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ABSTRACT

Understanding the Factors which Influence the Interactions of Iron (I1) and Iron (111)
in Porphyrins and the Chemistry of Silicon Phthalocyanine

The work presented in this thesis involved the study of iron(ll) and iron(ll)
porphyrins using high-pressure Mdssbauer spectroscopy. Further work was aimed at
the formation of a new complex between iron(lll) tetraphenylporphyrin chloride
[Fe(IINTPPCI] and silicon phthalocyanine di-4pyridinecarboxylic acid [Si-
Pc(4PyCOO0)z2].

The synthesis of tetraphenylporphyrin (H2TPP) and Fe(I11)TPPCI was achieved and
verified using CHN analysis, UV spectrometry and ambient pressure Mossbauer
spectroscopy. However the synthesis of pure Si-Pc[PyCOQ]2 proved to be difficult.
The intention to form a complex between Fe(111)TPPCI and Si-Pc[PyCOO]2 was not
successful, despite many attempts. The reason for this was due to the nature of

Si-Pc[PyCOOQ]2. The axial ligand [PyCOO]  has higher affinity for H« than

[Fe(11I)TPP]*. The difference in solubility of Fe(11I)TPPCIl and Si-Pc[PyCOO]: in
chloroform caused another problem in the formation of the complex due to the nature
of the solvent. Chloroform is too hygroscopic and even a limited exposure to the
atmosphere decomposes the Si complex.

An understanding of some of the factors that control the spin state of Fe(111)OEPCI
and Fe(l1I1)PPIXCI was made possible using high-pressure Méssbauer spectroscopy
studies. Many synthetic porphyrins have been studied to model the structure and the

reactions of haemoproteins. One of the reasons for this is that [PPIXFe(l1/111)] (haem)



\Y

is difficult to crystallise whereas Fe(TPP) and Fe(OEP)-compounds readily
crystallise.

Maossbauer spectroscopy was used to study the spin state of iron(l11) and its changes

in 5’Fe(11T1)OEPCI under high-pressure conditions. This area of study is an extension
of previous work on 5"Fe(1I1)PPIXCI using the same technique. Evidence of the
nuclear interactions parameter (quadrupole splitting, AEQ) was established for the
change in the spin state from high spin to the spin admixed S = +/- 3/2, +/- 5/2 state.
Furthermore, high-pressure Mdssbauer spectroscopy was shown to be a powerful
technique to study this kind of spin state - "spin admixed". Examples were used from
previous studies to compare the change in the spin state.

S’Fe(II)OEP[4-NH2Py]. was also  synthesised and compared  with
[3"FePPIX[HIm]2]CI using high pressure Massbauer study. The Mdssbauer data for
these compounds when compared with a whole range of [Fe(l11)Por(L)2]* complexes
provided a better understanding of the structural conformation, the orientation of
ligands [parallel or perpendicular positions] in relation the Fe-N plane. The
comparative study using similar substituted ligands of imidazoles demonstrated that
ligands binding to the iron influence the electronic structure in relation to pressure.
Probing with the nuclear interactions using Mdssbauer technique explained some of

the informations and factors that control the spin state in these compounds.

Shanti Anandan [B.Sc. (Hons), GRSC]
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AIMS OF PROJECT
The research reported in this thesis was conducted on iron porphyrins and silicon
phthalocyanine compounds to further the understanding of these compounds. The
overall aim was to study and enhance our knowledge of the mechanisms controlling
the chemistry of the iron site. Iron(I1) and iron(111) complexes have high, intermediate
and low spin states.
Understanding the chemistry of iron protoporphyrin IX in the absence of protein is of
interest to both chemists and biochemists because of its biological role. A synthetic
compound that has similar chemical properties is iron octaethyl porphyrin, which is
one of the most widely studied and easily synthesised model porphyrin systems.
Silicon phthalocyanine compounds were also prepared for some of the aspects of their
synthesis, structure and properties in this work.
The work reported in this thesis is as follows.
1. The attempted formation of a crystalline iron tetraphenyl porphyrin and silicon
phthalocyanine di 4-pyridine carboxylic compound. For the aforementioned:
e FeTPPCI was synthesised,
e PyCOOH (isonicotinic acid) ligands were bound to the axial positions
of SiPcCl2 and
e the formation of [FeTPP]*- [SiPc(PyCOOQ)]? containing FeTPPCI and
SiPc[PyCOO]2 was attempted and various tests were carried out for

ascertaining the solubility of these compounds and other ligands.

2. Interest in the admixed spin species [3/2, 5/2] in iron(l11) compounds led to the

synthesis of enriched  5’Fe(II)OEPCI and comparative studies with
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STFe(1INPPIXCI, using high pressure Mdssbauer spectroscopy so that the

results could be compared with previous studies.

. Finally, 57Fe(111) OEP[4-NHzPy]2Cl was synthesised and the properties of this
complex were studied using the high pressure Mdssbauer spectroscopic
techniques in order to understand the effect of increased pressure on the axial

position of the ligand in the compound.



Chapter 1: Introduction to Porphyrins, Metalloporphyrins and

Phthalocyanines

1.1 Introduction

Porphyrins are compounds that are ubiquitous in nature and occur in the well-known
chlorophyll a and b complexes, found in plants and haem which is found in blood. Of
particular interest is the group of structural analogues of natural porphyrins, which
include synthesised porphyrins, phthalocyanines and their various metal derivatives.
Synthesis and development of various types of porphyrins and phthalocyanines are
extremely important in the study of the biological, chemical and physical properties of
naturally occurring haem proteins.

This research was conducted on iron-containing porphyrins and silicon
phthalocyanine compounds to further the understanding of these compounds. The
overall aim was to study and enhance the understanding of the mechanisms
controlling the chemistry of the iron site. Iron(11) and iron(111) complexes have high,
intermediate and low spin states. Silicon phthalocyanine compounds were also
prepared to study some of the aspects of their synthesis, structure and properties in

this work.

1.2 The Porphyrin System

Kdster first suggested the porphyrin structure in 19121, but the proposal was not
accepted because such a large structure was thought to be intrinsically unstable. In
1929, Fischer succeeded in synthesising iron(l11) protoporphyrinlX chloride (haemin),

from pyrrolic starting materials and this structure was fully accepted?.



In 1965, Webb and Fleischer3 first published the x-ray crystal structure of this
molecule, which is a macrocycle, deep red in colour and is very nearly planar in
structure.

The name, porphyrin, is given to a family of intensely coloured compounds, which are
all substituted analogues of a large macrocycle of twenty carbon and four nitrogen
atoms (Figure 1.1) The macrocycle itself is built up from four smaller pyrrole rings,
each made up of four carbon and one nitrogen atom. The structure was first suggested

by Kuster in 19121,

17 18 16 13

Figure 1.1 All number IUPAC systematic nomenclature of a macrocycle.

The bare tetrapyrrole nucleus has unique chelating properties, a central metal atom
displaces two hydrogen ions from the porphyrin and thus finds itself in a symmetrical
electrostatic field of four nitrogen atoms with which it may form four equivalent

coordinate donor-acceptor bonds.

The effects of the substituents on the porphyrin nucleus and the effects of extra

ligands (which may be added perpendicularly to the porphyrin plane) mean that the



physiochemical properties of metalloporphyrins can be subjected to great variation.
Such modification of metalloporphyrins leads to a wide range of finely tuned
properties found in natural compounds. These derivatives play an essential role in the

life of bacteria, fungi, plants and animals.

In nature, several dozen compounds contain the porphyrin skeleton, with varying
degrees of unsaturation, bonded to a wide range of functional groups; examples of
these include:
(i) catalyse, a magnesium(ll) [Mg?*] - containing enzyme which catalyses the
decomposition of cellular hydrogen peroxide; chlorophyll a and
chlorophyll b (Figure 1.2)2, two of several photosynthetic pigments which

transduce light into chemical energy in plants and other autotrophs;

CH3

(!)OO Phytol COOPhytol

() (b)
Figure 1.2 Schematic of the structure of (a) chlorophyll-a and

(b) chlorophyll-b.



(i1) haemoglobin & myoglobin (Figure 1.3)3, the iron(Il) ion is responsible for
transporting dioxygen and carbon monoxide in mammals and birds; The
iron atom of cytochromes alternate between the iron(ll) state and iron(l11)

state. Biosynthesis of heme including involves enzyme and mechanisms*

o
/T‘N(\;N---Fe-—(f

1 Represents the porphyrin plane
Figure 1.3 Binding of oxygen to the haem group of haemoglobin or myoglobin.

(iii)vitamin-B12 (Figure 1.4)2, the cobalt(Il1) cofactor required for the synthesis of

mammalian red blood cells.

Figure 1.4 Schematic of the structure of vitamin B-12.



The porphyrin ring systems are essential to the function of many biological molecules
and are derivatives of the parent porphyrin molecule. These derivatives are named and
classified according to the basis of the side chain substituents, for example
protoporphyrins, mesoporphyrins, etioporphyrins and coproporphyrins. Of these the
most abundant are the protoporphyrins, which may exist in fifteen isomeric forms2.
These differ in the sequence of substitution of eight different side chains. The function

of the side chains is to fine-tune the metalloporphyrin for its specific biological role.

1.2.1 Porphyrins Nomenclature

It was Fischer who derived the first system of nomenclature for porphyrins? (Figure
1.1). However, systematic IUPAC nomenclature was introduced in 1979, which
numbered all the carbon atoms in the macrocycle (Figure 1.5)2. In line with
conventional organic chemistry at the time, every new porphyrin was given a trivial
name. Many porphyrins are substituted on all eight positions of the pyrrole fragments.
When all substituents are the same, naming the porphyrin is relatively simple. For
example, eight ethyl (CHsCH2) groups attached to the pyrrole positions gives

octaethylporphyrin (Table 1.1).

Figure 1.5 Mesoporphyrin IX — systematic nomenclature; 7, 12-diethyl 3, 8, 13,
17-tetramethyl porphyrin 2, 18-dipropionic acid - related numbering
system.



Table 1.1  Examples of naturally occurring and synthetic porphyrins®.

Position of substituent
Name 2 (3|5 |7]8|10(12|13|15|17|18]| 20
Uroporphyrin | A/P|H|A|P|H|A|P|H|A|P|H
Coproporhyrin |l M{P|H|P|M|H[M|P|H|P|M|H
Etioporphyrin 111 MIEIHIMIEIHIMIEIHIEIMIH
Protoporphyrin IX (PPIX) MIVIHIMIVIHIMIPIHIPIMIH
Mesoporphyrin IX M|{E|H|M|E|H|[M|P|H|P|[M|H
Deuteroporphyrin 1X MIHIHIMIHIHIMIPIHIPIMIH
Pyrroporphyrin M|E|H|M|E|H|M|H|H|P|M|H
Octamethylporphyrin MIMIHIMIMIHIMIMIHIMIMI H
Octaethylporphyrin (OEP) EIEIHIEIEIHIEIEIH E|H
Tetramethylporphyrin(TMP) HIHIMIHIHIMIHIHIMIHIHIM
Tetrapropylporphyrin HIH[Pr|H|H|Pr|{H|H[P|H|H]Pr
Tetraphenylporphyrin (TPP) | |l b lphl HIHIPhRI HI H PRI HI HI|PhH
A: CH.COOH P: CH2.CH2COOH H:H M: CH3
E: CH2CHs Pr: CH2CH2CHs Ph: CeHs V: CH=CH:




1.2.2 Metalloporphyrin

Porphyrins have the ability to complex with many different metals in the periodic

table (Figure 1.6). The metal replaces the two inner pyrrole protons; it coordinates via

the lone pairs on the nitrogen atoms.

