was distilled under vacuum at 

120 °C. The product was collected and dried before further analysis. Yield 69 mg (33%). 

Anal. Calc. for 
13

C-C3H4N3: C, 52.26%; H, 5.81%; N, 40.64%. Found: C, 51.95%; H, 

5.86%; N, 4078%. 
1
H-NMR (400 MHz, CD3Cl) δ 7.69 (d, J = 208 Hz, 1H), 7.11 (d, J = 8 

Hz, 2H). 

4.2.2- General physical measurements 

1
H NMR spectra (400 MHz) were recorded on a Varian Mercury Plus and chemical shifts 

are referenced to the residual solvent peak. MCD (Magnetic Circular Dichroism) spectra 

were recorded using a DeSa magnet 1.4 Tesla on a Jasco J-815 CD spectrometer in 

solution in a 10 mm pathlength quartz cuvette. FT-IR spectra were recorded between 4000 

and 600 cm
-1

 using ZnSe/Diamond UATR attachment on a Perkin-Elmer spectrum 400 FT-

IR. Raman spectra were recorded using a Perkin Elmer spectrum Raman Flex (785 nm) 

using a fiber optic probe. 

Electrochemical experiments were performed using CHI760B potentiostat. Measurements 

were carried out in aqueous solutions containing 0.1 M of either NaCl or KNO3 as 

supporting electrolyte at room temperature. A three electrode arrangement was used for 

cyclic voltammetry (CV), i.e. a glassy carbon working electrode, a platinum wire auxiliary 

electrode and Ag/AgCl reference electrode. For spectroelectrochemistry a 2 mm pathlength 

cuvette and a Pt gauze working electrode were used. 

UV/Vis absorption experiments were carried out using an Agilent HP8453A 

UV/Vis diode array spectrophotometer as follows. Na3[Fe(CN)5en]·5H2O was dissolved in 

water (final concentration 10
-3 

M). 2 mL of a sample was added to a quartz cell (optical 

path 1 cm) and the required amount of NaCl or Ph4PCl solution (aq) was added (200 µL) 

and 4.8 µL of H2O2 (5 %).  
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4.3- Results 

4.3.1- Synthesis of labeled 
13

C imidazole 

13
C-Imidazole was isolated from the reaction of 

13
C labeled formaldehyde with glyoxal in 

the presence of ammonium oxalate monohydrated and oxalic acid dihydrate in methanol as 

shown in scheme 4.2. 

 

O

O
O

13C
H H

C 2O4(NH4)2. H 2O

C2O4H2. 2H2O

MeOH , 55 0C, 20 h
+ HN

13C

N

H  

Scheme 4.2: Synthesis of 
13

C-imidazole. 

The isotopic purity of the compound was verified by ESI-MS and 
1
H-NMR spectroscopy. 

The MS spectrum (Figure 4.2) of 
13

C-imidazole shows a peak of 90 % abundance of m/z 

70.04 corresponding to the mono-
13

C-labeled imidazole and a small peak of 10 % 

abundance of m/z 69.04, which corresponds to the 
12

C-imidazole. This indicates that the 

synthesized compound contained 10 % of the non-labeled imidazole. This is expected as 

the reactant formaldehyde used contains ~90 % 
13

C. This result was confirmed by the 
1
H-

NMR spectroscopy of the labeled imidazole shown in figure 4.3. From the 
1
H-NMR 

spectra, due to the spin 1/2 of the 
13

C nucleus the proton (1Hb) shows a doublet at δ 7.69 

with a J-coupling of 208 Hz, the doublet at δ 7.11 with a J-coupling of 8 Hz is from the 

two protons (2Hc), the larger J-coupling compared to that of natural abundance imidazole 

is due to the presence of 
13

C in the structure. The presence of the singlet at δ 7.69 and its 

relatively low intensity indicates the presence of 
12

C-labeled imidazole by comparison with 

the spectrum of natural abundance imidazole, which means that the synthesized labeled 

molecule contains around 90 % of 
13

C and 10 % of 
12

C at the 
1
H6 position.  
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(CN)5im]
2-

 from [Fe
II
(CN)5en]

3-
 

 

Figure 4.2: ESI-MS spectra of the synthesized 
13

C-imidazole (top) and calculated natural 

abundance imidazole (middle) and a 100 % mono-
13

C-labeled imidazole (bottom) spectra. 

 

 

 

Figure 4.3: 
1
H-NMR spectra in CD3Cl of natural abundance imidazole (top) and mono-

13
C-labeled 

imidazole (bottom). 
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A consequence of substitution with 
13

C is a shift in some of the bands of the labeled 

compound in the solid state Raman spectra shown in figure 4.4. The 
13

C-imidazole Raman 

spectrum shows a stretching vibration mode of NH at 3146 cm
-1

 as in the natural 

abundance imidazole spectrum and its bending modes appear as a medium intensity bands 

at 1189 and 1325 cm
-1

. Due to the presence of two types of CH bonds in the 
13

C molecule, 

there are two strong bands at 3126 and 3113 cm
-1

, respectively, representing the stretching 

vibration of the 
12

CH and 
13

CH bonds with the bending mode appearing as medium bands 

at 1095, 1089, 1065 and 1060 cm
-1

. The isotope shift of the CH vibration is close to that 

estimated using the two atom oscillator approximation (equation 1). The C=C stretching 

band appears at 1540 cm
-1

 and is the same as in 
12

C-imidazole. The C=N stretching 

vibrations are shown at 1450 cm
-1

 (
12

CN), 1461 and 1441 cm
-1

 (
13

CN) and the bending 

mode appearing at 1257 cm
-1

. The band at 1148 cm
-1

 represents the ring vibration. The 

shift observed for C=N vibrations are as expected. 

ν ν
2 1

0 997= ×.      equation 1 

With ν 2  and ν1 being the wavenumbers of 
13

C-H and 
12

C-H, respectively. 

 

 

 

Figure 4.4: Raman spectra of imidazole 
13

C (top) and 
12

C (bottom). 
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(CN)5im]
2-

 from [Fe
II
(CN)5en]

3-
 

4.3.2- Conversion of [Fe
II
(

13
CN)5en]

3-
 to [Fe

III
(CN)5im]

2-
  

The pH dependence of the reaction (according to condition 1, see table 4.1) is shown in 

figure 4.5. The reaction was carried out at room temperature over 12 days. The initial pH 

of the reaction mixture gradually decreases from 10.9 to 8.6 over 6 days, then increases 

again to pH 10.0 and remains constant until the reaction is complete. 

0 2 4 6 8 10 12
9.4

9.6

9.8

10.0

10.2

10.4

10.6

10.8

11.0

11.2

P
H

Days

 

Figure 4.5: pH of the reaction mixture at room temperature over 12 days. 

The reaction time (10-14 days) is disadvantageous in terms of reaction monitoring hence, 

the reaction conditions (Table 4.1) were varied in order to decrease the overall reaction 

time.  

 

Table 4.1: Reaction conditions used to form 4 from 3 and Ph4PCl in water/ethanol mixtures. 

Condition Temperature Oxidant Remarks Duration 

1 RT air open beaker 10 -14 d 

2 RT oxygen carbonate free 10 -14 d 

3 RT  under Nitrogen no reaction 

4 RT H2O2 open beaker 8 -10 d 

5 RT H2O2 closed beaker no reaction 

6 60 
o
C  open beaker 3 - 4 d 

7 60 
o
C H2O2 open beaker 5 h 

8 60 
o
C  H2O2 heating at reflux  no reaction  

9 60 
o
C  H2O2 heating at reflux and purging 5 h 

RT = room temperature. 

In each case the product obtained was isolated by filtration and characterized by FT-IR, 

Raman and UV/Vis spectroscopies. 
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Na3[Fe(CN)5en]·5H2O (Ph4P)2[Fe(CN)5im]·2H2O

2Ph4PCl

EtOH / H2O

H2O2 (2 eq.)

60oC, 5h

Open beaker or O2 stream
 

Scheme 4.3: Optimized reaction conditions to form 4 (maximum yield 56%). 

Upon reaction of the diethyltriamine complex ([Fe
II
(CN)5det]

3-
) with 

Na2[Fe(CN)5NO]·2H2O, the imidazole complex (Ph4P)2[Fe
III

(CN)5im]·2H2O was obtained 

also albeit in less than 30% yield. 

               diethyltriamine              

Based on the results shown in table 4.1, the addition of H2O2 is important in the sense that 

it accelerates the formation of the product, however its presence alone is insufficient and 

oxygen (O2) is still necessary. Notably, purging the reaction with oxygen (O2) in a 

carbonate free (CO2) solution even at room temperature also leads to the formation of the 

product after 14 days. By contrast carrying out the reaction under nitrogen (N2) did not 

result in formation of the product and 3 remained unreacted even after 40 days. It is 

important to note that any reaction carried out in a closed flask did not proceed, which can 

be understood by considering the limited solubility of O2 in water (~300 µM). From these 

data, it can be concluded that H2O2 and O2 play the role of terminal oxidants in the reaction. 

Reducing the reaction time is an advantage for spectroscopic monitoring of the reaction. 

UV/Vis, MCD and Raman spectroscopies were employed to identify the role of each 

reactant in the reaction. 

4.3.3- Reaction monitoring by MCD spectroscopy 

Since complexes 3 and 4 have different magnetic properties, i.e. the MCD spectra are 

different with 3 being diamagnetic and 4 paramagnetic, it was possible to follow the 

reaction by MCD spectroscopy by recording the spectrum of the reaction mixture sampled 

every few minutes over five hours. From the spectra shown in the figure 4.6 the bands 

observed at 400 nm, 350 nm and 290 nm increase over time, indicating progressive 

formation of a paramagnetic compound in solution, which corresponds to the spectrum of 

the product 4. 
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Figure 4.6: (upper) MCD spectra of the reaction mixture sampled over 5 h. (lower) The 

corresponding UV/Vis absorption-spectra (according to reaction condition 9 in table 4.1). 

Role of the counterion on the complex 

From the structure of the complex 4, the counter ions of the complex, consisting of two 

Ph4P
+ 

cations occupy the interlayer of chains of [Fe
III

(CN)5im]
2-

 moieties of the structure 

and are not involved in direct bonding to anion [Fe(CN)5im]
2-

. It is expected that the cation 

has neither influence on the oxidation of the iron nor on the formation of the anion 

[Fe
III

(CN)5im]
2-

, vide infra. Therefore these MCD bands correspond to that of the anions 

[Fe(CN)5im]
2-

 which is comparable to the MCD spectrum of Li2[Fe
III

(CN)5im]·xH2O
*
. The 

MCD spectrum (Figure 4.7) shows signals at 409 nm, 356 nm and around 300 nm that 

correspond to those observed in the UV/Vis absorption spectra. Importantly the spectrum 

is stable at 60 
o
C for over 5 h confirming the stability of the product 4 under reaction 

conditions. 

 

                                                 
*
 Li2[Fe

III
(CN)5im]·xH2O was obtained by metathesis of an acetonitrile solution of 4 with lithium perchlorate 

(LiClO4). 
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Figure 4.7: MCD spectrum of an aqueous solution of Li2[Fe
III

(CN)5im]·xH2O complex. 

In the presence of Ph4PCl the precipitation of the product is observed, however Ph4P
+
 is 

not directly coordinated to the metal complex [Fe
III

(CN)5im]
2-

, hence the same type of 

reaction as described in scheme 2  could be followed by MCD where Ph4PCl was omitted, 

and in principle the formation of the Na2[Fe
III

(CN)5im] is expected. From the MCD spectra 

(Figure 4.8), we observed that although the oxidation of the metal center to a paramagnetic 

compound occurs with addition of the H2O2, i.e. a sudden appearance of the bands at 400, 

350 (sh) and 290 nm, as soon as the reaction mixture is heated, the spectrum returns to the 

initial state and then remained unchanged over the entire reaction. This means that the 

formation of Na2[Fe
III

(CN)5im]·xH2O does not occur in the absence of Ph4PCl.  

 

Figure 4.8: MCD spectra of the reaction mixture of Na3[Fe
II
(CN)5en]·5H2O in the absence of 

Ph4PCl. 
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Knowing that the reaction without Ph4PCl does not proceed, the importance of the Cl
-
 was 

therefore considered. The reaction (as in scheme 4.2) was carried out by adding NaCl in 

place of Ph4PCl. The MCD spectra of the reaction mixture are shown in figure 4.9. 

 

 

Figure 4.9: MCD spectra of the reaction mixture with NaCl. 

In the MCD spectra of the reaction mixture the appearance and increase of the bands at 400 

nm, 350 nm and 290 nm is observed. These bands are comparable to that observed for the 

reaction in presence of Ph4PCl, and are assigned to the formation of a paramagnetic 

compound, which as mentioned above is due to the oxidation of iron and therefore 

potentially due to the formation of [Fe
III

(CN)5im]
2-

. This is also characterized by a change 

of the color of the solution from yellow to reddish-brown. Although the presence of a 

paramagnetic compound could be identified, a precipitate was not observed. It was 

therefore difficult to determine the nature of the compound (A) that formed in solution. 

Evaporation of the solution to dryness did not allow for identification due to interference 

from other iron cyano complexes in the FT-IR spectrum and strong fluorescence in the 

Raman spectrum. However by adding Ph4PCl to the dilute solution A, a precipitate B was 

formed instantaneously. FT-IR and Raman spectroscopy, confirmed that the precipitate B 

corresponds to the complex (Ph4P)2[Fe
III

(CN)5im]·2H2O, indicating that A is 

[Fe
III

(CN)5im]
2-

. 
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For the reaction carried out with Ph4PBr in place of Ph4PCl, the formation of the same 

product (Ph4P)2[Fe
III

(CN)5im]·2H2O (identified from Raman, IR and UV/vis) was obtained 

albeit with undissolved Ph4PBr present in the isolated product.  

In summary the key observations are: 

� H2O2 accelerates the first step of the reaction  

� O2 is necessary for the reaction to take place 

� Cl
-
 or Br

-
 are necessary for the reaction to proceed 

� Dissolved CO3
2-

  is not involved in the reaction 

� Ph4P
+
 facilitates the precipitation of complex 4 

4.3.4- Atom tracking with 
13

C labeling 

The source of the carbon required to form the imidazole ligand of the product can only be 

from one of the carbon-bearing ligands, either from cyano (CN
-
) or ethylenediamine 

(C2H8N2) ligands of the Na3[Fe(CN)5en]·5H2O complex. In order to identify the source of 

this carbon atom during the reaction, 
13

C isotope labeling was used to differentiate both 

sources of carbon-bearing ligands. Labeled formaldehyde (
13

CH2O) was employed to 

synthesize the labeled imidazole (as described above); labeled potassium cyanide (K
13

CN) 

was used in the synthesis of the labeled iron complexes. By using a labeled atom in the 

reaction, it should be possible to determine from where product 4 obtains the imidazole’s 

extra carbon atom. 