H He
Li |Be B |[C [N O F [Ne
Na |Mg Al |Si |[P 'S |CI|Ar
K |Ca |Sc[Ti [V [Cr [MnFe [Co|Ni Cu |Zn Ga Ge As Se Br Kr
Rb|Sr |Y |Zr |Nb Mo Tc Ru |Rh Pd Ag Cd In | Sn|Sb Tell |Xe
Cs | Ba \ Hf [Ta W Re Os Ir [Pt Au Hg Tl Pb Bi Po At Rn
d

Fr | Ra |AAC L

LalCelPr Nd‘Pm‘Sm Eu Gd‘Tb‘Dy‘Ho Er Tm‘Yb‘Lu

A‘Th‘PaU‘Np‘Pu Am‘Cm‘Bk‘Cf‘Es Fm‘Md‘No Lr

C

Figure 1.6 Metals (shaded) in the periodic table which can react with porphyrins?.8.

In the simplest type of metalloporhyrin the metal ion is often in the (11+) oxidation

state. The formation of such a metalloporphyrin involves usually the reaction of the

central nitrogen atoms of the metal-free porphyrin, HzPor, with a metal salt MXz

(Figure 1.7). Metalloporphyrin and acid HX are formed. This process is known as

metallations.




H:Por  + MX2 [M(I)Por] + 2HX

H_Por [M!IPor]

Figure 1.7 Formation of [M(Il)Por].

Two possible mechanisms have been proposed for metallation reactions of
porphyrins:
1. dissociation reactions, in which the —-NH hydrogens are removed forming a
dinegative Porz anion, followed by inclusion of the metal ion.
2. displacement reactions, in which initially an active metal-porphyrin complex
is formed, followed by displacement of the -NH hydrogens by the metal ion to

form the metalloporphyrin.

The central metal atom displaces two hydrogen ions from the porphyrin compound
and finds itself in a practically symmetrical electrostatic field of four nitrogen atoms
with which it may form four almost, coordinate donor-acceptor bonds. If the
interaction between the metal and the porphyrin anion is primarily electrostatic, labile
ionic complexes are formed. These include complexes of Na*, K*, Rb*, Cs*, Be?*,

Sr2+, Ba2*, Ca?* and some other ions®.



If the electrostatic interaction involves filling of the vacant orbital of the central atom
by the electrons of the donor N atoms of the compound, stable porphyrin complexes
that are covalent or predominantly covalent are formed. The transition metal
chemistry are revised and studied on widely used isotopes as shown in the shaded area
of the periodic table ( Figure 1.6) by Gutlich et al©.

1.2.2.1 Structural Features of Metalloporphyrins

The metal ion in the metalloporphyrin may be located either in or out of the plane of

the porphyrin ring. The position relative to the plane depends on the:

(@) number of axial ligands,
(b) valence state of the metal,
(c) size of the metal, and

(d) electronegativity of the ligand.

Metalloporphyrins can be classified by different types of structure: coordination type,

equatorial stoichiometry and axial stoichiometry.

1.2.2.1(a) Coordination Type

A chemical compound formed by joining independent molecules or ions usually to a
central metallic atom by coordinate bonds. A compound may contain one or more
coordinate bonds; which forms a link between a pair of electrons in which both

electrons are donated by one of the atoms.
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(a) Four coordinate (square planar geometry), i.e. the metal ion lies in the porphyrin

plane (Fig. 1.8) and is bound to the four nitrogen atoms of the porphyrin ring.

[Fe(1)TPP]e is in this category.

Figure 1.8 [Fe(11)TPP].

(b) Five coordinate (square pyramidal geometry). The metal ion is located out of

(©)

plane and is coordinated to a single axial unidentate ligand and to the four pyrrole
nitrogen atoms. Some high spin iron(111) porphyrins are of this type. An example
of this is [Fe(II)PPIXCI] in which the iron(ll) is 0.475A out of the

planet(Figure 1.9).

Figure 1.9 [Fe(1I1)PPIX(CI)].

Six coordinate (distorted octahedral geometry). Two axial ligands are bound at
the fifth and sixth coordination sites. The metal is in the plane of the porphyrin
ring. There are many examples of this type of metalloporphyrins in nature.
Examples including [Fe(I)TPP(THF)212, [Fe(I1I)TPP(2-Melm)2]ClOa413

(Figure 1.10) and [Fe(II)TPP(NCS)(Py)]*4.
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Melm Fe Melm

Figure 1.10 Fe(II1)TPP(2-Melm)2-.

(d) Eight coordination (square antiprism geometry); an unusual sandwich complex
formed between two porphyrin molecules. An example of this type is

U(TPP)2u4 (Figure 1.11).

Figure 1.11 Semimetallic porphyrins such as U(TPP)z1s.

1.2.2.1(b) Equatorial Stoichiometry

The equatorial stoichiometry defines the ratio of metal atoms to porphyrin atoms. This
can be written as MnPork. The simplest class of metalloporphyrins (Figurel1.12) is the
monometallic porphyrins (MPor; h = k = 1). All naturally occurring porphyrins

belong to this class, e.g. Fe(l11)PPIX.
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Porphyrin plane

Figure 1.12 A monometallic porphyrin.

Semi-metallic species M(Por)2 (MPor; h =1, k = 2) occur when two porphyrin
molecules are bound to only one metal atom. An example of this class is shown
below (Figure 1.13). e.g. [Sn(IV)(Pc)2]*¢ and [U(IV)(Pc)2]*" (see also Figure

1.11).

Figure 1.13 Semimetallic porphyrin.
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Other classes: bimetallic species MzPor (MPor; h = 2, k = 1) are shown below (Figure

1.14)e.g. [{Rh(CO2)}.0EP]:.

Z:M \_ MZ>

Z = ligand

Figure 1.14 Bimetallic porphyrin.

Scheidt et al® presented the structure of HsTPPCI2 as an example of a polymetallic

species as shown below (Figure 1.15).

Figure 1.15 Polymetallic porphyrin.
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1.2.2.1(c) The Axial Stoichiometry
Taking coordination type (c) [six coordination] as an example, the axial ligands can
be specified as follows:

1. neutral unidentate ligands, L

2. uninegative anions, X-

3. combination of neutral and anion ligands, LX-

For example, iron(I11) porphyrin complexes of coordination type (c) can be further

subdivided into subclasses as follows:

1. [Fe(lIh)Por(L)2]* e.g.[Fe(IDPPIX(Im)2]* (ref:20)
2. [Fe(lN)Por(X)2]- e.g. [Fe(IIN)PPIX(CN)2]-(ref:21)
3. [Fe(lI)Por(L)(X)] e.g. [Fe(IINTPP(NCS)(Py)] (ref:13)

1.3 Iron Porphyrins

Iron porphyrin complexes have been prepared and characterised with the iron atom in

a number of different valence and spin states (Table 1.2).
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Table 1.2 Iron porphyrin compounds indicating the spin states.

lron: _
oxidation Spin state Example Ref.
State
I *hor /2 [Fe(TPP)]- 21
) Fe(TPP)(2-Melm)(EtOH) 22
Tl Fe(TPP)(THF)2 23
1 Fe(TPP) 23
0 Fe(TPP)(PiP): 23
o Fe(TPP)CI 24
2
[Fe(TPP)]:0 25
1l I Fe(OEP)CIO4.2EtOH 26
3/ 5/ Fe(TPP)CIO4 27
B2 Fe(OEP)CIO4 28
7, Fe(TPP)(Im):Cl 29
v 1 [{Fe(TPP)}20]CIO: 30
1 [Fe(TPP):N] 30

Only iron(I1), iron(I11) and iron(1V) have been found in haem proteins. In this work

only iron(I1) and iron(I11) porphyrins were studied.

1.3.1 Iron(l11)
Iron(I11) high spin porphyrins (S =5/2) are the most common type of iron porphyrins.
The x-ray structures of a number of five coordinate high spin iron(l11) complexes of

the type iron(porphyrin)X; (X=Cl, Br, F, I, OH) have been determined (Table 1.3).
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Table 1.3 Five coordinate high spin complexes.

Complex Fen (A) Feax (A) Core (A) | per
(@)* (b)* (©*
Fe(TPP)CI 2.060(3) 2.193(3) 0.39 31
Fe(PPIX)CI 2.0629(10) | 2.218(6) 0.55 11
Fe(TPP)F 2.072(1) 1.792(3) 0.47 32
Fe(TPP)Br 2.069(9) 2.348(2) 0.56 33
Fe(TPP)I 2.066(11) 2.554(2) 0.53 34
[Fe(TPP)]20 2.087(8) 1.763(1) 0.54 35

(a)* Fen is the mean displacement of the iron(l11) atom from the four nitrogen atoms
of the plane.
(b)* Feax is the iron(l11) to axial ligand distance, and

(c)* displacement of the iron(l11) atom from the mean plane of the core.

In the iron porphyrin p-oxo dimer (FeTPP)203> the Fe-O-Fe angle is 174.5(1)° the
Fe-O bond length is 1.763(1)A. High spin iron(l11) has also been found to exist in the
six-coordination state. In such coordination the large size of the high spin iron(l11)
atom is accommodated by a radical expansion of the porphinato core with no
displacement of the iron atom. An example for this is found in diaquo (meso
tetraphenyl porphinato) iron(l11) perchlorate [Fe(TPP)(OH2)2]C1043¢.

The average Fen distance in the centrosymmetric molecule is 2.045(8)A, the axial
iron-water bond distance is 2.095(2)A. For an iron(I11) complex to have S =3/> ground

state the dxey2 antibonding orbitals lie well above the other d orbitals and are
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unoccupied, while the remaining four d orbitals must fill by Hund’s rules. An example
of this is Fe(OEP)CIOs.2EtOH2,

In the low spin iron(l11) porphyrin (S = 1/2) complexes, the iron is expected to be
centred or nearly centred in the porphrinato plane, shorter Fen bond distances relative
to high spin forms can also be anticipated. The iron(l11) ion in [Fe(111) TPP(Im)2]CI37
is displaced 0.009A from the plane of the porphrinato nitrogens. The average Fen
distance is 1.989A and 1.991A.

The spin admixed spin state (S = 3/2, 5/2) is found in a series of meso tetraphenyl
porphrinato iron(111) complexes of general formula Fe(TPP)X; [X = ClO4, BFs4, PFs,
SbFs and CFsSOs]. In Fe(111)(TPP)ClOazs, the perchlorate ligand is monodentate with
an unusually short distance 2.029(4)A with the iron(l1l) atom is displaced by an

intermediate amount 0.34 A from the porphyrin plane.