13
C sodium nitroprusside (Na2[Fe(

13
CN)5NO]·2H2O) was synthesized according to the 

literature procedure by the reaction of nitric acid with K2[Fe(
13

CN)6]·3H2O. The latter 

compound was synthesized from the reaction of hydrated Fe
II
Cl2 and K

13
CN compounds. 

The syntheses are shown in scheme 4.4.  
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FeIICl2 +

Or 

1

2

3

4b

4a

 

Scheme 4.4: Synthesis of 
13

C labeled (Ph4P)2[Fe
III

(CN)5im]·2H2O from  K
13

CN. Reaction 

conditions: (1) NaOH, K
13

CN at 50 
o
C for 20 min, (2) i, 65%-HNO3, at 60 

o
C for 6 h and ii, 

Na2CO3 at 60 
o
C for 15 min at pH = 7.01, (3) sodium acetate, ethylenediamine, at 60 

o
C for 90 min 

and (4) H2O2 (50 % aq. soln.) and Ph4PCl at 60 
o
C for 5 h. See previous chapters for details.  

The Raman spectra of the solid samples of 
13

C and 
12

C imidazole, and of the 
12

C
 
and 

13
C 

(Ph4P)2[Fe
III

(CN)5im]·2H2O are represented in figure 4.10. Apart from the cyano vibration 

region between 2000 and 2160 cm
-1

, which shows an isotope shift due to the presence of 

13
C in the labeled complex, the rest of the bands are superimposable between the spectra of 

(Ph4P)2[Fe
III

(CN)5im]·2H2O 
12

C
 
 and 

13
C. There are no shifts of bands observed in the 

spectrum of the 
13

C complex compared to that of the 
12

C complex. By comparing the 

spectra of the (Ph4P)2[Fe
III

(CN)5im]·2H2O 
12

C
 
 and 

13
C complexes with those of imidazole 

12
C and 

13
C, we could observe that although they are less intense, the bands corresponding 

to the imidazole (1326, 1264 and 1190 cm
-1

) in both complexes are at the same frequencies 

in both spectra and do not show isotope shifts. These bands therefore correspond to that of 

the imidazole 
12

C and hence 
13

CN can be excluded as the source of the imidazoles extra 

carbon atom. 
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Figure 4.10: Raman spectra of (a) 
13

C imidazole, (b) 
12

C imidazole, (c) 

(Ph4P)2[Fe
III

(
12

CN)5im]·2H2O and (d) (Ph4P)2[Fe
III

(
13

CN)5im]·2H2O  

4.3.5- Reaction monitoring with UV/Vis and NIR-Raman spectroscopy 

By employing the optimized conditions that allow for conversion to be completed within 5 

h, the reaction was monitored in situ by UV/Vis and NIR Raman spectroscopy. 

The reaction of Na3[Fe(CN)5en]·5H2O (3) with H2O2 in NaCl(aq) at 20, 50, 60 and 70 
o
C 

(Figure 4.11 ) was monitored in situ by UV/Vis absorption spectroscopy. As observed by 

MCD spectroscopy addition of H2O2 resulted in immediate changes to the absorption 

spectrum with an increase in the absorption bands at 380 and 400 nm from 0.4 to a 

maximum of 1.0 followed by a decrease in intensity over 45 min. The decrease in intensity 

of the bands at 380 and 400 nm is concomitant with the increase in the absorption band at 

550 nm from 0 to 0.6. Over a longer period the band at 550 nm reaches a maximum and 

then begins to decrease in intensity. This is followed by an increase in intensity of the band 

at ca. 800 nm however the appearance of the latter band is not concomitant with the 

decrease in the band at 550 nm. The band at 800 nm reaches a maximum and begins to 

decrease again as the reaction proceeds. Similar changes are observed when Ph4PCl is used 

in place of NaCl, except that as the band at 800 nm decreases complex 4 begins to 

precipitate from solution. 
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Figure 4.11: Reaction monitoring by UV/Vis spectroscopy following conditions 3: (2 mL of 1 mM 

aqueous solution of 3) with 0.48 µL of H2O2 (50 %) in 200 µL of 10 mM NaCl (aq) at 60 
o
C. (a) 

From 0 to 42 min, (b) from 42 to 150 min, (c) from 150 to 840 min and (d) change in absorbance 

with time at several wavelengths. 

At room temperature the initial stages of the reaction could be monitored, specifically the 

oxidation of Fe(II) to Fe(III), by UV/Vis spectroscopy (Figure 4.12). The reaction is much 

slower than at 60 
o
C, however the addition of H2O2 again results in a rapid increase in the 

intensity of the bands at 350, 380 and 400 nm which remain more or less constant after 1.5 

min after which time the band at 550 nm begins to appear. 

 

Figure 4.12: Reaction monitoring by UV/Vis spectroscopy. Conditions 3: (2 mL of 1 mM 3 (aq)) 

with 0.48 µL of H2O2 (50 %) in 200 µL of 10 mM NaCl (aq) at 20 
o
C. (a) Change in absorbance 

with time at selected wavelengths, (b) UV/Vis spectra between 0 – 1.5 min and (c) spectra between 

1.5 and 30 min. 



 

 
96 

 Chapter 4 

 

Figure 4.13: Raman spectra of  an aqueous solution of Na3[Fe(CN)5NH3]·xH2O (left) and 3 

(Na3[Fe(CN)5en]·5H2O) (right) before (grey) and after (black) addition of H2O2. 

The effect of addition of H2O2 to the reaction mixture (3 and NaCl in water at 60 
o
C) was 

monitored by Raman spectroscopy (at λexc 785 nm). A number of changes to the initially 

very weak spectrum were observed. As shown in figure 4.13, before addition of H2O2 the 

cyano stretching band of 3 is centered at 2083 cm
-1

 and shifts to 2121 cm
-1

 immediately 

upon addition of H2O2. This is concomitant with the changes observed in the MCD 

spectrum of the reaction mixture (vide infra). Identical changes in the Raman spectra under 

the same conditions were observed for the analogous complex Na3[Fe(CN)5NH3]·xH2O 

(Figure 4.13). The shift to higher wavenumber is consistent with oxidation of the iron 

centre from the Fe(II) to the Fe(III) redox state. 

In contrast to Na3[Fe(CN)5NH3].xH2O where no further change occurred in the 

Raman spectrum (and eventually precipitation occurred) after addition of H2O2, the 

appearance of stronger bands at lower wavenumber was observed for 3. These bands 

increase to reach a maximum over 15 min and then decrease slowly and eventually 

disappear (Figure 4.14). The increase and decrease in the low wavenumber bands is 

concomitant with the appearance and disappearance of a band at ca. 560 nm suggesting 

that the same species is responsible for both features. Furthermore the intensity of the low 

wavenumber bands suggest (pre)resonance enhancement of the signals due to the 560 nm 

absorption band.  Surprisingly the absorption band at 800 nm, attributed to a species which 

appears at later times in the reaction mixture, does not give rise to resonantly enhanced 

Raman signals. 
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Figure 4.14: Raman spectra of the Na3[Fe
II
(CN)5en]·5H2O with H2O2 at 60 

o
C between 0 and 40 

min. 

Assignment of these bands as being due to Fe-C stretching vibrations could be made on the 

basis of isotope shifts. In figure 4.15 the observed shifting of frequencies from 2122 to 

2076 cm
-1

 and from 529 to 520 cm
-1

, respectively for 
12

C and 
13

C complexes, is consistent 

with the expected isotope shift (using the two atom oscillator approximation as described 

in chapter 6) for CN and Fe-C vibrations, respectively. The band at 620 cm
-1

 which is 

approximately equal in intensity to the 529 cm
-1

 band does not show an isotopic shift 

however, suggesting that it is a Fe-N stretching vibration. 

 

 

 
Figure 4.15: Raman spectra of aqueous solution of Na3[Fe

II
(CN)5en]·5H2O (black) and 

Na3[Fe
II
(

13
CN)5en]·5H2O (grey) after addition of H2O2 at 60 

o
C and the difference spectra (dotted 

lines). 
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4.3.6- Electrochemistry and UV/Vis spectroelectrochemistry of 3 

The addition of H2O2 to 3 leads to the appearance of a strong MCD signal consistent with a 

Fe(III) complex. In order to verify that the oxidation is by outer sphere electron transfer 

cyclic voltammmetry and spectroelectrochemistry were employed. The CV of 

Na3[Fe(CN)5en].5H2O (3) shown in figure 4.16 shows a reversible (Ep,a – Ep,c = 93 mV) 

one-electron oxidation from Fe
II
 to Fe

III
 at E1/2 =  0.094 V vs SCE and the expected 

increase of the current Ip,a with the square root of the scan rate as expected for a diffusion 

controlled (solution) process.  
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Figure 4.16: (left) Cyclic Voltammetry of Na3[Fe(CN)5en].5H2O in water (0.1 M NaCl ) at 0.1 V/s, 

and (rigth)  current Ip vs sqr(scanrate) (sqr = square root). 

UV/Vis absorption spectroelectrochemistry was employed to compare electrochemical 

oxidation with oxidation with H2O2. As shown in figures 4.17 and 4.18, bulk oxidation of 3 

in aqueous solution at room temperature at 0.6 V shows an initial increase in absorption at 

350 and 390 nm, which reverts partially upon reduction at 0 V. If the sample is not reduced 

electrochemically over time, these bands either remain at a plateau (350 nm) or 

progressively decrease (390 nm) even when electrolysis is stopped, however bands at 550 

and 800 nm increase steadily over time independent of electrolysis. The appearance of 

these latter bands is not directly related to electrochemical oxidation processes but instead 

is due to the instability of the iron complex.  
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Figure 4.17: UV/Vis absorption spectroelectrochemistry spectra of an aqueous solution of 

Na3[Fe(CN)5en]·5H2O  in 0.1 M of KNO3 (aq) at 0.6 V. 
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Figure 4.18: Time dependence of changes in absorbance at selected wavelengths following 

electrochemical oxidation. The initial oxidation from Fe(II) to Fe(III) is complete within 40 s with 

the grown-in of the visible bands proceeding over 20 min.  

4.4- Discussion 

The conversion of complex 3 to complex 4 was found to be accelerated by addition of 

hydrogen peroxide together with heating in the presence of oxygen at 50-70 
o
C. By taking 
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into account the results obtained from the various experiments described above, the 

following interpretations can be drawn.  

� Based on the fact that the reaction can proceed in a carbonate (CO2) free 

environment and also taking into account the results obtained from the 
13

C labeling 

described above, atmospheric CO2 as well as the cyano ligands are therefore 

excluded as the possible origin of the extra carbon needed to form the imidazole. It 

is therefore reasonable to conclude that the extra carbon forming the imidazole 

ligand during the reaction comes from the ethylenediamine ligand. That is, during 

the reaction one ethylenediamine will give its two carbons to two other 

ethylenediamine ligands to form two imidazole compounds. This conclusion is 

supported by the yield of the product of the reaction for which the maximum 

obtained so far was 56 %. 

Hence as the reaction proceeds, three moieties of the ethylenediamine complexes most 

probably react with each other to give two moieties of the imidazole complexes as 

presented by the scheme below. 

FeIII

CN

NC N

CN

NC

CN

NHFeII

CN

CN

NH2NC

NC

CN

NH23 2

 

  3        4 

Scheme 4.5: Synthesis of the product 4. 

� The UV/Vis absorption spectroelectrochemical results (Figures 4.17 and 4.18) 

obtained by oxidation of Na3[Fe
II
(CN)5en]·5H2O (even in the absence of NaCl) 

show that, apart from the oxidation of the iron which corresponds to the increase in 

the intensity of the band at 390 nm, several other processes take place over the 

same time period as the bands at 550 and 800 nm appear and disappear. When the 

applied oxidative potential is stopped, the decrease in intensity of the 390 nm band 

is observed and this could be due to the back reduction of iron, however the rest of 

the bands behave independently of an applied potential, suggesting that a process of 

transformation of ligand takes place rendering the electrochemical oxidation 

chemically irreversible. 
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� From the pH changes observed over the course of the reaction, the phase where a 

decrease in pH is observed could be assignable to the oxidation of iron(II) to 

iron(III) which is also accompanied by a change in the solutions color (from light 

yellow to dark red). The second phase of the reaction characterized by the increase 

in pH could be due to the formation of the imidazole ligand. On the last part of the 

curve the pH is seen to stabilize; this could indicate the formation of the imidazole 

complex since this phase is also accompanied by a gradual precipitation of the 

complex from solution. 

� Upon addition of H2O2 to the solution of Na3[Fe(CN)5en]·5H2O changes due to the 

oxidation of the metal center were observed. From Raman kinetic measurements, 

the shifting of the CN modes to higher wavenumber from 2040 to 2100 cm
-1

 is 

indicative of the oxidation of Fe
II
 to Fe

III 
(Fe

III
-CN). This behavior is manifested in 

the MCD spectra by appearance of intense bands upon addition of H2O2 and these 

bands decrease back to zero before progressively increasing again from 25 min and 

over the remainder of the reaction. The appearance of these bands is indicative of 

the presence of paramagnetic species in solution. UV/Vis absorption spectroscopic 

data confirms these observations. However, although H2O2 can be used as an 

oxidant, the reaction still needs oxygen to proceed. The increase and decrease of 

the bands at 400 and 385 nm in the UV/Vis absorption spectrum in the presence of 

H2O2 within ca. 40 min are attributed to the oxidation and the partial reduction of 

the iron, respectively. This is concomitant to the appearance and disappearance of 

the vibration bands at 620 and 529 cm
-1

 (band at 530 cm
-1

 could be assignable to 

Fe
III

-C). Further changes in the reaction are observed in UV/Vis absorption but not 

in Raman spectroscopy. 

� The appearance of the band at 550 nm in UV/Vis is correlated to the color change 

of the solution into pink which could then be assigned to the formation of a 

dinuclear ligand bridged species.
16

  

� The oxidation of iron therefore appears to be initial step of the sequence.  

� The dependence of the reaction on oxygen suggests that it probably reacts in the 

oxidation of ethylenediamine to a radical species and the transformation of 

ethylenediamine ligand to form imidazole.  
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� The presence of a halide (Br
-
 or Cl

-
) is necessary for the reaction since the complex 

forms in the presence of either NaCl or Ph4PCl or Ph4PBr and the presence of the 

cation Ph4P
+
 alone facilitates the precipitation of the complex. However, how and 

when the halide interacts in the mechanism is not well established. 

� The appearance of the band at ca. 800 nm could be an indication of the formation 

of product 4. In fact the higher the temperature the earlier the increase in the band 

at 800 nm varying from 3
3/4

 h to 6 min at 40 
o
C and 70 

o
C respectively in the 

presence of NaCl and from 1 h to 5 min at 40 and 70 
o
C respectively in the 

presence of Ph4PCl. This correlates with the temperature dependence of the product 

formation. The increase in the baseline occurring after a certain time in presence of 

Ph4PCl corresponds to the precipitation of the product. 

� The addition of an excess of ethylenediamine to the reaction neither changes the 

yield nor the rate of the reaction, which suggests that one of its nitrogens needs to 

coordinate to a metal center for the reaction to proceed.  

 

 

 

 

Scheme 4.6: Proposed mechanism for the formation of 4. 

The formation of the bis-imidazole complex is proposed to follow the pathway described 

in scheme 4.6 by analogy with the mechanism proposed in reference 11.  
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4.5- Conclusion 

In order to determine the source of the carbon needed for formation of the imidazole 

complex (Ph4P)2[Fe
III

(CN)5im]·2H2O from the reaction of Na3[Fe(CN)5en]·5H2O with 

Ph4PCl, several spectroscopic and synthetic probes were employed. The results obtained 

lead to the identification of ethylenediamine as being the carbon donor in the formation of 

imidazole and also identify the role of oxygen and oxidation of the 3 to the Fe
III

 state. 

Although a definitive picture of the reaction mechanism has yet to emerge it is clear that 

the key kinetic step is the oxidation of the ethylenediamine and in the absence of H2O2, of 

the Fe
II
 center. It is possible that the first step involves dissociation of the ethylenediamine 

ligand upon oxidation of 3. The formation of bis-imidazole in a manner analogous to the 

reaction observed by Reggel et al.
11

 is possible, however it is more likely that C-C bond 

cleavage following one-electron oxidation of ethylenediamine occurs (possibly while still 

coordinated to the iron center) with the formation of an [(CN)5Fe(NH=C*)] species, which 

subsequently couples with another molecule of 3 to form the imidazole ring.  Further 

studies are on-going to explore the mechanism in more detail. 
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CHAPTER 5 

Relating the Electrochemical and Vibrational 

Properties of Mn-tmtacn Complexes to their 

Catalytic Activity and Selectivity in the 

Oxidation of Alkenes 

 

The goal of this chapter is to investigate further whether the apparent relation between 

sterics/selectivity and electronics/activity proposed earlier is indeed valid. Substituted 

benzoic acids offer an excellent opportunity to clarify correlations made earlier between 

physical properties and catalytic activity and selectivity in terms of the electron deficiency 

of the carboxylato ligands employed. 
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5.1- Introduction 

Binuclear Mn-tmtacn complexes (tmtacn = N,N',N'',-trimethyl-1,4,7-triazacyclononane) 

were first reported by Wieghardt and coworkers in 1985.
1
 The chemistry and the industrial 

application of these complexes have attracted considerable interest not only because of 

their bleaching activity
2
 but also due to their activity as catalysts, for a wide range of 

selective organic oxidative transformations.
3,4,5

 The Mn
III

-tmtacn complexes, e.g. 1, can 

either be isolated following spontaneous self-assembly
6
 from an ethanolic solution 

containing manganese(III) acetate, sodium acetate and tmtacn as a tridentate capping 

ligand, at each of the two Mn(III) ions; or from the reaction of [Mn
IV

(O)3(tmtacn)2]
2+

 (2) 

with a carboxylic acid in the presence of L-ascorbic acid as reducing agent. The carboxylic 

acid acts as a ligand and substitutes the µ-oxo ligands during the reaction to produce 1, as 

shown in the scheme 5.1.  

 

Scheme 5.1: Reaction of [Mn
IV

(O)3(tmtacn)2]
2+

 (2) with a carboxylic acid and L-ascorbic acid to 

form a binuclear catalyst (1). 

In the presence of hydrogen peroxide and with a carboxylic acid or other additives, the 

Mn-tmtacn complexes can catalyze the oxidation of alkenes.
7
 During the catalyzed 

oxidation of organic substrates by 2, the complex is activated such that the two metal ions 

will change their oxidation state from the IV-IV to the III-III state; which is accompanied 

by substitution of two µ-oxo ligands by two µ-carboxylato ligands. A mechanism for the 

oxidation of alkenes was proposed (Scheme 5.2) in which the addition of the hydrogen 

peroxide leads to the formation of an initial bis-carboxylato species followed by formation 

of the peroxo species, which then reacts to form either epoxide or cis-diol products. The 

selectivity and activity of these catalysts for either the epoxide or the cis-diol product has 

been investigated in our group,
4,5

 and two important conclusions were drawn: i) the activity 

is mainly dependent on the electron withdrawing properties of the carboxylate and ii) the 

selectivity is dependent on steric factors.  
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Scheme 5.2: Catalytic cycle for the epoxidation and cis-dihydroxylation of alkenes by the family of 

complexes (1).
8
 

 

The carboxylato ligand bridges the two metal centers and a series of such substituted R-

carboxylato manganese(tmtacn) were synthesized with R = alkyl, alkylhalide or 

(substituted) phenyl. This included a series of µ-benzoato complexes, which have been 

characterized by electrochemistry and for catalytic activity.  

The goal of this chapter is to investigate further whether the apparent relation between 

sterics/selectivity and electronics/activity proposed earlier is indeed valid.
5,7

 The 

substituted benzoic acids offer an excellent opportunity to seek further correlations 

between physical properties and catalytic activity and selectivity in terms of the electron 

deficiency of the carboxylato ligands employed. 

The effects of variously substituted benzoic acid derivatives on the complex will be 

investigated in order to determine what correlation, if any, there exists with catalytic 

activity, which would be useful for tuning of the catalysts. Several of these complexes 

were synthesized and characterized using FT-IR, UV-Vis, and paramagnetic 
1
H-NMR 

spectroscopies. Identification of the manganese-carboxylato band by FT-IR spectroscopy 

was carried out using isotope labeling and a relation between the carboxylate symmetric 

and asymmetric stretching modes with redox and catalytic properties investigated. 
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5.2- Experimental section  

5.2.1- Synthesis 

All reagents were obtained from commercial sources and used as received unless stated 

otherwise. Solvents for spectroscopy were of UVASOL grade or better.  Complexes 3-13 

and 15-26 studied in this chapter were synthesized according to procedures reported by and 

were provided by Dr. de Boer.
5
 

 

[Mn
III

2(µ-O)(µ-4-cyanobenzoato)2(tmtacn)2](PF6)2 (14) was prepared by the general 

procedure reported by de Boer et al..
8
 162 mg (0.20 mmol) of [Mn

III
2(µ-

O)3(tmtacn)3](PF6)2 was dissolved in 20 ml of water in a Greiner tube. 65 mg (0.44 mmol) 

of 4-cyanobenzoic acid dissolved in a minimum amount of water was added to the red 

solution followed by 38 mg (0.216 mmol) of L-ascorbic acid dissolved in 2 ml water. 

Upon addition of the ascorbic acid a purple precipitate began to form immediately. The 

mixture was shaken vigorously for 1-1.5 min. The red-purple precipitate was isolated by 

filtration and washed three times with diethyl ether. The product was recrystallized by slow 

diffusion of diethyl ether into acetonitrile. The yield was 65% (232 mg, 0.22 mmol). Anal 

Calc of [C34H50Mn2N8O5P2F12]: C, 38.87%; H, 4.80%; N, 10.67%. Found: C, 38.48%; H, 

4.87%; N, 10.60%. 

5.2.2- Physical measurements 

1
H NMR spectra (400.0 MHz) spectra were recorded on a Varian Mercury Plus. Chemical 

shifts are with respect to the solvent peak (
1
H NMR spectra CD3CN: 1.94 ppm). Elemental 

analyses were performed with a Foss-Heraeus CHN-O-Rapid or a EuroVector Euro EA 

elemental analyzer. Electrochemical measurements were carried out on a model 630B 

Electrochemical Workstation (CH Instruments). Analyte concentrations were typically 0.5-

1.0 mM in anhydrous acetonitrile containing 0.1 M potassium or tetrabutylammonium 

hexafluorophosphate (KPF6 or (TBA)PF6). Unless stated otherwise, a Teflon-shrouded 

glassy carbon working electrode (CH Instruments), a Pt wire auxiliary electrode, and an 

SCE or Ag/AgCl reference electrode were employed. Cyclic voltammograms were 

obtained at sweep rates between 1 mV/s and 10 V/s. For reversible processes, the half-

wave potential values are reported. Redox potentials are reported ±10 mV. UV/Vis 
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absorption spectra were recorded on a Specord600 (JA) spectrophotometer using 10 mm 

path length quartz cuvettes. FT-IR spectra were recorded using ZnSe/Diamond UATR 

attachment on a Perkin-Elmer Spectrum400 FT-IR spectrophotometer with a liq. N2 cooled 

MCT detector. Raman spectra of solids (4 cm
-1

 resolution) were recorded using a Perkin 

Elmer Spectrum400 Raman station (at 785 nm). 

5.3- Results and discussion 

Complex 14 was isolated from an aqueous solution containing [Mn
III

2(µ-

O)3(tmtacn)3](PF6)2 , 4-cyanobenzoic acid and L-ascorbic acid and recrystallized from 

acetonitrile by slow diffusion of ethyl acetate. In this chapter, 14 is studied and used to 

compare with data available for related complexes reported elsewhere.  

5.3.1- Paramagnetic 
1
H-NMR spectroscopy of 14 

The 
1
H-NMR spectrum of 14 is based on the assignment by Hage and coworkers, derived 

from deuterium labeling studies.
6
 Figure 5.1 shows the labeling convention used for the 

tmtacn ligand and in figure 5.2 the 
1
H-NMR spectrum of the p-cyanobenzoato complex is 

shown. Hage et al. reported signals at -96 and 67 ppm that disappear when the methyl 

groups on the tacn ligand are deuterated, so these are assigned to the methyl groups. One of 

these methyl groups is oriented trans to the oxo group, yielding the signal at -96 ppm, the 

other two methyl groups are oriented cis, and their signals are found at 67 ppm. For the –

CH2 groups in the ligand, a and b are oriented trans towards the oxo groups, giving signals 

at -91 for proton a and -79 ppm for proton b, due to protons b, d and e being ‘axial’ and 

more deshielded than the ‘equatorial’ a, c and f. For the same reason, d and e are assigned 

to the signals at 68 and 34 ppm, and c and f to 19 and 34 ppm. 

 

Figure 5.1: Schematic representation of the tmtacn ligand coordinated to manganese. 
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In the similar manner, signals are assigned as follows for the -CH3 groups δ -99 (6H, A) 

and δ 71 (12H, B) and for the -CH2 groups: δ -92 (4H, a), δ -80 (4H, b), δ 19 (4H, c), δ 34 

(8H, e,f) and δ 68 (4H, d), and δ 7.2 (8H, benzoic acid substituents). Note that some signals 

have shifted compared to the complex described by Hage,
13

 due to differences in the 

electron withdrawing/donating character of the carboxylic acid ligands being used (vide 

infra). 
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Figure 5.2: Paramagnetic 
1
H-NMR spectrum of 14. 

5.3.2- Description of the single crystal X-ray structures  

Single crystal X-ray structures have been previously determined for a number of the 

complexes [Mn
III

2(µ-O)(µ-CCl3CO2)2(tmtacn)2](PF6)2 (3), [Mn
III

2(µ-O)(µ-

CH3CO2)2(tmtacn)2](PF6)2 (4) and [Mn
III

2(µ-O)(µ-benzoato)2(tmtacn)2](PF6)2 (6).
7,9,12

 The 

structures of complexes [Mn
III

2(µ-O)(µ-4-bromobenzoato)2(tmtacn)2](PF6)2 (8) and 

[Mn
III

2(µ-O)(µ-4-nitrobenzoato)2(tmtacn)2](PF6)2 (11) were reported by de Boer
5
 and are 

shown below (Figure 5.3).  
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Figure 5.3: Molecular structure of 8 (4-bromobenzoato-Mn complex) (left) and 11 (4-

nitrobenzoato-Mn complex) (right) (Ortep drawing). PF6
-
 anions were omitted for clarity. 

 

The crystals of 8 have a monoclinic unit cell with eight molecules per unit cell. The 

formula unit consists of three moieties: one cationic unit [Mn2(µ-O)(µ-4-Br2-

benzoato)2(tmtacn)2]
2+

 complex and two hexafluorophosphate anions. Both metal centers 

are in similar environment and each metal is coordinated to a capping tmtacn ligand and 

are coordinated to each other through an oxo ligand and two carboxylato groups. Each 

manganese atom is in a distorted octahedral environment with the deviation from 90
o
 

varying between -10.2 and +6.9
o
. Each Mn

3+
 ion is facially coordinated to the three 

nitrogens of tmtacn, one µ-oxo ligand and two µ-carboxylato ligands. The average of Mn-

O (oxo) bond length is 1.81(4) Å whereas the Mn-O (carboxlato) is 2.04(5) Å and Mn-N 

bond length is 2.12(6) Å if the N is in trans position to O (oxo) (N-Mn-Ooxo) and is 

somewhat longer, 2.22 Å (6), for the N trans to the O of carboxylato ligand (N-Mn-

Ocarboxylato). This is ascribed to a trans-effect of the carboxylato group on the tmtacn ligand. 

Complex 11, crystallized in the monoclinic space group C2/c. The formula also consists of 

one dimeric cation [Mn2(µ-O)(µ-4-NO2-benzoato)2(tmtacn)2]
2+

 and two 

hexafluorophosphate anions. As for 8, the metal centers of 11 are in a distorted octahedral 

environment and the average bond lengths are, 1.81 Å (2) and 2.06 Å (3), respectively, for 

Mn-O (oxo) and Mn-O (carboxylato) whereas the average bond lengths of Mn-N are 2.13 

Å (3) and 2.23 Å (3), respectively, for N-Mn-Ooxo and N-Mn-Ocarboxylato. The Mn-O (oxo) 

shows a characteristic bond length typical for the Mn-O-Mn entity
10,11

 and is in agreement 

with that reported for [Mn2(µ-O)(µ-benzoato)2(tmtacn)2]
2+

 (6).
7
 The above mentioned Mn-
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N (N-Mn-Ocarboxylato) bond lengths appear to be longer compared to that reported for 

[Mn2(µ -O)(µ -CCl3COO)2(tmtacn)2]
2+

 (3) (2.19 Å (7)),
12

 which could be due to the trans-

effect from the aryl carboxylate group. Possibly reflecting steric differences between the 

benzoato ligands compared to the (trichloro)acetato ligands, a decrease of the Mn-O-Mn 

bond angle from 125-126
o
 to 121-123

o
, respectively, is observed for µ-CCl3COO (3)/µ-

CH3COO (4) and µ-benzoato complexes. Table 5.1 shows a comparison of selected bond 

lengths for 3, 4, 6, 8 and 11. 