1.3.2 Iron(Il)

In high spin iron(Il) haems, the iron atoms are located out of plane of the nitrogen
atoms. The x-ray structure of 2-methylimidazole Fe(1l)(TPP)3® shows five
coordination (square pyramidal), as expected. The iron(ll) ion is displaced 0.42A
from the plane of four nitrogen atoms and 0.55A from the mean porphinato plane. The
axial Fe-Nim bond distance is 2.161(5)A and the average Fen distance is 2.086(4)A.
Low spin iron(ll) (S = 0) porphyrin complexes have the iron centred in the
porphyrinato plane with much shortened Fen bonds. An example of this is
[Fe(INTPP(PiP)2]3%, the iron(ll) ion is exactly centred in the porphyrin ring and the
axial Fe-Nrie bonds average to 2.127(3)A.

In intermediate spin iron(11) haem (S = 1) the iron atom is four coordinate and is also

centred between the four complexed nitrogen atoms with the Fe-N bond distance
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2.01A. The length of the Fe(I1)n bonds in the intermediate-spin Fe(TPP) molecule is

1.972A.

1.4 Physical Characteristics of Porphyrins

1.4.1 Ultraviolet/visible Spectroscopy of Metal Free Porphyrins

In metal free porphyrin there are four absorption bands at the region of 400-700 nm
and a very intense Soret band at approximately 400 nm (e > 105> M-tcm-?). Satellite

bands (o and B) are at longer wavelengths. The band o corresponds to the lowest

n - " singlet (Qo) and the band f3 to the vibronic envelopes (Qv) 40, The relative
intensities and energies of the four visible bands (I, I1, 111, and 1V) with their own
vibronic envelopes are sensitive to the particular type of meso substituent. This has
led to several ways of classifying porphyrin spectra. The colour of the porphyrin
arises from the n- electron systemz.
1. Etio type
All naturally occurring porphyrins with band intensity diminishing as

IV>II>11>1. (Figure 1.16)2.

A v

in

CO_H

Intensity
E

A 4

Wavelength (nm)

Figure 1.16 Q band porphyrin spectrum of etio type.
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2. Rhodo type

These are found among the porphyrins derived from the haem prosthetic
groups of the natural haem proteins. Chlorocruorins show this type of
spectrum4. For this type, band 111 becomes more intense than V.

I>1V>11>1 (Figure 1.17)2,
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Figure 1.17 Q band porphyrin spectrum of rhodo type.
3. Oxorhodo type
This type of spectrum is found in porphyrins, which possess two rhodofying or
'reddening’ groups on diagonally opposite pyrrole rings. Examples include
porphyrin a#1. Band IV becomes less intense than bands I11 and Il. The order is

II>11>1V>1 (Figure 1.18)2.

Intensity

AT

Wavelength (nm)

Figure 1.18 Q band porphyrin spectrum of oxorhodo type.



20

4. Phyllo type

Many mesoalklyoxyporphyrins is this type42. The band intensity diminishes as

IV>11>111>1 (Fig. 1.19)2

Intensity

v

Wisigemh 1 (b

Figure 1.19 Q band porphyrin spectrum of phyllo type.

1.4.2 Ultra violet/visible Spectroscopy of Metalloporphyrins

On comparison of the spectra of the metalloporphyrin with that of the metal free
porphyrin, the visible absorption spectrum is observed to change from a two banded
(Dan — type) to a four banded (D2n — type). The reason for this is due to the breaking of
the Dsn symmetry of the porphyrin ring by the central proton axis. These transitions

are all doubly degenerate since they are polarised in the plane of the porphyrin2.

There are three types of absorption spectra for metalloporphyrins.
1. The ‘normal’ type
All closed shell metal ions (d° or d 20) show this type of spectrum. Additional
to this, the lanthanoid ions (f "), VO and MoO?* have this type of spectrum.
The d orbital electrons are deeply buried to disturb the spectrum. Increasing

atomic numbers of the metal within a given coordination type and set of axial
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ligands results in a small shift to longer wavelength (bathochromic). Examples
of the normal type spectrum include [Zn(I11)OEP] and [Zn(II)TPP]. The Soret

band in this case varies accordingly within a smaller wavelength range44 4.

The ‘hypso’ spectrum

d & —d*® metal ions show this type of spectrum. These ions all have been filled
dx, dxz and dyz orbitals. The dx. and dyz orbitals are of correct symmetry to
overlap with the empty porphyrin =~ - orbitals. The overlap results in back
bonding from the metal to the porphyrin: the ©* energy becomes higher in
energy, whereas the d- energy levels are lowered. As the effect of back
bonding on the filled = energy levels are much less, the n-* transitions
undergo hypsochromic shifts with respect to the normal metalloporphyrins i.e.
the bands are shifted to shorter wavelengths. This shift increases with

increasing atomic number, for example, in the series:

Ni(I1) < Pd(I1) < Pt(I1) %47,

The ‘hyper’ spectrum

Hyper type spectrum has the configuration of d 1 —d 5. Most of the metal ions
in this class (Cr, Mn, Mo, Fe, V) form metalloporphyrin complexes with the
metal ion in lower oxidation states which show normal or hypso type spectra.
Iron(I11) porphyrin gives a 'hyper' type spectrum but iron(Il) porphyrin gives
'hypso' type spectrum. A hyper type spectrum consists of the Soret, o and
bands as in the normal type but with additionally one or more bands. This

class of spectrum is caused by mixing of charge transfers within the porphyrin
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n-1t* transitions. The charge transfer can occur from the axial ligand to the

metal, from porphyrin to metal and from metal to porphyrin“e.

1.4.3 Infrared Spectroscopy of Porphyrins

This technique was used for initial characterisation of axial ligands in iron porphyrin
complexes and silicon phthalocyanine in this thesis. One important conclusion found
in previous studies has been the strong Fe-O-Fe anti symmetric stretch in the
800 — 900 cm- for a number of u-oxo-Fe(l11) dinuclear compounds®°. Coordinated
iron(ll) and iron(l1) porphyrins provide a sensitive probe for electronic effects
transmitted through the haems; these give different frequencies according to the

substituent groups at the periphery of porphyrins.

1.4.4 Mossbauer Spectroscopy of Iron-porphyrins

The Mdssbauer spectroscopic technique is used in determining the oxidation and spin
state of the iron atom in biological systems. There have been many interesting
biological applications of this technique in the last 50 years. Recent advancements in
high-pressure work have led to further studies on many samples. A large number of
high spin and low spin iron(lll) porphyrin complexes have been studieds:.
Intermediate spin state iron(I11) porphyrin complexes have also been reported (Table
1.4). Extensive studies of low spin iron(l11) porphyrin complexes are presented in

Chapter 5 of this thesis.
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Table 1.4 Summary of pertinent data on iron(l11) porphyrin complexes that have
been studied using Mdssbauer spectroscopy.

Compounds Spin | Temp. | Isomer | Quadrupole Ref.
state (K) shift splitting
(mms™) (mms™)
Fe(TPP)CI 52 4.2 0.41 0.46 52
Fe(TPP)Br 52 4.2 0.45 0.72 24
Fe(TPP)I 52 4.2 0.45 0.75 24
Fe(TPP)NCS 52 4.2 0.39 0.49 24
Fe(PMXPP)CI 5/2 4.2 0.37 1.03 53
Fe(PMXPP)NCS 5/2 4.2 0.42 0.63 53
Fe(PMXPP)N3 5/2 4.2 0.44 0.67 53
Fe(PMXPP)O2CMe 5/2 4.2 0.46 0.92 53
Fe(PMXPP)O2CCFs 5/2 4.2 0.38 1.10 53
Fe(PMXPP)I 52 4.2 0.49 1.33 53
[Fe(TPP)]:0 5/2 298 0.28 0.62 25
77 0.40 0.66 25
4.2 0.41 0.67 25
[Fe(NAPP)]20 52 298 0.33 0.70 54
78 0.45 0.73 54
[Fe(OEP)]BFa %> 4.2 0.38 3.43 54
115 0.36 3.45 54
295 0.29 3.17 54
[Fe(OEP)]CIO. D) 42 0.37 3.57 26
115 0.37 3.52 26
295 0.29 3.16 26
[Fe(OEP)(EtOH)2]Cl04 32 4.2 0.38 3.47 26
115 0.36 3.32 26
295 0.28 2.97 26
Fe(TPP)(Py)Cl 1/ 77 0.16 1.25 29
Fe(TPP)(Im)=ClI 1, 77 0.23 2.23 53
298 0.13 211 53
Fe(PMXPP)(Im):Cl 1, 298 0.17 2.06 53
Fe(PMXPP)(Im)2Br Y, 298 0.16 2.05 53
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1.5 Phthalocyanines

The discovery of phthalocyanine chemistry began serendipitously. Brawn and
Tcherniac®s heated an alcoholic solution of o-cyanobenzamide in order to study some
of its properties. Phthalocyanine was formed upon cooling the solution. Since their
discovery, phthalocyanines have become one of the most important dyestuffs in use.
This process is well studiedss, lack of toxicity, ability to resist heats’, acids and
basess8-61 and light&! which have all been exploited in the use of these dyes. In the
early 1930’s, Linstead et al8 synthesised many phthalocyanines and reported that a
phthalocyanine contained a ring system of isoindoline units linked by aza nitrogen

atoms (Figure 1.20).

Figure 1.20 Metal free phthalocyaniness.
Phthalocyanines are therefore related to naturally occuring porphyrins; in latter
methine carbons link the 4 pyrrole units. In 1933, Linstead et al8 used for the first
time the term "phthalocyanine™ which comes from the Greek naphtha (rock oil) and
cyanide (dark blue). Robertson et als8 elucidated the structure of phthalocyanine and
metallophthalocyanine using single crystal x-ray diffraction analysis. Since then,
many studies have been done on photoconductivity, semi conductivity, photochemical

reactivity, photosynthetic activity, fluorescence and luminescence. Many bioinorganic
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interests have centred on these compounds because metallophthalocyanines have
structural similarities to the naturally occurring metalloporphyrins. Studies on
electroaluminescence (EL) and photoluminescence in porphyrin derived compounds

showed interesting electrical and optical properties®.

15.1 Metallophthalocyanines

The two central hydrogen atoms of metal free phthalocyanine can be replaced by a
wide range of metals and metalloids. Such metallophthalocyanines are usually very
insoluble in most commonly used organic solvents. Most metallophthalocyanines are
thermally very stable and many will sublime unchanged at a high temperature. For
example, copper phthalocyanine has been shown to be stable at circa 900°C in
vacuos3, The lanthanide and actinide metals form stable sandwich complexes with two

phthalocyanine rings (Figure 1.21).

Figure 1.21 Metal sandwiched with two phthalocyanine ring [M(Pc)2].

Phthalocyanines are planar n-conjugated molecules whose electronic characteristics
can be modified by peripheral substitution either by electron donating or withdrawing

groups.
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1.5.2 General Synthesis

Metallopthalocyanines can be prepared by various methods (Figure 1.22).

For example 1,2 di-cyanobenzene reacts with iron wire at 250°C to yield iron(111)

phthalocyanine [Fe(lI1)Pc], which is readily purified by sublimation®-66. The most
general methods are given in the following equations where M = metal and

Pc = phthalocyanine dianion:

CN
—3000C
M.+ @CN dry or solvent MADPc]

O

M+ o+4m-M.[M(II)Pc]4.C02+2l{20

Figure 1.22  Two different synthetic methods for [M(Pc)z2]7".

1.5.3 Polymorphic Variations of Phthalocyanines

The phthalocyanines often exist in two or more polymorphic variations, which may be
distinguished by infrared and x-ray diffraction techniques. Metal free phthalocyanine
exists in three polymeric forms (o, B and y)&7.68, However most of the phthalocyanines

exist in two forms (o and ) (Figure 1.23)67.69-76,
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Figure 1.23 Polymorphic forms of metallopthalocyanines (o and 3)7.

1.5.4 Electronic Absorption Spectra

It was reported that as a result of o and 3 transformation induced by heat sublimation
at >300°C, thin films of the a-crystalline forms of HzPc and several other
metallopthalocyanines, there is a shift to longer wavelengths in the transmission

spectra in the 500 — 900 nm region?’.

1.5.5 Infrared (IR) Spectra
Kobayashi et al8studied the IR and far IR spectra of phthalocyanines and reported all
the divalent metallophthalocyanine complexes belongs to the Dan point group and that

metal free phthalocyanine belongs to Dzn group.
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Table 1.5  Absorption frequencies (cm) of H2Pc and metallopthalocyanines in the
lower frequency region’e.

D2nsymmetry Dansymmetry
H Fe Co Ni Cu Zn Pd Pt
489 518 519 521 509 512 514 516
498
552 574 574 578 575 575 578 581
559
617 642 642 645 640 637 648 645

It is known that the Eu mode of vibration, which if IR active for complexes with Dan
symmetry, splits into two other IR active modes, B2u and Bau, with little change in the

peak position when, as a result of minor substitution, the symmetry changes to Dzn.

Such an effect is shown in Table 1.5, for peaks in the lower frequency region.

The characterisation of doublets in the higher frequency region is difficult because of

the overlapping of a greater number of peaks. The absorption bands are always shifted

in the following order: Ni > Co > Fe > Cu > Zn > Ha.

In the IR far region, there are three metal dependent bands that are observed in each
spectrum of metallopthalocyanines™. Two of these bands also occur in the metal-free
phthalocyanine spectrum. One band is at 324 cm-! and the other appears as a doublet
at 259 cm and 289 cm-L. The 324 cm-! band is assigned to be out of plane vibrations
associated with the isoindoline ring which is closely coordinated to the metal ion. The

frequencies of the metal bands shift in the order: H2> Cu > Zn >Pd > Fe > Co > Ni >
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Pt. The third group of metal bands, which, appears with high intensities in the region

150 — 200 cm, are for Fe, Co, Ni and Cu phthalocyanine are assigned to metal

ligands vibrations, because these bands are not seen in the spectrum of metal free

phthalocyanines®. The frequencies of the metal ligand vibrations shift to higher

frequency in the order of Zn > Pd > Pt > Cu > Fe > Co > Ni.
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Chapter 2: Experimental Spectroscopic Methods and Techniques

This chapter is concerned with the theory and applications of two important
experimental spectroscopic techniques used to analyse compounds in this thesis:
ambient pressure Mdossbauer spectroscopy and high-pressure  Mdssbauer

spectroscopy.

Section one: Ambient Pressure Mdssbauer Spectroscopy

2.1 Mdssbauer spectroscopy

2.1.1 Discovery and Definition

The M0ssbauer effect is described as the recoilless emission from one nucleus and
resonant absorption of the y-ray by a second nucleus without thermal broadening. The
temperature dependence of the absorption cross section of r led Rudolf L.
Massbauer to be the first to discover this phenomenon?. The experiment was carried
out during his graduate studies at Heidelberg in 19582, and he received a Nobel Prize
for it in 19613. Kirstner and Sunyar obtained the first indications of hyperfine
interactions in a chemical compound in 19604. From these beginnings the Mdssbauer
effect transitions has been observed in over one hundred isotopes® of the elements in
the Periodic Table including importantly 57Fe.

As the iron atom absorbs y-rays of a more accessible energy, than the natural energy
of the iron atom itself this rapidly established the importance of the technique for the
element as it eliminated the necessity to work only at liquid helium temperatures,
which is an absolute requirement for many elements. Using this technique vital
information can be obtained about the electronic and magnetic properties of this

element.
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As iron is so important in living organisms as well as having significant chemical,
physical and industrial applications, 5’Fe Mdssbauer spectroscopy has become a very

important tool for a wide range of scientists.

2.1.2 Resonant Fluorescence and Absorption

Nuclear resonant absorption and fluorescence occurs due to the emission of y-rays
when a radioactive nucleus in an excited state decays®. Initial attempts to detect this
effect were not successful, although it was recognised that the nuclear recoil and
Doppler broadening effects were responsible for the failure. Continuing attempts by

Kuhn in 1929 to observe nuclear resonant absorption were successful.

All nuclei possess excited states, some of which are accessible from the ground state
by photon absorption. Often the excited states of the absorber are long lived and the
range of photon energies that will excite the absorption is extremely narrow. If strong
absorption is to be observed, a significant fraction of the energy of the source
radiation must be within this range. If the nucleus is free, i.e. gas, the recoil
momentum and energy are taken by the nucleus itself. In a solid the momentum and

energy go into lattice vibrations, i.e. phonons.

2.1.3 Theory of Emission and Absorption of y-rays by nuclei

In a free atom, resonant absorption occurs when the energy of the y-ray is equal to the
energy difference between the ground and excited state. Emission of y-rays by decay
from an excited nuclear state should be a good source of monochromatic energy. The
following illustration (see Figure 2.1) and equations (2.1 - 2.4) refer to one dimension

for simplicity, the direction in which the y-ray is emitted.
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If a photon is emitted from a nucleus of mass M moving with an initial velocity Vx in

the chosen direction x at the moment of emission, then the total energy above the

ground state nucleus at rest is :

Total Energy = (E + “%MVx) Equation (2.1)
E is the energy of a nucleus.
Before emission After emission
y-ray

Figure 2.1 The energy and momentum are conserved in the y emission process.

After emission the y-ray will have an energy Ey and the nucleus recoils resulting in a

nucleus having a new velocity (Vx+ V). Vxand v can be in opposite directions. By

conservation of energy, the total energy of the new system is:

E + %MVx = Ey + LM(Vx + V)? Equation (2.2)

The difference between the energy of the nuclear transition (E) and the energy of the

emitted y-ray photon (Ey ) is:

O8E = E - E, = LMv? + MVx v Equation (2.3)

OE = Er + Ep Equation (2.4)
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Thus the y-ray energy is clearly different from the nuclear energy level separation, 6E.
This is because it depends on the recoil kinetic energy (Er=Y2Mv2) which is
independent of the velocity (Vx) and Doppler effect energy (Eo= MVxv) which is

proportional to the atom velocity (v).

In the emission process, momentum is conserved so that the momentum of the y-ray is

E,/c where c is constant value for the velocity of light, therefore:

MV =M(V +v) + E./c Equation (2.5)

From equation 2.5, the recoil momentum is Mv = - E,/c. Therefore, the recoil kinetic

energy is:

Er= Ey2/2Mc? Equation (2.6)

Recoil kinetic energy (Er) is dependent on the mass of the nucleus and the energy of

the y-ray photon. However, the Doppler energy (Ep) is dependent on the thermal
velocity of the nucleus and therefore Ep has a distribution of values, and is
temperature dependent.

Equation (2.7) shows the mean kinetic energy per translational degree of freedom

(Ex), where k is the Boltzmann constant and T is the absolute temperature.

Ex ~ ¥%KT Equation (2.7)

Ep = 2\/( ExER) = E, \/(2 EW/Mc2) Equation (2.8)
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Fundamental radiation theory shows that the proportion of absorbed radiation can be
determined by the overlap between the exciting and excited energy distributions.
Following equation (2.8), the statistical distribution in energy of the emitted y-rays is
displaced from the true excited state energy (E) by -Er and broadened by Eb into a
Gaussian distribution of width 2Ep. The distribution for absorption has the same

shape but is displaced by +Er. This is illustrated schematically in Figure 2.2.

te
le}
25,
A \
“. £ —.Ev
14 -
'3 *é. i fy

-&, £ +5 —=Ey

Figure 2.2 The statistical distribution in the y-ray energy for (a) emission,
(b) absorption and (c) the resonant overlap for successive emission and

absorption?.
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Nuclear resonant absorption will only be observed if the y-ray emission overlaps the
absorption line. The fraction of energy lost to the recoiling atom is small and therefore
insignificant.

2.1.4 The Mossbauer Effect

The Mdossbauer effect is the recoilless emission of y-ray from a solid radioactive
material. Since the y-ray emission is recoilless, it can be resonantly absorbed by
atoms, i.e. also in a solid. The nuclear transitions are very sensitive to the local
environment of the atom and Mdssbauer spectroscopy is a sensitive probe of the

different environments an atom occupies in a solid material’.

Madssbauer eliminated the energy due to the recoil by placing the excited nucleus into
a solid state matrix thus fixing it within the lattice. In this situation the recoil energy
may be less than the lowest quantised lattice vibrational energy and consequently the
y-ray may be emitted without the loss of energy due to the recoil of the nucleus. The
absorber nucleus is held in a solid matrix and the random thermal motion is avoided,
hence both energy profiles will overlap (Figure 2.2). In an absorber, atoms are free to
vibrate and recoil energy can be transferred to the lattice vibrations, providing the
correct quantum of energy. Therefore only a fraction of recoilless, f events occur. This

is given by:

f =exp | -4ne<x®> = exp |:—_EVZ<_X22 :|
A2 (he)?

Equation (2.9)

where A is the wavelength of the y photon and < x2 > is the mean square vibrational
amplitude of the nucleus. Equation 2.9 also shows that f increases exponentially with

decrease in <x2 >, which in turn depends on the strength of binding and on the
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temperature. The displacement of the nucleus must be small compared to the
wavelength A of the y-ray. This is why the Mdssbauer effect is not detectable in gases
and non-viscous liquids. Clearly, f will be largest for low energy y absorption at low
temperatures in a strong lattice, and thus these are the best conditions under which to
measure Mdsshauer spectra.

The probability of such recoilless events depends upon the energy of the nuclear
y-ray, hence the Mdossbauer effect is restricted to certain isotopes, with low lying

excited states (Table 2.1).

Table 2.1 Most common Mdssbauer nuclei with nuclear datag.

Isotope *E,(KeV) lg le N(%) Sign of AR/R
57Fe 14.4 P 3> 2.17 negative
151E Y 21.6 5/2 /2 47.80 positive
119Sn 23.9 1> 32 8.58 positive
121Sh 37.15 5/2 2 57.23 negative

*E, = energy of y-ray transition; lg = nuclear spin quantum number of the ground state

le = nuclear spin quantum number of the excited state; N = natural abundance of isotope; AR/R = ratio

of the radius of nucleus; R = mean value of the nuclear radius.

2.1.5 Maossbauer Spectroscopy

Massbauer spectroscopy is a technique, which enables the energy levels of nuclei to
be investigated by measuring the energy dependence of the resonant absorption of a
y-ray by anucleus. 57Fe has a series of physical characteristics that qualifies as an

approachable isotope®. It has great resolution to detect hyperfine interactions between
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the probe nucleus and surrounding electrons, which means it, can be used to measure
local electronic properties related to magnetism, crystal structure and chemical

bonding.