Table 5.1 Selected interatomic distances (Å) and bond angles (deg.) of 3, 4, 6, 8 and 11. 

 µ -CH3COO  µ-CCl3COO  µ-benzoato µ-4-Br-benzoato  µ-4-NO2-benzoato 

Mn-Ooxo (Å) 1.83(6) 1.80(13) 1.81(13) 1.81(4) 1.81(4) 

Mn-Ocarbox (Å) 1.96(6) 2.09(15) 2.05(14) 2.05(5) 2.07(2) 

Mn-N(trans-oxo) (Å) 2.13(6) 2.12(17) 2.12(16) 2.13(6) 2.13(3) 

Mn-N(trans-carbox) (Å) 2.12(8) 2.20(17) 2.23(16) 2.22(6) 2.23(3) 

Mn-O-Mn (
o
) 125.1(3) 125.9(7) 121.78(8) 121.0(2) 122.6(12) 

5.3.3- Cyclic voltammetry of 14 

The cyclic voltammogram (CV) of 14 in acetonitrile in the potential range -0.4 to +1.6 V is 

shown in figure 5.4. As for most of the complexes, it shows a reversible one-electron 

oxidation at E1/2 0.94 V (with Ag/AgCl reference electrode), which corresponds to 1.16 V 

(vs SCE) assigned to the redox couple Mn
III

2/Mn
III,IV

2. A reversible one-electron reduction 

is observed at E1/2 = -0.19 V, which corresponds to the Mn
III

2/Mn
II,III

2 redox couple. 

[MnIII(µ-O)(µ-RCO2)2(tmtacn)2MnIII] [MnIV(µ-O)(µ-RCO2)2(tmtacn)2MnIII]
-e-

+e-

-e-

+e-[MnII(µ-O)(µ-RCO2)2(tmtacn)2MnIII] [MnIII(µ-O)(µ-RCO2)2(tmtacn)2MnIII] [MnIV(µ-O)(µ-RCO2)2(tmtacn)2MnIII]
-e-

+e-

-e-

+e-[MnII(µ-O)(µ-RCO2)2(tmtacn)2MnIII]
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Figure 5.4: Cyclic voltammogram of µ-4-cyanobenzoato complex 14 in CH3CN, 0.1 M KPF6, with 

Ag/AgCl reference electrode and scan rate of 0.1 V/s. 
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This oxidation and reduction behavior is similar to that reported for [Mn
III

2(µ-O)(µ-

CH3COO)2(tmtacn)2] by Wieghardt and cowokers.
4
 The redox potentials for a series of 

complexes are summarized in table 5.2 (vide infra). 

5.3.4- FT-IR and Raman spectroscopy 

The Mn-O-Mn modes of [Mn2O3(tmtacn)2](PF6)2 (2) have been assigned to the bands at 

701 and 668 cm
-1

 and are shown in figure 5.5.
13

 The band at 701 cm
-1

 is weak in the FT-IR 

spectrum and relatively intense in the Raman spectrum. The overtones bands (1460 and 

1293 cm
-1

) are less intense in Raman compared to the IR spectrum. It would be expected 

that assignment of the corresponding band in the Raman and IR spectra of 6 could be made 

using 
18

O labeling. The υMn-
16

O and υMn-
18

O modes are at 664 and 653 cm
-1

, 

respectively (Figure 5.6). However since the complex is bearing only one µ-oxo bridge and 

the polarizability may be less compared to that of 2, it is difficult to identify these bands in 

the Raman spectra. In fact the Raman measurements carried out on 
18

O labeled 6 (Figure 

5.7) show only a small difference that is too weak to be conclusive. 

 

 

Figure 5.5: (upper) FT-IR and (bottom) Raman spectra of 2.  
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Figure 5.6: FT-IR spectra of carboxylate 
16

O of 6 (grey) and 
18

O of 6 (black).  

 

 

Figure 5.7: Raman spectra of Mn
III

2 (µ-
16

O)(µ-benzoato)2(tmtacn)2](PF6)2 (6) (grey) and Mn
III

2 (µ-

18
O)(µ-benzoato)2(tmtacn)2](PF6)2 (black) complexes and the difference (upper line) in acetonitrile.  

 

Although recording a solid state Raman spectra was precluded by burning due to the 

absorption of laser radiation by the complexes, FT-IR spectroscopy could be employed for 

determining the effect of ligand variation on the carboxylate vibration modes.  

By using 
13

C-labeled 6 and d5-phenyl labeled 6, the C=O and C-O modes could be 

assigned. Figure 5.8 shows the FT-IR spectra of 6 and 
13

C-labeled of 6. The C=O and C-O 

stretching vibrations of benzoic complex, appearing respectively at 1551 and 1393 cm
-1

 are 

shifted to 1517 and 1359 cm
-1

 for 
13

C-labeled of 6. The FT-IR spectrum of d5-6, also show 
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isotope shifts in the spectra (see Figure 5.9). However the shift observed in the CO 

vibration region suggest that these bands are not due to only the carboxylate but are also 

sensitive to their substituents. 

 

Figure 5.8: FT-IR spectra of Mn
III

2 (µ-O)(µ-benzoato)2(tmtacn)2](PF6)2 (6) (grey) and Mn
III

2 (µ-

O)(µ-(
13

CO2)benzoato)2(tmtacn)2](PF6)2 (black) complexes.  

 

Figure 5.9: FT-IR spectra of natural abundance Mn
III

2 (µ-O)(µ-benzoato)2(tmtacn)2](PF6)2 (6) 

(black) and (Mn
III

2 (µ-O)(µ-CO2) d5-benzoato)2(tmtacn)2](PF6)2 (6) (grey) complexes. 
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In the Raman spectra of µ-acetato (4), µ-trichloro (3), and µ-benzoato (6) shown in figure 

5.10, the carboxylate modes are observed at 1575 and 1428 cm
-1

, 1660 and 1371 cm
-1

, 

1552 and 1393 cm
-1

, respectively, for 4, 3, and 6. Although these bands seem to be 

sensitive to either the steric or electronic properties of the carboxylato substituent, they are 

however influenced only slightly by the substituent on the benzoato group.  

 

Figure 5.10: FT-IR spectra of µ-acetato (4) (dotted lines), µ-trichloro (3) (black lines) and µ-

benzoato (6) (grey lines). 

5.3.5- Electronic spectra 

The absorption spectra of several para-substitued benzoic complexes 6, 8, 11, 13, 14 

recorded in acetonitrile are shown in figure 5.11. In the visible region, the spectra of the 

different complexes are quite similar and are comparable to that reported earlier.
1
 The 

bands appearing in the region between 480 and 520 nm are assigned to the metal centered / 

MLCT transitions within the [Mn2(µ-O)(µ-CH3CO2)2] core and are similar to those 

reported for [Mn
III

2(µ-O)(µ-CH3CO2)2(tmtacn)2]
2+

;
14,15

 on the basis that the corresponding 

stretching modes of Mn2-O2CCH3 were reported to be enhanced when excited at 457 and 

488 nm.
16

  The absorption band at 760 nm is assigned to the d-d transitions for high spin d
4
 

Mn(III) complexes, which is comparable to that observed for mononuclear Mn(III) 

compounds.
17

 However the increase in intensity of the band at 550 nm seems to be 

sensitive to the electron withdrawing substituent group; the more electron deficient, the 

more intense it is. 
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Figure 5.11: UV/Vis spectra of (a) [Mn
III

2(µ -O)(µ -4-CN-benzoato)2(tmtacn)2](PF6)2 (14), (b) 

[Mn
III

2(µ -O)(µ -4-NO2-benzoato)2(tmtacn)2](PF6)2 (11), (c) [Mn
III

2(µ -O)(µ -

benzoato)2(tmtacn)2](PF6)2 (6), (d) [Mn
III

2(µ -O)(µ -4-CH3O-benzoato)2(tmtacn)2](PF6)2 (13) and 

(e) [Mn
III

2(µ -O)(µ -4-Br-benzoato)2(tmtacn)2](PF6)2 (8). 

 

Table 5.2 shows the oxidation potentials of a series of [Mn2(µ-O)(µ-RCO2)2(tmtacn)2]
n+

 

complexes. The differences observed in the potential values for each complex are due to 

the different µ-carboxylic ligands used. Apart from the µ-acetato complex for which the 

E1/2 (Mn
III

2/Mn
III,IV

2) is less than 1 V, the rest of the substituted carboxylato complexes 

have a redox potential greater or equal to 1 V with the highest value being for the µ-

trichlorocarboxylato complex (1.40 V). The µ-benzoato complex shows a E1/2 of 1.06 V, 

which is similar to that observed for its analogs with the exception of 11 (the para-NO2 

substituted benzoato complex). However, the redox potential increases for di- and tri- 

substituted benzoato complexes. From FT-IR spectroscopy, the carboxylate modes also 

show differences from each other except for the band at around 1400 cm
-1

 for benzoato and 

its substituents complexes which is quite similar and this band is assigned to the O-C-O 

vibration. The insensitivity of this band is probably due to the fact that it is related to the 

angle between O-C-O bonds, and this angle seems to be the same for benzoate and 

substituted benzoate complexes (Table 5.1). 

        Although it was previously observed
8
 that the ortho-, meta- and para-mono 

substituted benzoate complexes show differences in activity and not with cis-diol/epoxide 
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selectivity (see table 5.3), these however, are not reflected in their redox potentials. There 

are in fact no trends observed between redox potentials and activity/selectivity of various 

substituted benzoic acid complexes. 

Table 5.2 Redox data and carboxylato modes of a series of [Mn2(µ-O)(µ-RCO2)2(tmtacn)2]
n+

 

complexes.
a 

Complex RCO2
-
 

CV 

E½ 
III,III-III,IV

  

ref IR (this chapter) 

C-O, O-C-O (cm
-1

) 

3 CCl3CO2
- 

1.40 (120) 5 1659, 1368 

4 CH3CO2
- 

0.98 (120) 5 1574, 1428 

5 
-
O2C(CH2)3CO2

-
 1.05 (155) 5 1570, 1399 

6 benzoato 1.06 (90) 7 1551, 1393 

7 4-iodobenzoato 1.08 (95) 5 1546, 1399 

8 4-bromobenzoato 1.09 (100) 5 1551, 1399 

9 4-chlorobenzoato 1.10 (95) 5  

10 4-fluorobenzoato 1.08 (105) 5 1560, 1399 

11 4-nitrobenzoato 1.15 (80) 5 1521, 1404 

12 4-hydroxybenzoato 1.01 (130) 8  

13 4-methoxybenzoato 1.03 (110) 7 1541, 1385 

14 4-cyanobenzoato 1.16 This chapter 1553, 1395 

15 3-chlorobenzoato 1.15 (110) 8 1560, 1397 

16 3-hydroxybenzoato 1.07 (95) 7 1561, 1392 

17 3-cyanobenzoato 1.17 (99) 5 1570, 1401 

18 3,5-difluorobenzoato 1.15 (120) 8 1572, 1389 

19 3,4-difluorobenzoato 1.11 (80) 8 1569, 1385 

20 2,4-difluorobenzoato 1.11 (90) 8 1609, 1384 

21 2,6-difluorobenzoato 1.16 (130) 8 1599, 1402 

22 2,6-dichlorobenzoato 1.24 (100) 8 1589, 1387 

23 2,4-dichlorobenzoato 1.16 (100) 8 1551, 1391 

24 2,4,6-trichlorobenzoato 1.25 (170) 9 1586, 1387 

25 2,4,6-trimethylbenzoato 1.19 (173) 8  

26 2-methoxybenzoato 1.00 (95) 7 1551, 1377 
a
 All complexes are 1 mM in CH3CN (0.1 M TBAPF6 or KPF6), scan rate 100 mVs

-1
. E½ in V vs. SCE or 

Ag/AgCl (|Ep,a-Ep,c| in mV). For irreversible processes only Ep,c or Ep,a is given. All values +/-10 mV. (ref = 

reference) 

Table 5.3: Cis-dihydroxylation and epoxidation of cyclooctene by some complexes (from ref 8) 

complexes T.O.N Mass balance (%) 

cis-diol epoxide 

benzoato 110 60 96 

2-chlorobenzoato 165 80 96 

3-chlorobenzoato 253 113 98 

4-chlorobenzoato 88 42 97 

2-methoxybenzoato 244 158 93 

4-methoxybenzoato 137 83 96 

2-hydroxybenzoato 225 320 90 

3-hydroxybenzoato 260 325 89 

4-hydroxybenzoato 219 170 93 

T.O.N = turn over numbers 
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Relating the Electrochemical and Vibrational Properties of Mn-tmtacn Complexes to their Catalytic 

Activity and Selectivity in the Oxidation of Alkenes 

5.4- Conclusion 

A series of binuclear complexes of the type [Mn
III

(µ-oxo)(µ-RCO2)2(tmtacn)2Mn
III

] (with 

R = alkyl, alkylhalide or (substituted) phenyl group) have been studied. The crystal 

structures of these complexes confirm the coordination of each manganese ion to the 

tridentate N, N’, N’’-trimethyl-1,4,7-triazacyclononane capping ligand and the triple 

coordination of both manganese ions to each other through an oxo and two carboxylato 

ligand. Although the use of benzoic acid results in a decrease of the Mn-O-Mn angle 

compared to the acetic acid, substitution of the benzoic acid at para-position did not have 

any further effect on the angle, despite differences in the electronic properties. The analysis 

of spectroscopic and electronic properties of this series of complexes does not show a 

relation between redox potential and catalytic activity. Although in general it was noted 

that the activity of these complexes increase with the increase in the electron-withdrawing 

character of the carboxylate used,
8
 activity increases with the electron-donating character 

of the para-substituent of the benzoic acid used also (i.e. as shown in table 5.3, µ-4-

hydroxo > µ-4-methoxy > µ-4-chloro). Hence redox potential is not of useful as a predictor 

and neither do the complexes show trends between modes in the FT-IR spectra and 

catalytic activity. Therefore it is apparent that contrary to earlier conclusions,
8
 it is in fact 

not possible to predict the catalytic activity of these complexes from their redox potentials 

(i.e. the electron withdrawing/donating character of the carboxylato ligand). These data 

suggest that the electronic effect of the carboxylato ligands is composed of two or more 

contributions which affect the ability of the Mn-O-Mn bonding to be broken and allow 

H2O2 to coordinate. 

5.5- References 

                                                 
1. Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J., J. Chem. Soc., Chem. Commun., 1985, 347. 

2. (a) Hage, R.; Lienke, A., J. Mol. Catal. A: Chem., 2006, 251, 150. (b) Hage, R.; Lienke, A., 

Angew. Chem., Int. Ed., 2006, 45, 202. 