The usual experimental arrangement for Mdssbauer spectroscopy involves a
radioactive source containing an isotope in an excited state and an absorber consisting
of the material to be investigated which contains the same isotope in its ground state.
The correct energy is achieved by using a parent isotope, which decays to the excited
state of the nuclei being studied. 5’Co, which can be alloyed with iron or palladium, is
typically the source of57Fe for laboratory studies. It decays to 57Fe with a half-life of
~ 200 days. After ~10-7s, 5’Fe decays from the | =5/2 state to the | =3/2 state, emitting
ay-ray with energy of 123keV10. The transition of interest is that between the first
excited state and the ground state, that is from | =3/> state to | = /2, emitting a 14.4
keV y-ray with a half-life of 1.4 x 10-7seconds. This decay is shown schematically in

Figure 2.3.
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32 y 14.4KeV
1/2 0

Figure 2.3 The decay of57Co to>"Fe.

A stable 5"Fe nucleus will absorb this y-ray photon if it is in the same environment as

the nucleus in the source. If this is not the case the y-ray energy must be modulated so
that some photons of the correct energy are produced and the resonance condition can
be met. This is accomplished by the addition of a Doppler velocity to the source. The
required source material is embedded in a matrix such that the energy of emission

comes as close as possible to the Heisenberg linewidth for the emitter.

2.1.6 The Doppler Effect

The Doppler effect is the phenomenon in which sound or electromagnetic frequencies
are altered by motion of the emitter relative to the observer. Doppler worked out this
theory in 184211,

If a photon source has an energy (Ey) and velocity (vo) moving towards the observer,

there will be a change in energy (AEs) and c is the speed of wave. This is given by:
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AEs = (vo/C) Ey Equation (2.10)

If the source is moving at an angle 6 from the line subtended by source and observer

then:
AEs = (Vo/C) Ey.cos 0 Equation (2.11)

In the MGssbauer experiment, the source of y-ray is mounted on an oscillator and
vibrating the source produces the desired range of photon energies. The changes in

energy produced by moderate velocities are very small in comparison to E,.

2.1.7 Instrumentation

Once the theoretical considerations for the recording of the Mdssbauer effect have

been considered, then suitable apparatus is required to record a spectrum. The
apparatus used is shown diagrammatically in Figure 2.4. A radioactive source is
mounted onto a drive system, which contain the transducer and the waveform
generator that controls the energy of the emitting y-rays through the addition of a
Doppler effect.

The source may be moved relative to the sample and the counter. The latter will

monitor the intensity of the beam after it has passed through the sample. The
experimental set-up is very simple, but samples are limited to solids and frozen

solutions.
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Figure 2.4 Schematic of an experimental set-up for transmission Mossbauer
spectroscopy.

The type of detector used is dependent on the energy of the transition being studied.
57Fe Mossbauer spectrometers usually utilise either gas (either argon or krypton) filled
proportional counters or scintillation counters. The signal from the detector is then
amplified and converted into a Mdsshauer spectrum by the single channel analyser
(SCA). The signals accepted by the SCA are added to the current of the multichannel
analyser (MCA). To increase the recoil-free fraction, f of the absorber, the sample is

often cooled in a cryostat whilst in the y beam.

2.1.8 The Mossbauer Spectrum

A Maossbauer spectrum is plotted as a function of source velocity (Figure 2.5). The
peaks correspond to source velocities at which maximum y-ray absorption by the
sample occurs. Positive relative velocities correspond to moving the source towards
the sample and negative velocities correspond to moving the source away from the

sample.
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Figure 2.5 A typical Mdssbauer transmission spectrum.

A typical sample will have about 1mg/cm2 of iron in the y-ray beam. I1f57Fe is present
in its natural 2% abundance, there will be 2 x 1017 °"Fe nuclei/cm2. The peak resonant
cross section is approximately 2 x 10-28cm2. The spectrometer will typically divide the
velocity scale into 256 channels. For a 20 mCi source the total counting rate is usually
about 20,000 counts of which about 85% will be 14.4 keV radiations. The
spectrometer duty cycle is about 60% and r, the 14.4 keV counting rate per channel, is

typically 44 counts/sec/channel. The signal-to-noise ratio, S/N, is given by:

SIN = ap[f'T]l/2 Equation(2.12)

where ap is the peak absorption intensity and T is the running time. For a given S/N,

the run time is inversely proportional to the square of the peak absorption. The
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Madssbauer spectrum provides information on the interactions between the nucleus

and the magnetic field, which surrounds it.

2.1.9 Mossbauer Effect Hyperfine Parameters

A Mossbauer spectrum reflects the hyperfine interactions of the sample. Several
parameters can be extracted from the spectrum. These parameters can be used to
identify the chemical and magnetic phases present in the sample like a fingerprint.
The chemical environment influences the energies of the nuclear states. It is possible
to detect these extremely small changes because the energy of the nuclear state is so
well defined, the difference between the hyperfine interaction of the isotopes in the
source and the sample can be studied in detail. In>57Fe, the energy uncertainty (natural
line width), is 5x10° eV compared to the energy of 14.4x103 eV of the radiated
photon?2, This is smaller than the characteristic values for the magnetic dipole,
electric monopole (isomer shift) and electric quadrupole interactions (quadrupole
splitting) of nuclei with their surrounding electrons. These interactions are collectively

known as hyperfine interactions.

2.1.9.1 Isomer Shift ()

The sample (absorber) will usually have slightly different resonant absorption energy
if the atoms of the absorber are in a different coordination to those of the source. This
can be understood quantitatively by noting that the wave functions of s electrons are
non-zero at the position of the nucleus, so they may interact with the nucleus and alter
the nuclear energy levels. In addition the more d electrons that are present, the more

the nucleus is shielded from s electrons. This forces the s cloud to expand, reducing
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the density at the nucleus. So, increasing d electron density can alter the 6 absorption
energy. This effect is known as isomer shift (or chemical shift).

To measure 3, the nucleus is assumed to be an uniformly charged sphere where the
electronic charge density at the nucleus (\P'2(0)) is assumed to be uniform over the
nuclear dimensions, and caused only by s electrons.

The basic y-ray transition between the nuclear excited state and the ground state is
considered. Its total energy (AE) can be divided into a purely nuclear part that is
dependent on the size of the nucleus and the s electron density. Only electrons in

orbital s have electron density at the nucleus. The isomer shift can be written as:

5=K{Z|¥(0)|2-3 |w0) |2 Equation (2.13)
where & is the isomer shift, K is a positive constant depending on the charge in the

nuclear radius, | Y(0) | 2is the electron density of the source nucleus, and

Sa | Y(0) |2 is the electron density of the absorber nucleus.

A full mathematical derivation of equation (2.13) is shown is equation (2.14):

O =4/5 nt Ze2r? (AI’/I’) [ | lI”s(O)A | 2 - | \PS(O)B | 2]

Equation (2.14)

where A and B are two different chemical environments of which B is either the
source matrix or a reference absorber. Z is the atomic number, e is the charge on an

electron, r is the mean nuclear radius and Ar/r is the ratio of the radius of nucleus
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where its the relative change between the excited state and ground state. In Table 2.1
there is a list of isotopes with a positive or a negative ratio of the nucleus.

For iron, in order to allow isomer shifts to be measured independently of the nature of
the source the centre of the room temperature spectrum of metallic iron has been
adopted as the zero of energy and all shifts are measured relative to it. This

convention yields:

§=Ko-KZa | Y(0) |2 Equation (2.15)

where Ko is a constant.

Before information about changes in electron density can be gained from the g, the
sign and magnitude of Ar/r must be known. For *"Fe (Ar/r) is negative, so that an
increase in s electron density at the nucleus results in a decrease in isomer shift
(Table 2.2). If Ar/r is negative, the nucleus expands on going from the excited state to
ground state therefore, & increases with decreasing electron density at the nucleus.
The 1s and 2s electron densities at the nucleus are independent of the chemical
environment of the iron ion. However, the 3d electrons shield the 4s electrons and
cause a decrease in the electron density at the nucleus. The more delocalised the 3d

electrons, the smaller the isomer shift.

Hence, the principal contribution to the isomer shift comes from changes in the

number of electrons in the highest occupied s orbital (4s in the case of iron) and from

shielding effects owing to electrons in the outer p and d orbital.



49

Table 2.2 Isomer shifts for iron in various oxidation stateso.

d- Configuration Isomer shift Oxidation
(mm/sec) state
a2 -091t0-0.8 Fe(VI)
d# -0.210 0.00 Fe(1V)
Low spin ds -0.2t0 +0.4 Fe(l1)
Low spin ds 0.0to +0.3 Fe(1l)
High spin d5 +0.3t0 +0.7 Fe(l11)
High spin dé +0.8t0 +1.5 Fe(1l)

For iron(111), the isomer shift for low spin (S = %2) complexes falls in the range —0.2 to
+0.4 mm/sec, for high spin (S = 5/2) and intermediate (S = 3/2) complexes it falls in
the range of +0.3 to +0.7 mm/sec. For iron(1l), isomer shift values are usually in the
range of 0.0 to +0.3 mm/sec in low spin (S = 0), 0.0 to +0.4mm/sec in intermediate
spin (S = 1) and +0.8 to +1.5mm/sec in high spin (S = 2).

In all cases, an increase in covalency tends to increase s electron density, so that the
most ionic complexes have the highest & values. Compounds, in the presence of a lone
pair with high s electron character give a positive 6 value.

An increase in oxidation state in transition metals will decrease the p and d electrons
through shielding of the s electron density and as a result will increase the & value.
Decreases in coordination number contribute to the same result. However, for isotopes
where Ar/r is negative, such as *'Fe, all the effects of electron density on & are
reversed. The electronic contribution to the isomer shift is essentially temperature

independent and the observed decrease at high temperatures is due to the relativistic
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second order Doppler shift (discussed below). Hence, the most valuable information
obtained is for classifying various compounds according to oxidation state, degree of

covalency, shielding of s electron and coordination number.

2.1.9.1a Second Order Doppler Shift

The second order Doppler shift arises from the vibration of absorbing nuclei in the
lattice site in the crystal. The vibration of a nucleus in the lattice affects both the
energy of the emitted and absorbed y-ray. It is the second order term for the frequency
of the lattice vibration which affects the  values and gives the variable the name
second order Doppler shift. The change in the energy of the vy is described by equation
(2.16) in terms of the zero point motion. The extreme right hand side of equation
(2.16) is a classically derived high temperature approximation of the effect. The
approximation of the effect using the Debye model as expressed in equation (2.17) is

more accurate at low temperatures.

However for spectra recorded at similar low temperatures and the same pressures the

contribution to y from second order Doppler shift may be considered equal and small.

OBy =_dv =_<v&> = -3RT
Ey v 2c2 2Mc? Equation (2.16)

where Ey is the energy of the y-ray and v is the frequency of the oscillation.

Avo = -9 k©?
v 16 Mc? Equation (2.17)

where M is the mass and k62 is the Debye temperature.
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2.1.9.2 Quadrupole Splitting (A Eq) 12

When charge is distributed asymmetrically around the atomic nucleus (electrons, ions
and dipoles) it gives rise to an electric field gradient (EFG), which results in a
splitting of the nuclear energy. Nuclei with a spin quantum number, 1 >, have a
non-spherical charge distribution; this magnitude of the charge distortion is measured
by the nuclear quadrupole moment, Q. The sign of Q can be either positive or
negative depending on whether the nucleus is respectively prolate (elongated) or
oblate (flattened) along the spin axis. Q is zero for nuclei where I =0 or | =%/2.

For 57Fe Mdssbauer spectroscopy the transitions are between the | = 1/2 ground state
and | =3/2excited state. Therefore, the ground state of ~ *’Fe, with | =1/2cannot exhibit
quadrupole splitting and, also is not affected by non-zero EFG. However the excited
state of 57Fe splits into two sub-states, which give rise to a two line spectrum. This is

illustrated in the shaded area of the diagram (Figure 2.6).
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Figure 2.6 Schematic diagram# of the nuclear energy level shift and splitting as a
(a) function of chemical environment,
(b) electric field gradient and
(c) internal magnetic hyperfine field.

The nuclear quadrupole moment, Q is expressed by:

eQ = |pry(3 cos?0 - 1)dr Equation (2.18)

where +e is the charge on the proton and p is the charge density in the volume

element dt at a distance r from the centre of the nucleus and at an angle 6 to the axis
of the nuclear spin quantisation axis.
The interaction of a nuclear quadrupole moment with the electronic environment is

expressed by the Hamiltonian is given on the next page. The electrostatic potential, V



53

at the nucleus due to a point charge q at a distance r is given by V=g/(4reor) where €o

is the permittivity of a vacuum.

H =-16eQ.VE Equation (2.19)

where VE represents the electric field gradient at the nucleus (which is the derivative

of the field E and hence the negative of the second derivative of the electrostatic

potential, V).

VE is the tensor quality, which can be expressed as:

VEij = - o2V =-Vijj
OXi O Xj

(Xi, Xi = X, Y, 2) Equation (2.20)

Vxx Vxy Vxz
VE = -Vijj= Vyx Vyy Vvz = EFG

Vzx Vzy Vzz
Equation (2.21)

where Vxx = 02V Vyy = 3V , Vzz = 2V andetc
oX? oY? 072

There are nine values of Vij to express in a Cartesian axis system: x, y, z. A 'principal’

axis system may always be defined such that all the Vij terms with i = j are zero (the
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matrix of the tensor is diagonal), leaving the three finite ‘principal’ values Vxx, Vvy

and Vzz. The polar coordinates are defined below (Figure 2.7).

A\ 4
<

Figure 2.7 Polar coordinates of an electron in free space.

Vxx, Vyy and Vzz are not independent. The Laplace equation (2.22) must be satisfied
in the regions where s electrons are found, due to the fact that they do not contribute
to the VE by virtue of their spherical symmetry. The Laplace equation dictates that

VE is real, symmetric and a traceless sensor.

Vxx + Vv + Vzz =0 Equation (2.22)

Noting that cos2x + sinzx = 1,(x = 0, ¢), itis evident from the expressions in
Table 2.3 that equation (2.22) is obeyed. As a result it is only necessary to specify two
independent parameters to completely describe an electric field gradient tensor in its
principal axis system. These are chosen to be Vzz and ), where 7 is the asymmetry
parameter:

n= (V- Vy)/Vz Equation (2.23)
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so that, by convention | Vzz| > | Vi | > | Vx| which forces 0 <n < 1 and ensures that

the ) can only increase AEq.

Table 2.3 Components of the EFG tensor gradient for a charge of Z electronic units.

Vxx = Zer3(3 sin20cos2p-1) Vxy =Vyx = Zer-3(3 sin20 sind coso)
Vyy = Zer3(3 sin20cos2p-1) Vxz=Vzx = Zer-3(3 sinf cosO coso)

Vzz=Zer3(3 cos? 6-1) Vyz=Vzy = Zer3(3sin® cosd sing)

The Hamiltonian describing the interaction in equation (2.19) is more often expressed
as:
H = eQ [szTzz + Vyvly + Vxxix ],
21(21-1)

using equation (2.20), the Hamiltonian therefore becomes:

H=  eqQ  [3lz-I(1-1) +n(Te - Ty)] Equation(2.24)
41(21-1)

where Tz, Ty and Txare quantum-mechanical spin operators, | is the nuclear spin and e is
the protonic charge(1.602 x 10-1° Coulomb), Vzz and q is referred to as field gradient.

(Vzz = q). If the VE tensor has axial symmetry (n = 0), the energy levels are given

by:
Eoq= e20Q  [3lz -1(1+1)] Equation(2.25)
4(21-1)
where the quantum number I; can take the 21 + 1valuesof I, 1-1,...,-1.If 1 =3/,

*I2, ]2 etc., the energy level is split into a series of Kramers' doublets with = I, states
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degenerate. An important example is | =3/2, which has two energy levels at +(e2qQ/4)
for I.= £3/2 and - (e2qQ/4) for I.= £/2. If the symmetry is lower than axial (i.e. when

1n>0), an exact expression can only be given for 1 =3/2, and is:

Eo= _eqQ  [BL2 - 11+ 1)] |1+n2 |%
41(21 -1) 3

Equation (2.26)

EFG arises from the valence electrons of the Mdssbauer atom itself and is associated
with asymmetry in the electronic structure. This asymmetry results from partly filled
electronic shells occupied by the valence electrons. Other contributions are from the
lattice arrangement (Vzz) of the ligand atoms in non-cubic lattices. Molecular orbitals
can contribute to the EFG. The quadrupole splitting observed in a particular system
therefore reflects the symmetry of the bonding environment and the local structure in

the vicinity of the Mdssbauer atom.

Valuable information can be obtained when the data are considered in conjunction
with the data on isomer shift. AEq data can provide information relating to the

electronic population of:

1. various orbitals

2. isomerisation phenomena

3. ligand structure

4. short-lived reaction intermediates
5. semiconductor properties, and

6. defect structure of solids.
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2.1.9.3 Magnetic Hyperfine Interactions

57Fe nucleus possesses a magnetic moment in both ground and excited states. This
moment will interact with a magnetic field, H at the nucleus to lift the degeneracy of a
nuclear state with an angular momentum number, 1 > 0. This sub state magnetic
splitting results in 21 + 1 level for each state. Therefore, the ground state (I = 1/2) is
split into two levels (m1 = +1/2, -1/2) and the excited state (I =3/2) into four levels [m1

= +1/2, mz2 = -1/2, m3 = +3/2, ma = -3/2] (see Figure 2.6). The energy of these states is
given by:

Em = -gnpunmiH Equation (2.27)
where gn is the nuclear gyromagnetic ratio, un  is the nuclear magnetic dipole
moment, H is the applied magnetic field and mz is the magnetic quantum number. The
selection rules for these magnetic dipole transitions require that Am1 =0 or £1 and so
only six transitions are observed.

Different effects arise depending upon the oxidation state and spin state of the iron

atom. For iron(111) all 3 possible spin states (S =1/2,3/2,5/2) are half integral.

According to Kramer’s theorem, an electronic state must have at least double fold
degeneracy and will therefore exhibit magnetic properties. The electrons will have a
net hyperfine interaction even in the absence of an applied magnetic field, provided
that the spin relaxation time is sufficiently long. For high spin, iron(111) (S =5/2), spin
lattice relaxation is expected to be important because this state has no orbital angular
momentum and the spin system is well insulated from the lattice. However, spin
lattice relaxation could be important for intermediate spin (S = 3/). In iron(ll)

complexes there are systems with integral spin (S =0, 1, 2) and the latter two spin
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states, are expected to see magnetic interactions. Low spin, iron(ll) (S = 0) is

diamagnetic, no magnetic interactions can be observed in zero field.

2.1.9.4 Line Shape, Width and Area
In most cases, lines depict energy levels. Resonant absorption shows a characteristic

energy dependence of the form:

Tex 1
I(E) = om |: (E-E) + (V2o :| Equation (2.28)

where I'ex is the experimentally determined full width at half maximum intensity and
Etis the nuclear transition energy. This distribution shows a Lorenztian shape (Figure

2.8)

1 (E) —

I I I
Eo E
Figure 2.8 lllustration of the width of an energy level.
The line width is controlled by the Heisenberg uncertainty principle:

AEAt > h Equation (2.29)
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where AE is the distribution in energy, I is the linewidth At is the mean lifetime and t

= t/In 2 of the nuclear excited state which generates the y-ray.

Section two: High Pressure Méssbauer Spectroscopy

2.2 High Pressure Mdssbauer Spectroscopy

2.2.1 Discovery and Definitions

The resurgence of static high pressure studies in materials science is due to the
Diamond Anvil Cell (DAC)3. From the pioneering work of Bridgman, during the
later part of the 19th century, until the late 1960s, massive hydraulically driven
Bridgman-anvil and piston cylinder devices dominated high-pressure science!4. The
Bridgman cell was used to study a range of properties to a pressure of 12Kbar*
utilising liquid or gaseous pressure transmitting medial®>. The gasketed DAC has
become a standard tool for the generation of high pressures over the last four decades
and has been applied to a wide range of experimental studies. Development of the
DAC is as significant as a revolution for measurement under non-ambient conditions
in physical sciences as that of the invention of the transistor to the whole sphere of

electronics and computation. Further development resulted in the multiple anvil cells.

*The standard measurement unit is the Pascal (Pa). Pressure can be converted in the following manner
between the different units: Kbar (kilo bar) = 103 bar and Mbar (mega bar) = 106 bar. GPa (giga

Pascal) = 104 bar. One bar = 105 Nm-2(Pascal) = 0.9869 atm = 1.0197 kgcm2
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2.2.2 Experimental Techniques
High pressure research encompasses a wide range of techniques and specialised
apparatus, the literature contains many reviews on the subject 16-20 and some of the

details relevant to this work are discussed below.

2.2.2.1 Diamond

Diamonds are suitable as part of an apparatus to generate high pressure for use in
Maossbauer spectroscopy. They are capable of withstanding the forces involved in the
experiment and are transparent to the Mdssbauer gamma and electromagnetic
radiation used in the measurement of the pressure in the cell. The diamonds used are
high quality, flawless, brilliant-cut gemstones. The culet is removed by grinding a flat,
octagonal surface with area of approximately 0.45 mmz2.

The size of the diamond may vary from 1/s to /> carat and the anvil flat from 0.3 to
0.7 mm similar in area and shape to be used. The recent discovery?! of perforated
diamond anvils has provided a tool for significantly high pressure studies. Pressures
of 200-300 GPa can be achieved with bevelled-culet diamond anvils. Figure 2.9

shows the setup of a perforated anvil.
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Figure 2.9 (a) Sketches of combined diamond backing plate (DBP) and a miniature
anvil (MA). The DBP is first centred and glued to the metal BP of the DAC, followed
by the same operation with the MA. T and C corresponds to table and culet
dimensions. B1 and B2 refer to the larger and smaller conical openings. (b) A sketch

of a partially perforated anvil with culet flat wall thickness D2,

2.2.2.2 Gasket2

A gasket is used to hold the sample, a hydrostatic medium and ruby chips (for
pressure measurement) lay between the facets. Use of a hydrostatic medium is
necessary to avoid uneven pressure within the sample chamber. The choice of
gasketing material is important. This is because of the nature of the experiment using
high pressure. Tantalum tungsten alloy is a preferred material because it is malleable
but not soft enough to cause the gasket to fail. The gasket hole is made by a spark-
erosion system as shown in Figure 2.10. The size of hole is very precise when
compared with micromechanical drilling of the gasket, which often requires time and

a lot of adjustment under the microscope.
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erosion

Figure 2.10 Principle of spark-erosion system and the electric circuit?4.