3. Hage, R., Recl. Trav. Chim. Pays-Bas, 1996, 115, 385. 

4. Browne, W. R.; de Boer, J. W.; Pijper, D.; Brinksma, J.; Hage, H.; Feringa, B. L., Manganese-

Catalysed Oxidation with hydrogen Peroxide, in: Modern Oxidation Methods, J.-E. Bäckvall 

(ed.), Wiley-VCH, Weinheim, 2010, 371. 



 

 
120 

 Chapter 5 

                                                                                                                                                    
5. De Boer, J. W., cis-Dihydroxylation and Epoxidation of Alkenes by Manganese Catalysts. PhD 

thesis, 2008, University of Groningen. 

6. Wieghardt, K.; Bossek, U.; Ventur, D.; Weiss, J., J. Chem. Soc., Chem. Commun., 1985, 347. 

7. de Boer, J. W.; Alsters, P. L.; Meetsma, A.; Hage, R.; Browne, W. R.; Feringa, B. L., Dalton 

Trans., 2008, 6283. 

8. de Boer, J. W.; Browne, W. R.; Brinksma, J.; Alsters, P. L.; Hage, R.; Feringa, B. L., Inorg. 

Chem., 2007, 46, 6353. 

9. Wieghardt, K.; Bossek, U.; Nuber, B.; Weiss, J.; Bonvoisin, J.; Corbella, M.; Vitols, S. E.; 

Girerd, J. J., J. Am. Chem. Soc., 1988, 110, 7398. 

10. Wieghardt, K.; Ventur, D.; Tsai, Y. H.; Krûger, C., Inorg. Chim. Acta, 1985, 99, L25. 

11. Hagen, K. S.; Westmoreland, T. D.; Scott, M. J.; Armstrong, W. H., J. Am. Chem. Soc., 1989, 

111, 1907. 

12. de Boer J. W.; Brinksma, J.; Browne, W. R.; Meetsma, A.; Alsters, P. L.; Hage, R.; Feringa, B. 

L., J. Am. Chem. Soc., 2005, 127, 7990. 

13. Hage, R.; Krijnen, B.; Warnaar, J. B.; Hartl, F.; Stufkens, D. J.; Snoeck, T. L., Inorg. Chem., 

1995, 34, 4973. 

14. Wieghardt, K.; Bossek, U.; Bonvoisin, J.; Beauvillain, P.; Girerd, J.J.; Nuber, B.; Weis, J.; 

Heinze, J., Angew. Chem., 1986, 98, 1026. 

15. Bennu, T. H.; Sabne, S.; Deshpande, S. S.; Srinivas, D.; Sivasanker, S., J. Molecular Catalysis 

A: 2002, 185, 71.  

16. Sheats, J. E.; Czernuszewicz, R. S.; Dismukes, G. C.; Rheingold, A. L.; Petrouleas, V.; Stubbe, 

J.; Armstrong, W. H.; Beer, R. H.; Lippard, S. J., J. Am. Chem. Soc., 1987, 109, 1435. 

17. Dingle, R., Acta Chem. Scand., 1966, 20, 33.  

 

 

 

 



CHAPTER 6 

Experimental Techniques 

 

This chapter presents a brief description of the analytical techniques used for the 

characterization of the compounds reported in this thesis. 
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6.1- Elemental analysis 

Elemental analysis (C, H, N,) was carried out at the Microanalytical Department of the 

University of Groningen, using the Euro EA Elemental Analyzer from the EuroVector 

Instrument and Software Company. For the analysis, approximately 5 mg of each sample 

was used for the determination of each element. The principle of the technique is based on 

thermal oxidation of the sample with Tungsten oxide (WO3) at high temperature (1700-

1800
o
C). The gasses are further oxidized to CO2, H2O and N2 and separated by GC with a 

“poropak QS” column at 80 
o
C and determined by thermal conductivity detection (TCD). 

The integrated peak area corresponds to the percentage content of each element in the 

sample. 

6.2- X-Ray crystallography 

X-ray crystallography is an experimental method used to determine the arrangement of 

atoms within a crystal.
1
 When a crystal is mounted and exposed to an intense beam of 

monochromatic X-rays, it scatters the X-rays into a pattern of spots or reflections that can 

be observed on a screen behind the crystal. A similar pattern may be seen by shining a 

laser pointer at a compact disc. The relative intensities of these spots provide the 

information used to determine the arrangement of molecules within the crystal. 

Crystals are regular arrays of atoms, and X-rays can be considered waves of 

electromagnetic radiation. When an X-ray strikes an electron, it produces secondary 

spherical waves emanating from the electron. X-ray waves are, primarily through the 

atoms' electrons. This phenomenon is known as elastic scattering, and the electron is 

known as the scatterer. A regular array of scatterers produces a regular array of spherical 

waves. These waves interfere constructively at few specific angles, determined by Bragg’s 

law: 

2d sinθ = nλ 

Where d is the distance between diffracting planes, θ is the incident angle, λ is the 

wavelength of the beam and n is any integer. These specific angles appear as spots on the 

diffraction pattern called reflections.  
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A crystal with the dimensions of edges between 0.1 - 0.6 mm was mounted on top of a 

glass fiber and aligned on a Bruker
2
 SMART APEX CCD diffractometer (Platform with full 

three-circle goniometer). The diffractometer was equipped with a 4K CCD detector set 

60.0 mm from the crystal. The crystal was cooled to 100(1) K using the Bruker 

KRYOFLEX low-temperature device. Intensity measurements were performed using 

graphite monochromated Mo-K α  radiation from a sealed ceramic diffraction tube 

(SIEMENS). Generator settings were 50 KV/ 40 mA. SMART was used for preliminary 

determination of the unit cell constants and data collection control. The intensities of 

reflections of a hemisphere were collected by a combination of 3 sets of exposures 

(frames). Data integration and global cell refinement was performed with the program 

SAINT,
2
 a multi-scan absorption correction was applied, based on the intensities of 

symmetry-related reflections measured at different angular settings (SADABS),
2
 and 

reduced to Fo
2
. The program suite SAINTPLUS was used for space group determination 

(XPREP).
2 

The positional and anisotropic displacement parameters for the non-hydrogen 

atoms and isotropic displacement parameters for hydrogen atoms connected to the water 

molecules were refined on F
2
 with full-matrix least-squares procedures minimizing the 

function Q = ∑h[w(│(Fo
2
) - k(Fc

2
)│)

2
], where w = 1/[σ

2
(Fo

2
) + (aP)

2 
+ bP], P = [max(Fo

2
,0) 

+ 2Fc
2
] / 3, F0 and Fc are the observed and calculated structure factor amplitudes, 

respectively. All refinement calculations and graphics were performed on a HP XW6200 

(Intel XEON 3.2 Ghz) / Debian-Linux computer at the University of Groningen with the 

program packages SHELXL
3
 (least-square refinements), a locally modified version of the 

program PLUTO 
3
 (preparation of illustrations) and PLATON

4
 package (checking the final 

results for missed symmetry with the MISSYM option, solvent accessible voids with the 

SOLV option, calculation of geometric data and the ORTEP
4
 illustrations). 

6.3- SQUID 

SQUID (Superconducting Quantum Interference Device) is one of the most sensitive 

magnetometric methods. It uses a combination of superconducting materials and Josephson 

junctions to measure magnetic fields produced by a sample 

These “magnetic atom” containing samples can display dia-, para-, ferro-, antiferro- or 

ferri-magnetic ordering depending upon the strength and type of magnetic interactions and 

external parameters such as temperature.
5
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The response of a material to a magnetic field is quantified by two parameters, i.e. the 

susceptibility χ and the permeability µ.
6
 Where χ represents the variation of magnetization 

M, with applied field, H; χ = Μ/Η. µ is the variation of magnetic induction B = µο (H+M) 

with applied field; µ = B/H. 

The magnetometry data in this thesis were obtained using a Quantum Design 

Magnetic Property Measurement System (MPMS) equipped with a superconducting 

quantum interference device (SQUID) magnetometer. 

Samples of between 10 and 20 mg were inserted between two pieces of cotton wool 

in a gel cap and were mounted within a plastic straw and connected to one end of a sample 

rod which is inserted into the Dewar/probe. The other end is attached to a stepper motor 

which is used to position the sample within the center of the SQUID pickup coils. For 

temperature dependent measurements, the samples were first slowly cooled to low 

temperature (2 K or 5 K), the field was held constant and the temperature varied from low 

to high values at a certain rate. The zero field cooled (ZFC) magnetization measurements 

were recorded in the absence of magnetic field and then the field cooled (FC) 

magnetizations were recorded at a constant field value. Corrections were applied for 

diamagnetism calculated from Pascal’s constants
7
. Effective magnetic moments were 

calculated by the equation µeff = 2.828(χMT)
1/2

, were χM is the magnetic susceptibility per 

formula unit. The inverse magnetic susceptibility data were fitted with a straight line; from 

the Curie-Weiss Law equation χM = C/T-θ. From which the Curie constant (C) and the 

Curie-Weiss temperature (θ) were calculated. The field dependence of magnetizations was 

determined by varying the applied field up to 5 T at constant temperature. 

6.4- Spectroscopic methods 

6.4.1- NMR (Nuclear Magnetic Resonance) spectroscopy 

NMR spectroscopy requires NMR active nuclei (e.g., 
1
H, 

13
C) of a sample at a frequency 

characteristic of the isotope, when the sample is placed in a magnetic field. The field 

dependent frequency shift corresponding to an isotope, is converted to a field-independent 

dimensionless value referred to as chemical shift.
8,9

 Analysis of a NMR spectrum gives 

information on the number and type of chemically equivalent atoms in a molecule. NMR 
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spectra were recorded on a Varian Mercury (400 MHz) for 
1
H. Chemical shifts are 

reported in ppm relative to the residual solvent peak. 

6.4.2- EPR (Electron Paramagnetic Resonance) spectroscopy 

EPR, also known as ESR, spectroscopy is used to characterize molecules and ions 

containing unpaired electrons. This technique uses microwave-induced transitions between 

magnetic energy levels of electrons with certain spin and orbital angular momentum.
10

 In 

principle it is similar to that of nuclear magnetic resonance spectroscopy (NMR) except 

that rather than the nuclei of individual atoms; it focuses on the interaction of the unpaired 

electron in the molecule with an external magnetic field. 

In the presence of a magnetic field, the magnetic moment of an electron, which 

splits into two components ms = +1/2 and ms = -1/2, is aligned parallel (ms = -1/2) 

corresponding to the lower energy state or antiparallel (ms = +1/2) to the field. The 

difference between the lower and the upper energy state is given by the equation ∆E = hυ = 

gβB where B is the strength of magnetic field, h is the Planck constant, υ is the frequency 

of radiation, β is the Bohr magneton and g is called g-factor or Landé g-factor.
11

 

EPR experiments were performed on a Bruker ER200D spectrometer equipped 

with an Oxford EPR-900 continuous flow cryostat. A single crystal of 

(Ph4P)2[Fe(CN)5im]·2H2O was placed in a quartz insertion Dewar filled with liquid 

nitrogen and placed in the resonance cavity. The crystal was mounted on a quartz rod of a 

single-axis goniometer. The crystal was mounted such that one of the axes is parallel to the 

rotation axis being perpendicular to the external magnetic field direction and parallel to the 

magnetic component B of the microwave field. The external magnetic field direction in the 

crystal ab plane was chosen to be parallel to one of the axis of the [Fe(CN)5im]
2-

 complex, 

which is expected to be along the principal g-factor. g Values were calculated from the 

spectra recorded at 115 K by rotating the crystal along the a, b and c axes.  

6.4.3- Mössbauer spectroscopy 

Mössbauer spectroscopy involves using the gamma rays emitted from the nuclei of a 

radioactive source to probe those in the sample to be studied. 
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57
Fe Mössbauer uses a 

57
Co source, this isotope decays by electron capture to the I = 5/2 

excited state of 
57

Fe. This excited state decays to the I = 3/2 excited state or to the I = ½ 

ground state by gamma-ray emission. 

The source contains the parent nucleus of the Mössbauer isotope, embedded in a 

rigid matrix. The gamma rays emitted from this are passed through the material being 

investigated and those transmitted through the absorber are detected and counted. If the 

nuclei in the source and absorber are in equivalent environment (i.e. the energy of the 

nuclear transition is equal in both nuclei) the gamma rays will be resonant and an 

absorption will occur. In order to probe the energy levels in nuclei in different 

environments we must scan the energy of the Mössbauer gamma ray must be swept. This is 

achieved by moving the source relative to the absorber. The Doppler effect produces a shift 

in the gamma ray energy allowing it to match the energy level (gap) in the absorber.  

The Mössbauer results were obtained in collaboration with the Laboratoire de Chimie de 

Coordination, CNRS, Toulouse, France. The spectra were collected in an exchange gas 

cryostat. A conventional constant acceleration spectrometer was used, equipped with a 

57
Co/Rh source kept at RT and calibrated with Fe metal. Isomer shift values are reported 

relative to iron metal (α-Fe). The spectra were fitted on a PC with a least squares 

minimization procedure assuming Lorentzian line shapes. 

6.4.4- FT-IR (Infrared) absorption spectroscopy 

FT-IR absorption spectroscopy is one of the most common spectroscopic techniques used 

by chemists. This spectroscopic technique is used to determine the chemical functional 

groups in the sample. IR spectra are obtained by detecting changes in transmittance as a 

function of frequency. The infrared radiation region is situated between the red end of the 

visible region and the microwave region (13000 to 10 cm
-1

); which is commonly divided 

into three regions; near IR (13000- 400 cm
-1

), mid IR (4000-200 cm
-1

) and far IR (200-10 

cm
-1

). 

A polyatomic molecule of n atoms (3n total degrees of freedom) results in the 3n – 

6 (for non-linear molecules) or 3n – 5 (for linear molecules) fundamental vibrations (also 

known as normal modes of vibration), some of which produce a net change in dipole 

moment. Since most of functional groups give rise to bands in particular regions, the IR 

spectrum is useful for identifying the presence of different types of bonds and thus specific 

functional groups of a molecule. 
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It is possible to make a statement about the wavenumber at which certain type of vibrations 

is expected to occur. For a diatomic molecule A-B, the wavenumber of the infrared 

radiation absorbed by a vibration can be approximated using Hooke’s law (Equation 1) 

Since the wavenumber of a bond according to Hooke’s law, is inversely dependent on the 

reduced mass of the two atoms involved in the bond, it is therefore possible to deduce the 

wavenumber of the same system containing a different isotope. 
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Equation 1: Hooke’s law 

For AB and A’B bond systems with A’ being an isotope of element A, assuming that both 

AB and A’B bonds have the same force constant, the wavenumber of the A’B (ν 2 ) system 

can be estimated from that of AB system (ν1) as in equation 2. 
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Equation 2: Estimation of the wavenumber of isotopically substituted compound vibrational 

modes assuming that the force constant k is unchanged. 

An illustrative example is 
12

CN (ν1) and its isotopologue 
13

CN (ν 2 ). By considering the 

conditions above, the relation between the wavenumbers of both systems can estimated 

(Equation 3).  
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Equation 3: Estimation of the wavenumber of a 
13

CN (ν 2 ) from that of 
12

CN (ν1). µ1 and µ2 are 

the reduced mass of 
12

CN and 
13

CN, respectively. 

The isotope shift is the difference between ν 2  andν1. 

FT-IR spectra of all compounds were recorded using a ZnSe/Diamond ATR attachment on 

a Perking-Elmer Spectrum 400 FT-IR/FT-FIR in the range between 4000 and 600 cm
-1

. 

6.4.5- Raman spectroscopy 

Raman spectroscopy is based on inelastic scattering of monochromatic light. When a 

photon interacts with a molecule, the photon distorts the electronic cloud around the nuclei 

to form a non-stable virtual state. The photons are instantaneously reemitted with a 

frequency higher or lower or the same as incident photon. If the scattered photons have the 

same frequency the interaction is called elastic (Rayleigh) scattering, however if the 

frequency is higher than the incident photon frequency, the scattered light is called anti-

Stokes radiation. The Raman scattering is called Stokes radiation when the incident photon 

frequency is lower than the scattered frequency.
12

 The figure below shows the different 

scattering. 

 

m

n

Virtual

states

Vibrational

states

Stoke Rayleigh Anti-Stoke

m

n
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Stoke Rayleigh Anti-Stoke
 

Figure 6.1: The lowest energy vibrational state m is shown at the base with states of increasing 

energy above it. Upward arrows are virtually absorbed energy and the scattered energies are 

downward arrows. 



 

 
129 

 Experimental Techniques 

There is a basic selection rule which is required to understand Raman Spectrum. Intense 

Raman scattering occurs from bonds, which undergo a change in their polarizability during 

the vibration. Usually, symmetric vibrations undergo the largest changes and give the 

greatest scattering. This contrasts with infrared absorption where the absorption is caused 

by a change in dipole moment and hence asymmetric vibrations are the most intense. Not 

all vibrational structure of a molecule need to, or in some cases can, be both infrared and 

Raman active and the two techniques usually give quite different intensity patterns. 

Raman spectra were recorded using a Perking Elmer Spectrum 400 Raman station 

equipped with a polarization accessory (PE) for independent polarization of excitation 

laser (785 nm) and the Raman backscattering or via a Olympus BX51 upright reflecting 

microscope coupled to the Raman station by fiber optic cables. Polarized Raman spectra 

were obtained by placing a U-ANT polarizer in the common excitation and Raman 

scattering collection pathway and orientation was varied using a U-SRG 2 circular rotable 

stage. The principle is based on the illumination of the sample with a laser beam and the 

scattered light is collected with a lens and is sent through an laser line filter and 

spectrophotometer to obtain the Raman spectrum on a CCD detector. 

6.4.6- UV/Vis (Ultraviolet- visible) absorption spectroscopy 

Visible wavelengths cover a range from approximately 400 to 800 nm and the ultraviolet 

region covers the region between 190-400 nm. 

When ultraviolet or visible light passes through a sample, it can be absorbed. The absorbed 

energy must be equal to that needed to excite the molecules from the ground state to an 

electronically excited state (i.e. the resonance condition).  

Some common electronic transitions are: 

Transition involving n, σ and π electrons. For organic compounds for which the 

most common transitions are n to π∗ and π to π* (π∗ is the antibonding orbital). The other 

transitions are either too high in energy and so are out of the UV/Vis region (σ to σ*) or are 

weak (n to σ*). 

Transitions involving charge transfer in inorganic compounds are referred to as 

charge-transfer absorptions in which an electron is transferred from the donor to an orbital 

associated to the acceptor in the complex. 

The UV-Vis absorption spectrometer measures the intensity of the light passing through 

the sample (I, transmitted light) and compares it to the intensity of the light without the 
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sample (I0 incident light). The ratio I/I0 is called transmittance. The resulting spectrum is 

presented as a graph of absorbance (A) versus wavelength. The absorbance is related to the 

concentration of the sample through the Beer-Lamber Law. 

A = -log10(I/I0) = ε.c.L where L is the pathlength through the sample, and c the 

concentration of the absorbing species. For each species and wavelength, ε is a constant, 

the molar absorptivity. 

The UV/Vis absorption measurements were recorded on a JASCO V630 or V570 

spectrophotometer. Concentrations of 1.0 mM of compounds in water or acetonitrile and 1 

cm pathlength quartz cuvettes were used. For the solid samples, diffuse reflectance spectra 

were recorded as solid solutions in BaSO4 (spectroscopic grade) using a JASCO V570 

UV/Vis/NIR spectrometer equipped with an integrating sphere. The samples were 

powdered and homogenously mixed with the BaSO4 before being filled into the sample 

holder. Spectra were recorded in the range of 200 – 2500 nm. 

6.4.7- MCD (Magnetic Circular Dichroism) spectroscopy 

MCD as well as CD (Circular Dichroism) spectroscopies measure the differential 

electronic absorption of left and right handed circularly polarized light as a function of 

wavelength. However, in contrast to CD, MCD spectroscopy is performed in a strong 

magnetic field parallel to the direction of propagation of the circular polarized 

light.
13

Whereas CD spectroscopy is sensitive to chirality in the structure of the 

chromophore or its environment (induced CD); MCD spectroscopy gives information on 

electronic excited state properties and on ground state magnetic properties of a compound. 

The MCD signal is proportional to three contributions, designated as MCD A-, B- and C-

terms and can be temperature or magnetic field dependent.
 14,15

 

The A-terms correspond to a sigmoid or derivative band shape curve and its 

intensity arises from a degenerate excited state of the molecule which is split by the 

magnetic field.  

The C-term has an absorption-like band shape at low temperature and its intensity 

arises from a degenerate ground state which is split in the magnetic field due to the 

Zeeman effect. Since the degenerate ground states are typically of spin degeneracy hence, 

only paramagnetic compounds show C-term signals. 

B-term signals have an absorption band shape and arise from the mixing of 

different states in the magnetic field. 
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A- and B-terms are temperature independent whereas the C-term is temperature 

dependent. MCD spectra were recorded on a Jasco J-815 CD spectrometer at 293 K using a 

DeSa magnet (1.4 Tesla) as cuvette holder. 

6.4.8- LD (Linear Dichroism) spectroscopy 

LD is a simple technique that can give information on the molecular characteristics and 

also information on the orientation of the chromophores in a sample such as a crystal.
16

 It 

is based on the difference in absorption between parallel (A//) and perpendicular (A┴) 

polarized light according to an orientation axis. From the equation LD = A// - A┴, it is 

possible to determine how much energy is absorbed in one dimension of the molecule 

relative to the other. 

If the polarization of the probed transition is parallel to the orientation direction, then LD = 

A// - A┴ > 0  

If the polarization of the probed transition is perpendicular to the orientation direction, 

then LD = A// - A┴ < 0 
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Figure 6.2: LD spectroscopy. 

LD spectra were recorded on a Jasco J-815 CD spectrometer. The single crystal was 

mounted on a goniometer and the data were collected through 360
o
 by increments of 15

o
. 

6.5- Electrochemistry 

6.5.1- CV (Cyclic Voltammetry) 

CV is an electroanalytical technique widely used to study redox active compounds. CV is 

extensively used due to the ability to observe redox behavior. CV consists of measuring the 
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resulting current over time while varying the potential, at a controlled scan rate, of an 

electrode in a solution.
17

 
18,19

 

CVs were recorded on a Model CHI630C or Model CHI760B electrochemical workstation 

(CH Instruments). 

1.0 mM concentration of analyte was prepared in anhydrous acetonitrile containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6). A Teflon shrouded glassy carbon 

working electrode, a Pt-wire counter electrode and a SCE were used. 

6.5.2- Spectroelectrochemistry 

UV-Vis spectroelectrochemistry was performed in a homemade Optically Transparent 

Thin Layer Electrochemical (OTTLE) cell, consisting of a 2 mm quartz cuvette containing 

an aqueous solution of 10
-3

 M concentration of the sample and 100 mM concentration of 

the electrolyte (KNO3). Pt-gauze working electrode, Pt-wire counter electrode (separated 

from the main solution with a fritted glass tube) and a SCE reference electrode were used. 

6.6- References: 

                                                 
1. Atkins, P.; Overton, T.; Rourke, J.; Weller, M.; Armstrong, F., Shriver and Atkins’, Inorganic 

Chemistry, 5
th
 Eds. 2010, 223. 

2. SMART, SAINTPLUS and SADABS. Area Detector Control and Integration Software. Smart 

Apex Software Reference Manuals. Bruker Analytical x-ray Instruments. Inc., Madison, 

Wisconsin, USA., Bruker 2007. 

3. Sheldrick, G. M., Acta Cryst A, 2008, 64, 112. 

4. Spek, A. L. (2008) PLATON. Program for the Automated Analysis of Molecular Geometry (A 

Multipurpose Crystallographic Tool) Version of Mrt. 2008. University of Utrecht, The 

Netherlands, Spek, A. L., J. Appl. Cryst., 2003, 36, 7. 

5. Clarke J.; Braginski A. I., (Eds.), The SQUID handbook. 1. Wiley-Vch, 2004. 

6. Drago, R. S., Physical Methods in Inorganic Chemistry, Reinhold Chemistry Textbook Series, 

Chapman and Hall Ltd., London, 1965, 389. 

7. Boudreaux, E. A.; Mulay, L. N. Theory and Applications of Molecular Paramagnetism, John 

Wiley and Sons: New York, 1976, 491. 



 

 
133 

 Experimental Techniques 

                                                                                                                                                    
8. Keeler, J., Understanding NMR Spectroscopy. John Wiley & Sons, 2005. 

9. Hesse, M.; Meier, H.; Zeeh, B., Spectroscopic Methods in Organic Chemistry, Thieme 1997, 

71. 

10. Drago, R. S., Physical Methods in Inorganic Chemistry, Reinhold Chemistry Textbook Series, 

Chapman and Hall Ltd., London, 1965, 328. 

11. Rieger P. H., Electron Spin Resonance: Analysis and Interpretation. Royal Society of 

Chemistry, Cambridge, UK, 2007. 

12. Smith, E.; Dent, G., Modern Raman Spectroscopy- A Practical Approach. John Wiley & Sons, 

Ltd, 2005. 

13. Stephens, P. J., Magnetic Circular Dichroism., Ann. Rev. Phys. Chem., 1974, 25, 201.  

14. Johnson, M. K., Physical Methods in Bioinorganic Chemistry: Spectroscopy and Magnetism,  

Que, L. Jr. Ed., University Science Books, 2000, 233. 

15. Oganesyan, V. S.; George, S. J.; Cheesman, M. R.; Thomson, A. J., J. Chem. Phys., 1999, 110, 

762. 

16. Nordén B., Lindblom G., and Jonas I., J. Phys. Chem., 1977, 81, 2086. 

17. Kissinger, P. T.; Heineman, W. R., J. Chem. Ed., 1983, 60, 702. 

18. Mabbott, G. A., J. Chem. Ed., 1983, 60, 697. 

19. Zoski, C. G., Handbook of Electrochemistry. Elsevier Ed., 2007. 

 

 

 

 

 

 

 

 

 

 

 



 

 
134 

 Chapter 6 

                                                                                                                                                    
 



 

 
147 

 Appendix 

APPENDIXAPPENDIXAPPENDIXAPPENDIX    

 

1- IR and Raman spectra of the compounds described in chapter 2 

 

 

Figure A1: Solid state FTIR (upper) and Raman (lower) spectra of K4[Fe
II
(

12
CN)6] and 

K4[Fe
II
(

13
CN)6] 
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Figure A2: IR (upper) and Raman (bottom) spectra of Na2[Fe

III
(

13
CN)5NO] (straight line) and 

Na2[Fe
III

(CN)5NO] (dotted lines) 
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Figure A3: IR (upper) and Raman (bottom) spectra of Na3[Fe
II
(

13
CN)5en] (straight lines) and 

Na3[Fe
II
(CN)5en] (dotted lines) 
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Figure A4: Raman spectra of Ph4PCl (top), Imidazole (middle), and (Ph4P)2[Fe
III

(CN)5im] 2H2O 

(bottom) 
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2- Tables of the selected bonds lengths and angles for compounds 1, 2, 

3 and 4 described in chapter 3 

 

Table A1: Selected bond lengths (Å) and angles (deg)
a,b

 for 1 

Co1-O1     2.119(3)  Fe1-C1_h     1.951(3) 

Co1-N1     2.107(2)  N1-C1      1.145(4) 

Co1-O1_b     2.119(3)  N2-C2      1.136(10) 

Co1-N1_b     2.107(2)  N3-C3      1.380(7) 

Co1-N1_d     2.107(2)  N3-C5      1.340(7) 

Co1-N1_g     2.107(2)  N3-C3_a      1.380(7) 

Fe1-N3     1.958(5)  N3-C5_a      1.340(7) 

Fe1-C1     1.951(3)  N4-C4      1.360(12) 

Fe1-C2     1.919(8)  N4-C5      1.341(13) 

Fe1-C1_a     1.951(3)  C3-C4      1.359(9) 

Fe1-C1_f     1.951(3)    

     

O1-Co1-N1      87.52(9)  C2-Fe1-C1_a     87.44(9) 

O1-Co1-O1_b      180  C2-Fe1-C1_f      87.44(9) 

O1-Co1-N1_b      92.48(9)  C2-Fe1-C1_h      87.44(9) 

O1-Co1-N1_d      92.48(9)  C1_a-Fe1-C1_f   91.08(12) 

O1-Co1-N1_g      87.52(9)  C1_a-Fe1-C1_h   88.69(12) 

N1-Co1-O1_b      92.48(9)  C1_f-Fe1-C1_h   174.88(13) 

N1-Co1-N1_b      88.70(9)  Co1-N1-C1     178.8(2) 

N1-Co1-N1_d      180  Fe1-N3-C3     132.6(3) 

N1-Co1-N1_g      91.30(9)  Fe1-N3-C5     121.4(4) 

O1_b-Co1-N1_b    87.52(9)  Fe1-N3-C3_a     132.6(3) 

O1_b-Co1-N1_d    87.52(9)  Fe1-N3-C5_a     121.4(4) 

O1_b-Co1-N1_g    92.48(9)  C3-N3-C5     106.1(5) 

N1_b-Co1-N1_d    91.30(9)  C3-N3-C3_a     94.9(5) 

N1_b-Co1-N1_g   180  C3-N3-C5_a     11.2(5) 

N1_d-Co1-N1_g   88.70(9)  C5-N3-C3_a     11.2(5) 