2.2.2.3 Hydrostatic Medium

Hydrostatic media in the sample chamber is the key component of the DAC. As the
pressure increases, the fluid within the sample can solidify.

One of the most common pressure media is the 4:1 methanol : ethanol (water
saturated) alcohol mixture, which is believed to remain at least quasi-hydrostatic to its

glass transition as approximate of 10 GPa2,

This mixture generates a good approximation of hydrostatic pressure. In Méssbauer
experiments, it is important to determine the chemistry aspect of the solid sample. The
hydrostatic media must not affect or dissolve the sample. Two commonly used
hydrostatic media are [4:1 mixture of methanol:ethanol] and [1:1 mixture of
pentane : isopentane]. Condensed gases such as helium, argon and other gases (listed
in Table 2.4) retain low shear strength at much higher pressure or low temperatures.
The ability to load gaseous material is therefore important for using them as a
pressure-transmitting medium. Table 2.4 gives an overview of other alternatives,

frequently used pressure transmitting fluids.



Table 2.4

Pressure transmitting medial4.

freezing max GPa of
Medium oot i (uasi) Ref.
(GPa) ydrostaticity
Silicon oil ' <2.0 24
Water 2.5 24
Isoproyl alcohol 4.3 23
Glycerine: water (3:2) 53 25
Petroleum ether 6 26
Pentane: isopentane (1:1) 7.4 23
Methanol 8.6 23
Methanol: ethanol (4:1) 10.4 23
Methanol:ethanol:water(16:3:1) 14.5 27
Hydrogen 5.7 177 28
Helium 11.8 60 -70 29, 30
Neon 4.7 16 29
Argon 1.2 9 29
Xenon 55 31,32
Nitrogen 2.4 13 33

2.2.2.4 Diamond Anvil Cell (DAC)
The principles of the gasketed DAC are elegantly simple. Figure 2.11 is a diagram of

a DAC similar to that used in the experiments reported in this thesis.
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Force

Diamond
anwvil

Table face

Gasket

Pressure calibrant
Sample crystal

Figure 2.11 Assembly of the gasketed diamond anvil cell: principle of pressure
generation40,

The sample is placed in a pressure chamber created between the flat parallel faces
(culets, < 1 mm) of two opposed brilliant-cut diamond anvils. A thin gasket is placed
between the culet tips to help to support the load. A hole drilled or spark-eroded in the
prepressed gasket defines the sample space.

The space is approximately 150 to 300 um in diameter and 10-15 um in thickness for
the samples, ruby chips and pressure medium for reducing pressure gradients. The
DAC used in the experiments performed in this work is a modified Merrill-Bassett
cell.

Figure 2.12 shows a modified Merrill-Bassett cell, in which three screws pull the two
triangular plates together when tightened, carrying the diamond anvils with them.

20 GPa is the maximum upper limit pressure for a cell of this design32.

In the construction of the plates, beryllium (Be) discs are used to support the
diamonds and the discs themselves are press-fitted into the stainless steel housings.
Although there is no method for adjusting the diamond culets so that they can be

made absolutely parallel to one another, three guide screws are kept parallel during
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pressurisation. This technique is crucial in order to obtain the right pressure

calibration.

Screw
1. Stainless steel plates 2. Beryllium disc 3. Gasket 4. Diamond anvils

Figure 2.12 Merrill-Bassett miniature cells. The diamonds are set in Beryllium
backing plates and the thrust applied by tightening the three

symmetrically located  screws?6,

2.2.2.5 Pressure Calibration by Ruby Fluorescence

The introduction of the ruby fluorescence method (RFM) in 19723 marked the
beginning of measuring pressure in the DAC during the experiment. It is simple, rapid
and requires no alteration, as the measurements are in situ. RFM is a versatile and
accurate method of determining the sample pressure3s. However this method is not
suitable at higher temperature as the intensity of the fluorescence diminishes
significantlyse,

The essential elements of the pressure calibration system, as shown in Figure 2.13 are

the laser light source to excite the fluorescent radiation, an optics system for both the
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incident laser light and the fluorescent light and a spectrometer for the spectral

analysis of the fluorescence signal.

spectrometer

[01 microscope ocular
cd
110N

..~ dichroic mirror

o

M

long working-length
microscope objective

DAC

xyz stage . {

. ¥ a— T
illuminator e |aser radiation
<+ fluorescence radiation

Figure 2.13 Schematic diagram of a fluorescence pressure calibration system40.

Tiny crystal chips of ruby (Cr3* doped with 0.5% a-Al203) approximately 5-10 um in
size are placed in the DAC. Ruby fluorescence under blue-green excitation is
characterised by an intense doublet (2E — 4A: electronic transition of Cr3* in a
distorted octahedral crystal field) with sharp band components centred at Ri= 6928 A
and R2 = 6942 A at ambient pressure. The fluorescence spectrum is composed by R1
and Rz lines and shifts towards longer wavelengths when pressure increases.

The process of pressure determination requires at least two measurements, one of the
fluorescence from a reference sample at ambient pressure (this is achieved by
scattering ruby fragments on microscope slides) and one of the equivalent materials
within the sample chamber of DAC at higher pressure. The correlation of the
measured wavelength shift (AL) with applied pressure is the basis for the pressure

determination.
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This is dictated by the following equation:

P (GPa) = 380.8 [(AMA- +1)°-1] Equation (2.30)

The equation shown above has a correct linearity within the experimental range up to
29 GPa3’. When using this calculation for pressure calibration it is important to be
able to make reproducible measurements with an accurate estimation of error. The
major contribution of error is usually due to the bench set-up of the system. However
this problem is eliminated by setting the calibration system up in a dark room on a

shock absorption optical bench dedicated to the calibration of ruby pressure.

2.2.3 The Effect of Pressure

The primary effect of pressure on the electronic structure is to increase the overlap
between orbitals of neighbouring atoms especially cation-anion interactions3. This
directly applies the effect on the recoil free fraction, f3°as described in equation
2.31. Since f is dependent on the Debye-Waller factor (Lamb-Md&ssbauer factor)

applying pressure to the lattice will affect f.

f ox -<x2
Equation (2.31)
where < x2 > is the mean vibrational amplitude of the emitting atom.

Increasing pressure to the lattice restricts the vibrational modes of the lattice and

therefore increases f.
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Equation (2.33)

Equation 2.32 describes how the isomer shift (i.s.) varies with pressure at constant
temperature (T). V is the volume, v is velocity, 6o is the Debye Waller temperature
and k is the Boltzmann constant.

This equation has two terms, describing the effect of pressure on the electronic term
and second order Doppler shift. The right hand side of equation 2.33 shows how
second order Doppler shift varies with pressure depending on the Grilineisen constant
(which can be used to calculate (0 In60/0 InV)), and the compressibility of the sample
(@ InV /0P). This term is small and for a lattice with a low Debye temperature it can

be considered negligible compared to pressure induced changes in the electronic term.

The effect of pressure on the electronic term will depend on how pressure affects both
the s electron density at the iron nucleus and the shielding of the nuclear s electron by
p and/or d electrons. Thus isomer shift is described as shown in equation 2.33, then a
decrease in isomer shift with pressure can be caused by an increase in [y(0)|2absorber OF
by a decrease in the shielding of the s electron density at the nucleus by the p and d

electrons. The opposite effects can be used to explain an increase in isomer shift with
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pressure. The effect of pressure on quadrupole splitting is very dependant on the

compound under investigation.

If pressure causes distortion of the lattice and the valence electron density towards
cubic symmetry then the quadrupole splitting will decrease. However, the effect of
pressure could also cause a phase change to a lattice structure with a different
contribution to quadrupole splitting or to cause a rearrangement of the valence and
lattice contributions of a quadrupole splitting. These two effects could be cooperating
in a constructive or a destructive fashion towards the variation of quadrupole splitting

with pressure.

Equation 2.34 shows quadrupole splitting?8,

AE = 'l eqQ [1 + ne/3]os

g = @Q-y=)qa + (1-R)qu
Equation (2.34)
where n is asymmetry parameter, eq is the EFG, eQ is the nuclear quadrupole
moment which causes a splitting of degenerate nuclear levels. y= is the Sternheimer
shielding factor and R the Sternheimer anti-shielding factor. Of these variables only
qval and qiat are usually considered pressure dependent.
Pressure also causes changes in a magnetic sextet. However it is beyond the

discussion for this work.
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2.2.3.1 Chemical Consequences

The effect of pressure causes a number of phenomena in the electronic orbital of the
compounds. Delocalisation of electrons and broadening of the bands of allowed
energy transitions are two examples. Another effect is to displace one orbital with
respect to another. Orbitals with different quantum numbers have different orbital
angular momentum, therefore some orbitals will be more compressible than others,

which will increase or decrease the broadening effect®’.
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Chapter 3: Synthesis of Chlorotetraphenylporphyrinato iron(lll)
[Fe(I11)TPP]CI and Silicon phthalocyanine bis 4-pyridinecarboxylic
acid SiPc[PyCOOQO]2: Studies aimed at forming complexes between
[Fe(111)TPP]CI and SiPc[PyCOO]:2

3.1 Introduction

This chapter is concerned with the synthesis of tetraphenylporphyrin - H2TPP,
chlorotetraphenylporphyrinato iron(ll1) — Fe(lII)TPPCI, silicon pthalocyanine
dichloride - SiPcCl2 and silicon phthalocyanine bis 4-pyridinecarboxylic acid -
SiPc[PyCOO]z. The synthesis of the silicon phthalocyanine compound from the
reaction of 4-pyridinecarboxylic acid (4-PyCOOH) and silicon phthalocyanine
dichloride acid (SiPcCl2) is presented in detail. The aim of this work was to produce a
new complex between SiPc[PyCOO]z and Fe(l11)TPPCI.

A number of other substituted imidazoles were also used to attempt to form new
compounds. In addition, the charge transfer properties of SiPc[PyCOQ]2 were also

examined.

3.1.1 Porphyrin and Metalloporphyrin (H2TPP and Fe(111)TPPCI)

All forms of life depend on the ability of metalloporphyrins to undergo oxidation-
reduction and electron transfer reactions!. The structures of naturally occurring iron
porphyrins in proteins are very complex. So, in order to study their properties, a
'simpler' version of these molecules was synthesised in this work, namely meso
tetraphenylporphyrin  (H2TPP) (Figure 3.1). In addition to their biological
implications, the cyclic tetradentate framework of the four central nitrogen atoms

makes H2TPP a unique chelating agent?->
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Figure 3.1 Structure of H2TPPS.