N3-Fe1-C1     92.56(9)  C5-N3-C5_a      117.2(6) 

N3-Fe1-C2      180  C3_a-N3-C5_a   106.1(5) 

N3-Fe1-C1_a      92.56(9)  C4-N4-C5      103.5(7) 

N3-Fe1-C1_f      92.56(9)  Fe1-C1-N1     177.7(3) 

N3-Fe1-C1_h     92.56(9)  Fe1-C2-N2    180.00(3) 

C1-Fe1-C2      87.44(9)  N3-C3-C4    105.8(5) 

C1-Fe1-C1_a      174.88(13)  N4-C4-C3      111.6(6) 

C1-Fe1-C1_f      88.69(12)  N3-C5-N4      113.0(6) 

C1-Fe1-C1_h      91.08(12)    
a
Estimated standard deviations in the last significant digits are given in parentheses.  

b
Symmetry code: [_a] -1-x, 1/2-y, z; [_b] x, -y, -z; [_c] -x, 1/2+y, -z; [_d] -x, -y, -z; [_e] x, 

1/2+y, -z; [_f] -1-x, y, z; [_g] -x, y, z; [_h] x, 1/2-y, z; [_i] -1/2-x, y, -1/2-z. 
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Table A2: selected bond lengths (Å) and angles (deg)
a,b

 for 2 

Fe-N6     1.958(8)  O1-C9      1.415(12) 

Fe-C1     1.956(14)  O2-C10      1.465(11) 

Fe-C4     1.935(12)  N1-C1      1.144(18) 

Fe-C5_b     1.928(15)  N2-C2      1.18(2) 

Fe-C2_c     1.926(16)  N3-C3  1.15(2) 

Fe-C3_e     1.937(16)  N4-C4 1.156(16) 

Mn-O1     2.188(8)  N5-C5      1.178(19) 

Mn-O2     2.278(9)  N6-C6      1.332(13) 

Mn-N1     2.214(11)  C6-C8      1.374(11) 

Mn-N2     2.159(13)  N7-C6 1.328(14) 

Mn-N3     2.214(13)  N7-C7 1.392(15) 

Mn-N5     2.217(12)  C7-C8 1.360(14) 

     

N6-Fe-C1      91.45)  N1-Mn-N2     178.1(5) 

N6-Fe-C4      174.4(6)  N1-Mn-N3      91.1(4) 

N6-Fe-C5_b      94.1(6)  N1-Mn-N5      88.5(4) 

N6-Fe-C2_c      90.1(6)  N2-Mn-N3   90.8(5) 

N6-Fe-C3_e      91.2(6)  N2-Mn-N5   89.6(5) 

C1-Fe-C4      85.5(6)  N3-Mn-N5   172.3(5) 

C1-Fe-C5_b      87.9(6)  Mn-O1-C9     124.4(6) 

C1-Fe-C2_c      94.8(6)  Mn-O2-C10     127.9(6) 

C1-Fe-C3_e      176.1(6)  Mn-N1-C1 142.4(11) 

C4-Fe-C5_b    89.1(6)  Mn-N2-C2     179.2(13) 

C4-Fe-C2_c    86.7(6)  Mn-N3-C3     174.0(12) 

C4-Fe-C3_e    92.1(6)  Mn-N5-C5     163.4(12) 

C5_b-Fe-C2_c    174.7(6)  Fe-N6-C6     124.9(7) 

C5_b-Fe-C3_e   89.0(6)  Fe-N6-C8     128.8(6) 

C2_c-Fe-C3_e   88.0(7)  C6-N6-C8     106.2(7) 

O1-Mn-O2     174.2(4)  C6-N7-C7      108.5(9) 

O1-Mn-N1      87.4(4)  Fe-C1-N1   176.8(13) 

O1-Mn-N2      92.9(4)  N2-C2-Fe_d      179.7(17) 

O1-Mn-N3      94.2(4)  N3-C3-Fe_f     176.9(14) 

O1-Mn-N5     93.5(4)  Fe-C4-N4    177.0(11) 

O2-Mn-N1      87.1(4)  N5-C5-Fe_a    174.6(13) 

O2-Mn-N2      92.6(4)  N6-C6-N7      110.5(9) 

O2-Mn-N3      84.0(4)  N7-C7-C8      104.9(9) 

O2-Mn-N5      88.3(4)  N6-C8-C7 109.8(8) 
a
Estimated standard deviations in the last significant digits are given in parentheses.  

b
Symmetry code: [_a] -1+x, y, z; [_b] 1+x, y, z; [_c] 2-x, -1/2+y, 1/2-z; [_d] 2-x, ½+y, 1/2-

z; [_e] 3-x, -1/2+y, 1/2-z; [_f] 3-x, 1/2 +y, 1/2 -z 
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Table A3: Selected bond lengths (Å) and angles (deg)
a,b

 for 3 

Zn-N1      2.059(2)  Fe-C1_k   1.940(2) 

Zn-N2      2.097(2)  N1-C1     1.147(3) 

Zn-N3      2.024(3)  N2-C2    1.147(3) 

Zn-N1_i     2.059(2)  N3-C3     1.167(4) 

Zn-N2_i     2.097(2)  N4-C4     1.341(5) 

Fe-N4      1.966(3)  N4-C6     1.377(5) 

Fe-C1    1.940(2)  N5-C4    1.341(5) 

Fe-C2_c     1.942(2)  N5-C5      1.353(6) 

Fe-C3_e      1.919(4)  C5-C6   1.374(6) 

Fe-C2_h    1.942(2)    

     

N1-Zn-N2     87.28(8)  C2_c-Fe-C3_e   89.76(10) 

N1-Zn-N3      103.69(8)  C2_c-Fe-C2_h    88.17(9) 

N1-Zn-N1_i      88.56(8)  C2_c-Fe-C1_k    91.99(9) 

N1-Zn-N2_i      155.03(9)  C3_e-Fe-C2_h    89.76(10) 

N2-Zn-N3      101.22(8)  C3_e-Fe-C1_k    87.96(10) 

N2-Zn-N1_i      155.03(9)  C2_h-Fe-C1_k    177.72(11) 

N2-Zn-N2_i      86.19(8)  Zn-N1-C1      174.4(2) 

N3-Zn-N1_i      103.69(8)  Zn-N2-C2      175.7(2) 

N3-Zn-N2_i      101.22(8)  Zn-N3-C3     155.7(3) 

N1_j-Zn-N2_i    87.28(8)  Fe-N4-C4      124.8(2) 

N4-Fe-C1      90.61(9)  Fe-N4-C6      128.0(2) 

N4-Fe-C2_c      91.67(9)  C4-N4-C6      107.2(3) 

N4-Fe-C3_e      178.01(12)  C4-N5-C5      109.1(4) 

N4-Fe-C2_h      91.67(9)  Fe-C1-N1      177.2(2) 

N4-Fe-C1_k      90.61(9)  N2-C2-Fe_b      178.6(2) 

C1-Fe-C2_c      177.72(11)  N3-C3-Fe_d      176.0(3) 

C1-Fe-C3_e      87.96(10)  N4-C4-N5      109.2(3) 

C1-Fe-C2_h     91.99(9)  N5-C5-C6      106.7(3) 

C1-Fe-C1_k      87.77(9)  N4-C6-C5      107.8(3) 
a
Estimated standard deviations in the last significant digits are given in parentheses.  

b
Symmetry code: [_a] 3/2-x, 1-y, -1/2+z; [_b] -1/2+x, 3/2-y, 1/2-z; [_c] 1/2+x, 3/2-y, 1/2-z; 

[_d] 1-x, -1/2+y, 1-z; [_e] 1-x, 1/2+y, 1-z; [_f] 1-x, 1-y, 1-z; [_g] -1/2+x, y, 1/2-z; 

[_h] 1/2+x, y, 1/2-z; [_i] 3/2-x, 1/2+y, -1/2+z; [_j] x, 1/2-y, z; [_k] x, 3/2-y, z. 

 

Table A4: Selected bond lengths (Å) and angles (deg)
a,b

 for 4 

Fe-N4      1.969(4)  N5-C4      1.342(6) 

Fe-C1     1.927(6)  N5-C6      1.373(7) 

Fe-C2      1.942(4)  N6-C7      1.335(6) 

Fe-C3      1.947(4)  N6-C11      1.351(6) 

Fe -C4     1.942(4)  N7-C12      1.342(6) 

Fe-C5      1.947(4)  N7-C16      1.339(7) 

Mn-N2      2.215(3)  C5-C6      1.352(9) 

Mn-N6      2.267(4)  C7-C8      1.391(6) 

Mn-N7      2.341(4)  C8-C9      1.377(7) 
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Mn-N3_b      2.227(3)  C9-C10      1.373(8) 

Mn-N3_d      2.227(3)  C10-C11     1.387(8) 

Mn-N2_g      2.215(3)  C11-C12     1.486(7) 

N1-C1      1.153(8)  C12-C13     1.402(8) 

N2-C2      1.155(5)  C13-C14     1.372(8) 

N3-C3      1.156(5)  C14-C15     1.376(9) 

N4-C4      1.331(7)  C15-C16     1.387(8) 

N4-C5      1.387(8)    

     

N4-Fe-C1      178.2(2)  C3-N3-Mn_c      163.2(3) 

N4-Fe-C2      90.36(14)  Fe-N4-C4      126.3(3) 

N4-Fe-C3      90.62(13)  Fe-N4-C5     128.0(3) 

N4-Fe-C2_f      90.36(14)  C4-N4-C5      105.7(4) 

N4-Fe-C3_f     90.62(13)  C4-N5-C6     108.0(4) 

C1-Fe-C2      88.35(16)  Mn-N6-C7      120.6(3) 

C1-Fe-C3      90.68(16)  Mn-N6-C11     120.6(3) 

C1-Fe-C2_f      88.35(16)  C7-N6-C11      118.8(4) 

C1-Fe-C3_f      90.68(16)  Mn-N7-C12     117.9(3) 

C2-Fe-C3      92.92(16)  Mn-N7-C16     123.1(4) 

C2-Fe-C2_f      87.14(16)  C12-N7-C16     119.0(5) 

C2-Fe-C3_f      179.02(15)  Fe-C1-CN1      176.2(5) 

C3-Fe-C2_f      179.02(15)  Fe-C2-N2      176.2(3) 

C3-Fe-C3_f      87.00(16)  Fe-C3-N3     176.5(3) 

C2_f -Fe-C3_f   92.92(16)  N4-C4-N5      110.6(4) 

N2-Mn-N6      130.05(9)  N4-C5-C6      109.4(5) 

N2-Mn-N7      82.95(11)  N5-C6-C5      106.3(5) 

N2-Mn-N3_b      138.52(11)  N6-C7-C8      122.2(5) 

N2-Mn-N3_d      81.19(10)  C7-C8-C9      119.4(5) 

N2-Mn-N2_g      84.85(11)  C8-C9-C10      118.2(5) 

N6-Mn-N7      70.23(14)  C9-C10-C11      120.5(5) 

N6-Mn-N3_b      87.36(11)  N6-C11-C10      121.0(5) 

N6-Mn-N3_d      87.36(11)  N6-C11-C12      115.2(4) 

N6-Mn-N2_g      130.05(9)  C10-C11-C12     123.9(5) 

N7-Mn-N3_b      133.05(8)  N7-C12-C11      116.1(4) 

N7-Mn-N3_d      133.05(8)  N7-C12-C13      121.1(5) 

N7-Mn-N2_g      82.95(11)  C11-C12-C13     122.8(4) 

N3_b-Mn-N3_d    83.95(10)  C12-C13-C14     119.1(6) 

N3_b-Mn-N2_g    81.19(10)  C13-C14-C15    119.9(5) 

N3_d-Mn-N2_g    138.52(11)  C14-C15-C16     118.2(5) 

Mn-N2-C2      157.6(3)  N7-C16-C15      122.7(6) 
a
Estimated standard deviations in the last significant digits are given in parentheses.  

b
Symmetry code: [_a] x, -1/2-y, z; [_b] -1/2+x, 1/2-y, 1/2-z; [_c] 1/2+x, 1/2-y, 1/2-z; [_d] -

1/2+x, y, 1/2-z; [_e] 1/2+x, y, 1/2-z; [_f] x, -1/2-y, z; [_g] x, 1/2-y, z;  
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SUMMARYSUMMARYSUMMARYSUMMARY    

 

The chemistry of Prussian Blue Analogs (PBAs) has been explored extensively, and has 

led to a wide range of applications due to their peculiar properties. The most representative 

family of PBAs are those of the type AxMy[M’(CN)6]z·nH2O; an inorganic polymer is 

formed in these systems with the cyano acting as a bridging ligand between the two metals 

ions (M
n+

 and M’
p+

) resulting in a three dimensional (3D) structure. The structure typically 

contains defects, which are useful since they allow for properties to be tuned. The presence 

of two metal centers in the molecule, which can interact magnetically with each other, 

gives to the system the name molecular-based magnet. Under irradiation, the cyano ligands 

can facilitate electron transfer between both metal centers when they are in different 

oxidation states. In PBAs, the presence of defects in the structure is common and can be an 

advantage; however, control of the number of defects is still non-trivial.  

This thesis focusses on the synthesis of a new series of bimetallic compounds of the type 

M[M’(CN)5L]·n(solvent) from substituted complexes of the type [Fe(CN)5L]
2+/3+

. The 

properties of these mononuclear cyanides, how they can influence the stoichiometry and 

the structure of bimetallic systems and to what extent their use as building blocks can tune 

the properties of new bimetallic complexes were investigated.  

The work presented in this thesis is divided into two main topics. The first part presented 

in chapters 2, 3 and 4 describe the formation and the properties of metal cyano complexes. 

The second part described in chapter 5, deals with study of the relation between 

electrochemical and spectroscopic data and the selectivity and activity of a series of 

catalysts made from substituted benzoic acids with a manganese-(tmtacn) complex (tmtacn 

= N,N',N'',-trimethyl-1,4,7-triazacyclononane). 

Chapter 1 of this thesis presents an overview of the studies of cyanide metallate complexes 

and a discussion of the diverse fields of application. The formation of 3D networks of 

Prussian Blue Analogs (PBAs) from the mononuclear hexacyanoferrate complex is 

discussed. 
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Figure 1: General synthesis procedure for preparation of PBAs. 

 

Figure 2: 3D representation of a PBA with defects and magnetic susceptibility curves expected for 

ferromagnetic and anti-ferromagnetic behavior. 

In Chapter 2, we described the synthesis of two mononuclear cyanide complexes 

Na3[Fe
II
(CN)5en]·5H2O (en = ethylenediamine) (1) and (Ph4P)2[Fe

III
(CN)5im]·2H2O (im = 

imidazole) (2) is described. Complex 1 is obtained from the reaction of sodium 

nitroprusside (Na2[Fe(CN)5NO]·2H2O) with an excess of ethylenediamine whereas 2 is 

isolated from an aqueous solution of 1 with Ph4PCl. The characterization of these 

compounds reveals that both complexes have an octahedral environment with the metal 

center coordinated to five cyano ligands and one of the nitrogens of the ethylenediamine or 

imidazole ligand. FT-IR and Raman spectroscopy show that the Fe(II) ion in 1 is divalent 

whereas it is trivalent in 2. Complex 1 does not show any EPR or MCD signal confirming 

that the metal center is diamagnetic and therefore low spin. However, magnetic studies on 

complex 2 reveal the low spin state of the Fe(III) ion and the paramagnetic properties of 

the complex.  
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Scheme 1: Synthesis of 1 (a) and 2 (b). 

Chapter 3 addresses the use of (Ph4P)2[Fe
III

(CN)5im]·2H2O as a building block in the 

synthesis of a new series of bimetallic systems of the type M[Fe
III

(CN)5im] ·n(solvent) 

(where M is transition metal ions Co
2+

, Mn
2+

 or Zn
2+

). From X-ray data, [Fe
III

(CN)5im]
2+

 

binds to the other metal ions through its four equatorial cyano ligands, with the axial cyano 

ligand is non-bridging. This bonding leads to the formation of a 2D network. The 

coordination of the imidazole to the Fe(III) ion results in a significant trans effect on the 

axial cyano ligand, which reduces its ability to bridge a second metal ion. However the 

exception is for the system formed with zinc ions, which shows a 3D network and in which 

all the five cyano ligands are involved in the bridging between the two metal ions. From 

SQUID measurements, it was found that although initially the mononuclear complexes of 

Fe
3+

, Co
2+

 and Mn
2+

 are paramagnetic, when forming a bimetallic system, they interact 

magnetically to realize either ferromagnetic behavior (in case of Fe
3+

/Co
2+

 and Fe
3+

/Mn
2+

) 

or weak antiferromagnetic behavior (the case of Fe
3+

/Mn
2+

(bypiridine)). The system 

formed with zinc (Fe
3+

/Zn
2+

) does not show intermetallic interaction since Zn
2+

 is 

diamagnetic. The system Co[Fe
III

(CN)5im] presents an improved Curie temperature (Tc = 

25 K) compared to that of Cox[Fe
III

(CN)6]y (with a Tc = 16 K). The use of substituted 

imidazoles offers a considerable handle to tuning the solid state properties. The 

improvement of the Curie temperature is advantageous in the design of new magnetic 

devices. This compound could eventually exhibit a photo-induced enhancement of the 

magnetization at low temperature with an increase of the Curie temperature, which will be 

higher than that of the Cox[Fe
III

(CN)6]y (with a Tc = 22 K). Also the closer the Curie 

temperature is to room temperature, the better magneto-optical signal the compound can 

exhibit. 
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Figure 3: Formation of a 2D network in the bimetallic system M[Fe(CN)5im] 

Chapter 4 focuses on a mechanistic study of the formation of the imidazole complex from 

the ethylenediamine complex including the determination of the source of the extra carbon 

to form the imidazole ring (scheme 2). It was found that the only possible sources of the 

extra carbon atom to form the imidazole are the ethylenediamine and from the cyano 

ligands. The results obtained from labeling studies carried out with K
13

CN as well as from 

the various spectroscopic analyses revealed that the ethylenediamine is the carbon donor 

for the formation of imidazole. The yield of the reaction (60%) leads to the assumption that 

three equivalents of ethylenediamine complex react with each other to give two equivalents 

of imidazole complex. Therefore, a better understanding of this mechanism holds 

implications for C-C (of ethylenediamine) bond cleavage.  

 

Scheme 2: Formation of imidazole complex from ethylenediamine complex. 

In chapter 5, the influence of substituted R-carboxylato ligands (R = alkyl, alkylhalide or 

(substituted) phenyl) on the general properties of manganese complexes of the type 

[Mn
III

2(µ-O)(µ-R-CO2)2(tmtacn)2]
2+

 (tmtacn = N,N',N'',-trimethyl-1,4,7-triazacyclononane) 

is discussed. The aim of the chapter was to ascertain if electrochemical and spectroscopic 

data can give predictive insight into the selectivity and activity of the catalysts in the 

oxidation of alkenes. The results obtained indicate that, although control of the selectivity 

and/or activity of the catalyst is achieved by variation of the substitution of benzoato based 
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catalysts, electrochemical and spectroscopic properties show no relationship to catalytic 

properties. 

 

Scheme 3: Synthesis reaction of the substituted [Mn2(µ-O)(µ-RCO2)2(tmtacn)2]
2+

. 

In chapter 6, a brief description of the analytical techniques used to characterize the 

samples reported in this thesis is given. 
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SAMENVATTINGSAMENVATTINGSAMENVATTINGSAMENVATTING    

 

De chemie van de analogen van Pruisisch blauw (PBA’s) is uitgebreid onderzocht en heeft 

geleid tot een breed scala van toepassingen vanwege de wonderlijke eigenschappen van 

deze PBA’s. De meest representatieve familie van PBA’s zijn die van het type 

AxMy[M’(CN)6]z·nH2O; in deze systemen wordt een anorganische polymeer gevormd 

waarin de cyano groepen als bruggend ligand optreden tussen twee metaal ionen (M
n+

 en 

M’
p+

), hetgeen resulteert in een driedimensionale (3D) structuur. De structuur bevat 

doorgaans defecten die nuttig zijn aangezien hierdoor de eigenschappen aangepast kunnen 

worden. De aanwezigheid van twee metaal centra in het molekuul, die magnetische 

interactie met elkaar kunnen vertonen, geven het systeem de naam molekuul-gebaseerde 

magneten. Onder invloed van licht kunnen de cyano liganden electron overdracht tussen de 

beide metaal centra faciliteren wanneer deze centra een verschillende oxidatie toestand 

hebben. De aanwezigheid van defecten in de structuur van PBA’s is gebruikelijk en kan 

gunstig zijn, alhoewel de controle over het aantal defecten nog steeds niet triviaal is.  

In dit proefschrift wordt de synthese van een nieuwe serie van bimetallische verbindingen 

van het type M[M’(CN)5L]·n(oplosmiddel) vanuit gesubstitueerde complexen van het type 

[Fe(CN)5L]
2+/3+

 beschreven. De eigenschappen van deze mononucleaire cyanides werd 

onderzocht, alsmede hoe deze de stoichiometrie en de structuur van bimetallische systemen 

kunnen beïnvloeden en in hoeverre het gebruik hiervan als bouwstenen de eigenschappen 

van nieuwe bimetallische complexen kan aanpassen.  

Het werk dat in dit proefschrift gepresenteerd wordt is verdeeld in twee onderwerpen. In 

het eerste deel van het proefschrift (namelijk hoofdstuk 2, 3 en 4) wordt de vorming en de 

eigenschappen van de metaal cyano complexen beschreven. Het tweede deel (hoofdstuk 5) 

behandelt de studie van de relatie tussen electrochemische en spectroscopische data en de 

selectiviteit en activiteit van een serie katalysatoren die gemaakt zijn vanuit 

gesubstitueerde benzoëzuren en een mangaan-tmtacn complex (tmtacn = N,N',N'',-

trimethyl-1,4,7-triazacyclononaan). 

Hoofdstuk 1 van dit proefschrift geeft een overzicht van het onderzoek van cyanide-metaal 

complexen en van de diversen toepassingsgebieden. De vorming van 3D netwerken van 
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Pruisisch blauw analogen (PBA’s) vanuit het mononucleaire hexacyanoferraat complex 

wordt behandeld.  

 

Figuur 1: Algemene procedure voor de synthese van PBAs. 

 

Figuur 2: 3D representatie van een PBA met defecten en magnetische susceptibiliteits curves zoals 

verwacht voor ferromagnetisch en anti-ferromagnetisch gedrag. 

In hoofdstuk 2 wordt de synthese van de twee mononucleaire cyanide complexen 

Na3[Fe
II
(CN)5en]·5H2O (en = ethyleen diamine) (1) en (Ph4P)2[Fe

III
(CN)5im]·2H2O (im = 

imidazole) (2) beschreven. Complex 1 werd verkregen door reactie van 

Na2[Fe(CN)5(NO)].2H2O met een overmaat ethyleen diamine, terwijl complex 2 geïsoleerd 

werd uit een water oplossing van complex 1 na reactie met Ph4PCl. De karakterisatie van 

deze complexen laat zien dat beide complexen een octaëdrische omgeving hebben waarbij 

het metaal centrum gecoördineerd is aan vijf cyano liganden en aan één van de stikstof 

atomen van het ethyleen diamine of van het imidazole ligand. FT-IR en Raman 

spectroscopie laten zien dat het Fe(II) ion in 1 divalent is, terwijl het in complex 2 trivalent 

is. Complex 1 laat geen EPR of MCD signaal zien en dit bevestigt dat het metaal centrum 

diamagnetisch is en daarom low-spin. Magnetische studies aan complex 2 daarentegen 
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laten een low-spin toestand van het Fe(III) ion en paramagnetische eigenschappen van het 

complex zien.   

Na2[FeIII(CN)5NO].2H2O Na3[FeII(CN)5en].5H2O

(Ph4P)2[FeIII(CN)5im].2H2O
2Ph4PCl

EtOH/H2O

H2O/EtOH

open beker,

2 weken

3 dagen

ethyleendiamine

(overmaat)

Na3[FeII(CN)5en].5H2O

CH3COONa

(a)

(b)

 

Schema 1: Synthese van complex 1 (a) en 2 (b). 

In hoofdstuk 3 wordt het gebruik van (Ph4P)2[Fe
III

(CN)5im]·2H2O als bouwsteen voor de 

synthese van een nieuwe serie van bimetallische systemen van het type 

M[Fe
III

(CN)5im]·n(solvent) (M is een overgansmetaal ion Co
2+

, Mn
2+

 of Zn
2+

) behandeld. 

Röntgendiffractie data laat zien dat [Fe
III

(CN)5im]
2+

 een binding vormt met de andere 

metaal ionen via de vier equatoriale cyano liganden, terwijl de axiale cyano groep niet een 

bruggend ligand is. Deze verbindingen zorgen voor de vorming van een 2D netwerk. De 

coördinatie van de imidazole groep aan het Fe(III) ion resulteert in een significant trans-

effect voor het axiale cyano ligand, hetgeen zijn vermogen om een brug te vormen met een 

tweede metaal ion vermindert. Een uitzondering is echter het systeem dat gevormd wordt 

met zink ionen, waar een 3D netwerk gevormd wordt en waarin alle vijf cyano groepen als 

een bruggend ligand optreden tussen twee metaal ionen. Hoewel de oorspronkelijke 

mononucleaire complexen met Fe
3+

, Co
2+

 en Mn
2+

 paramagnetisch zijn, werd met behulp 

van SQUID metingen gevonden dat, wanneer een bimetallisch systeem gevormd wordt, 

magnetische interactie optreedt waarbij of wel ferromagnetisch gedrag (in het geval van 

Fe
3+

/Co
2+

 en Fe
3+

/Mn
2+

) dan wel zwak anti-ferromagnetisch gedrag (in het geval van 

Fe
3+

/Mn
2+

(bypiridine)) gevonden wordt. Het systeem gevormd met zink (Fe
3+

/Zn
2+

) laat 

geen intermetallische interactie zijn aangezien Zn
2+

 diamagnetisch is. Het systeem 

Co[Fe
III

(CN)5im] geeft een verbeterde Curie temperatuur (Tc = 25 K) vergeleken met die 

van Cox[Fe
III

(CN)6]y (Tc = 16 K). Het gebruik van gesubstitueerde imidazole groepen biedt 

een goed handvat om de solid state eigenschappen aan te passen. De verbeterde Curie 

temperatuur is voordeel bij het ontwerpen van nieuwe magnetische toepassingen. Deze 
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verbinding zou weleens een foto-geïnduceerde verbetering van de magnetisatie bij lage 

temperatuur kunnen laten zien, welke hoger zal zijn dan die van Cox[Fe
III

(CN)6]y (waar Tc 

= 22 K). Tevens geldt dat hoe dichter de Curie temperatuur bij kamer temperatuur ligt, des 

te beter de magneto-optische signalen die een verbinding ten toon kan spreiden.  

 

Figuur 3: Vorming van een 2D network in het bimetallische systeem M[Fe(CN)5Im]. 

Hoofdstuk 4 richt zich op een mechanistische studie van de vorming van het imidazole 

complex vanuit het ethyleen diamine complex, inclusief het vaststellen van de bron van het 

extra koolstof atoom in de imidazole ring (schema 2). Er werd geconstateerd dat de enige 

mogelijke bronnen van het extra koolstof atoom in het gevormde imidazole de ethyleen 

diamine en de cyano liganden zijn. De verkregen resultaten van zowel labelling studies 

uitgevoerd met K
13

CN als van de verschillende spectroscopische analyses laten zien dat 

ethyleen diamine de donor is van het koolstof atoom dat nodig is voor de vorming van 

imidazole. De opbrengst van de reactie (60%) leidt tot de aanname dat drie equivalenten 

van het ethyleen diamine complex met elkaar reageren onder vorming van twee 

equivalenten van het imidazole complex. Een beter begrip van dit mechanisme heeft 

daarom implicaties voor het verbreken van C-C bindingen (van ethyleen diamine).  

 

Schema 2: Vorming van het imidazole complex vanuit het ethyleen diamine complex.  

In hoofdstuk 5 wordt de invloed van gesubstitueerde R-carboxylate liganden (R = alkyl, 

alkylhalide of (gesubstitueerd) phenyl) op de algemene eigenschappen van mangaan 

complexen van het type [Mn
III

2(µ-O)(µ-R-CO2)2(tmtacn)2]
2+

 (tmtacn = N,N',N'',-trimethyl-
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1,4,7-triazacyclononaan) beschreven. Het doel van het hoofdstuk was om vast te stellen of 

de electrochemische en spectroscopische data een voorspellende waarde kan hebben voor 

de selectiviteit en activiteit van deze katalysatoren bij de oxidatie van alkenen. De 

verkregen resultaten suggeren dat, hoewel controle van de selectiviteit en/of activiteit van 

de katalysator bewerkstelligd wordt door variatie van de substituenten van de benzoaat 

gebaseerde katalysatoren, de electrochemische en spectroscopische eigenschappen geen 

relatie vertonen met de katalytische eigenschappen.  

 

Schema 3: Synthese van de gesubstitueerde [Mn2(µ-O)(µ-RCO2)2(tmtacn)2]
2+

 complexen. 

In hoofdstuk 6 wordt een korte beschrijving gegeven van de analytische technieken die 

gebruikt zijn om de in dit proefschrift gerapporteerde monsters te karakteriseren.  
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