Synthetic H2TPP has been widely used in studies on molecular symmetry, solubility
and crystal structure. The recent trend has been to abandon research using
"biologically active™ porphyrins in favour of synthetic compounds having a better
defined behaviour, especially H2TPP and most of all its para substituted derivatives’.
As a result, there is a considerable interest in the synthesis of porphyrin compounds
that exhibit predictable and ideal behaviour in solution without having to deal with

naturally occurring active matters in porphyrins.

3.1.1.1 Properties, Uses and Applications of Fe(111)TPPCI

Each of the 4 possible combinations of iron(11) and iron(l11) in a high or a low spin
ground state are realised in one or more of the naturally occurring iron porphyrins.
Elucidation of the structural principles governing iron porphyrin stereochemistry
carries many biologically significant implications. A five coordinate square pyramidal
geometry, with the iron(111) ion displaced (0.475A out of plane from the porphinato
core —was established earlier (Chapter One) as typical for the coordination group in a

high spin iron(111) porphyrin?o.
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Figure 3.2 Structure of Fe(1I1)TPPCI®.

Fe(IINTPPCI (Figure 3.2) is only soluble in non-aqueous solvents. In the absence of
an aqueous base, it does not readily lose the coordinated chloride. Fe(I11)TPPCl is
soluble in chloroform and therefore allows the extension of the study of bridged
electron transfer reactionst

Before an atom transfer mechanism can be considered for the electron transfer
reaction, the highly conjugated system and highly stable compound must be met

regarding as the characters of the Fe(I11)TPPCI.

3.1.2  Silicon Phthalocyanine

Silicon phthalocyanine (Figure 3.3) was first reported in 1960 and in the following

years a number of other silicon phthalocyanine complexes were prepared0-12,
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Figure 3.3  Structure of silicon phthalocyaninez2.
The early work on the synthesis of the silicon phthalocyanine compounds
concentrated on the apparent hexacoordination of the silicon and the stability of the
Si-N bonds?2, The bis siloxy ligated silicon phthalocyanine complexes were
understood to have a structure which contained both a tetra coordinate silicon in the
siloxy group and a hexa coordinate silicon atom in the centre of the phthalocyanine?s,
Preparation of silicon phthalocyanines was carried out in a quinoline solvent (method
1) and resulted in low yields of SiPcClz, so an alternative method was developed to
improve the yields of SiPcCl2 hexachlorodisiloxane instead of silicon tetrachloride
(method 2)4. These methods (1 - 5) are illustrated in Figure 3.4.
Two methods on the synthesis of SiPcCl2 in quinoline (method 3 and 4)16 which were

reported in 1965 showed higher yield of SiPcClzthan methods 1 and 2.

The insertion of silicon into peripherally substituted phthalocyanines in toluene and
tri-n-butyl amine reported in 1977 showed that the yields by this method (method 5)
are dependent on the nature of the peripheral substitution of the macrocycle?’.
However, this is an important discovery as many peripherally substituted

phthalocyanines can be prepared and thus a large range of peripherally substituted

silicon phthalocyanines can be synthesised.
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Figure 3.4  Synthetic routes to silicon phthalocyanine?s,
Low vyields of SiPcClz in the first four methods are caused by various factors.
Quinoline is very difficult to dry and the presence of water causes the decomposition
of silicon halides to silanols!6. Also longer reflux times lead to the thermal
decomposition of the quinoline solvent!8, Diiminoisoindolene (DII) can also be used
for the preparation of SiPcCl2 but DIl decomposes at circa 200°C*> (about the
temperature of refluxing quinoline), so DIl should not be introduced until the
SiCla/quinoline mixture has almost attained refluxing conditions. Experimentation has
proved that the literature conditions are essentially optimum for minimum hydrolysis

of SiPcCl2 — longer reflux times resulting in decomposition?é.
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3.1.2.1 Preparation of Axially Substituted Silicon Phthalocyanines

Axially substituted silicon phthalocyanines can be prepared by a range of methods,
two of which are as follows.

The first method is by reacting chloro or hydoxy silicon phthalocyanine [SiPc(OH)z]
with different reagents2°, such as organic acids and alcohols. [SiPc(OH)z] can be
prepared from SiPcClz by using a metal hydroxide in pyridine2! or by dissolving
SiPcCl2 in an excess of concentrated sulphuric acid followed by the addition of
water?2,

Secondly, silicon phthalocyanines can be prepared by the reaction of DIl organo
trichlorosilanes. Using this method a range of asymmetrically substituted silicon
compounds were prepared (SiPcXCI, X = CHsCsHs; C2Hs; CsHr)2224, where the
highest yield was achieved when X = CHs (52%)2! and the lowest yield when

X = CoHs (5.11%)2.

3.1.2.2 Preparation of Axially Substituted Silicon Phthalocyanines from SiPcCl:
and SiPc(OH)2

A variety of silicon phthalocyanines can be prepared from SiPcCl2 and SiPc(OH):z as

illustrated in Figure 3.5
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Figure 3.5  Some reactions of silicon phthalocyanines.
(Reactions pathway: (1) Py/NH2OH; (2) Py/CséHsOH; (3) PhsSiOH;
(4) CeHsCH20H; (5) Ph2Si(OH)221

SiPc(OH): reacts with phenol in pyridine to form diphenoxysilicon phthalocyanine
(c); with benzyl alcohol the dibenzyloxy derivate SiPc[(OCH)2Ph]z (e) is formed and
with triphenylsilanol SiPc(OH)2 forms the siloxy complex (d). The dibenzyloxy
complex (e) reacts with diphenylsilanediol and forms bis (benzyloxydiphenylsiloxy)
silicon phthalocyanines (f). These complexes sublime readily without
decomposition?t,
Preparation of the alkoxy derivates may be carried out by the reaction:

SiPc(OH)2 + 2ROH — SiPc(OR)2 + 2H:20
According to Krueger and Kenney, siliconium ions are the most likely intermediate;

i.e. in the case of ROH. 14.20

HOPcSiOH + ROH — HOPcSiOH2+ + RO-
HOPcSiOH2+ — HOPcSi*+ + H20

HOPcSi*+ + RO- — HOPCcSIOR
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The acidity of ROH is important (the more acidic ROH, the easier the alkoxy
derivates are formed) 1420, and silicon probably delocalises its positive charge into the
ring by the use of its dxz and dyz orbitals.
SiPc(OR)z2 reacts readily with trichloroethanol forming the alkoxide SiPc(OR)2 where
R = CH2CCls, while neopentyl alcohol requires a high reflux temperature to form
SiPcCl2 with alcohol:-

SiPcClz + 2ROH — SiPc(OR)2 + 2HCI.
Some of the alkoxy compounds, such as diethoxy silicon phthalocyanine, have been
prepared from the reaction of an alcohol and SiPcCl2 in the presence of sodium
borohydride?.
Due to the flexibility of the side chain attached to the silicon atom, the higher
alkoxides are soluble in benzene, but these complexes are thermally unstable so
cannot be sublimed. These compounds can undergo hydrolysis and are readily
converted to SiPc(OH)z in the presence of an acid (i.e HCI)2L.
Triorganosilanols are the most common axial substituting group used. The
triorganosilanoxy silicon phthalocyanine derivates are prepared by condensation of
SiPc(OH)2 with silanol forming SiPc(OSiRs)2 or SiPc(OSiRs)(R’) compounds which
are stable and soluble in organic solvents?22325, These compounds have been
observed to be more stable than the alkoxy derivates of silicon phthalocyanine.
Dehydration of SiPc(OH)2 at high temperatures and reduced pressures leads to
formation of oligomers of SiPcO units, where the degree of oligomerisation is
dependent on the temperature and pressure conditions?’28, The reaction between
SiPcCl2 and SiPc(OH)2 under controlled conditions results in the formation of
dimers?®, Using the same method as for monomers it is possible to modify the

terminal axial ligands of these oligomers by reactions with a triorganosilanol??.29, The
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reaction between SiPcCl2 and a diamine results in formation of oligomers containing
SiPc units linked by NHCH2CH2NH bridges. A schematic representation of the axial

substitution of silicon phthalocyanines is shown in Figure 3.6.
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Figure 3.6 Axial substitution of silicon phthalocyanines?.

3.1.2.3 Properties, Uses and Applications of Silicon Phthalocyanines

The properties, uses and applications of phthalocyanines are well documented in the
literature3! and some of the properties and uses are also presented in Chapter 1. The
properties of silicon phthalocyanines will be discussed here to highlight the range of
uses of silicon phthalocyanine generally.

The strong blue colour of silicon phthalocyanines, due to strong absorption of silicon
phthalocyanines in the visible absorption region at around 700 nm (Q band) and two

absorptions at lower intensity, is a reason for their use in the dye industrys2.
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The use of silicon phthalocyanines in medicine is based on their photobiological
activity against viruses33 and tumors34. Therefore, silicon phthalocyanines are of use
in indirect photodynamic therapy, where molecular oxygen, activated by visible light
or near visible ultraviolet light, acts as the therapeutic agent.

Photo conducting studies of silicon phthalocyanines polymers have shown that
bridged polymeric silicon phthalocyanines (SiPcL)n exhibit properties with high
photosensitivity. The high photosensitivity is a result of the conducting band formed
by w-orbitals in the phthalocyanine ring overlapping each others3s.

Non-linear optical (NLO) studies on phthalocyanines have shown that the strength of
the optical absorption band (related to its transition dipole moment) allows large
optical nonlinearities3®. Silicon phthalocyanines exhibit an efficient third harmonic
generation (THG) activity due to their extensively delocalised two-dimensional 18 r-
electron system36-38,

The third-order NLO properties of phthalocyanines are important because they have
centro-symmetric components i.e. non-substituted and identically substituted on the
four isoindoline moieties. The necessary requirement of non centro-symmetry is the
reason for limited investigation in the second round harmonic generation (SHG)
response of phthalocyanines3’. However, it has been pointed out that unsymmetrical
phthalocyanines with donor and acceptor groups should possess second-order NLO
propertiesss.

Silicon phthalocyanines fluorescence spectra mirror the Q band absorption spectra
when excited at the wavelength of the Q band (600-700 nm) or the Soret band (300-
400 nm) 39,

The stability of SiPcCl2 both thermal and chemical, as well as the low toxicity and

natural abundance of silicon would make them suitable for industrial applications.
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3.1.2.3.1 Theory of Non-linear Optics3®

The interaction of a non-linear optical (NLO) material with the electromagnetic field
of high intensity laser light can result in the generation of new electromagnetic fields.
When light passes through a material, its electric field interacts with inherent charges
in the material causing the original light to be altered in phase, amplitude, frequency
or polarisation. Therefore, the field of non-linear optics is a field that describes
deviations from linear behaviour as defined by the classical laws or optics.

NLO experiments are mostly carried out on macroscopic materials and the linear

polarisation is:

P=yE Equation (3.1)
where v, the linear susceptibility of the materials and E is is the electric field of the

light.

When a high intensity electric field (laser light) is applied, the polarisability of the
molecule can change from a linear to a non-linear regime. The non-linear molecular
polarisation (Pm) leads to non-linear effects and is a function of the applied field,

shown in equation (3.2).

Pm =aE + BE2 + yE3+....... etc Equation (3.2)

Where o is the linear polarisability, B is first molecular hyperpolarisibility (SECOND

ORDER EFFECT) and y is second molecular polarisability (THIRD ORDER

EFFECT).
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An analogous expression of the polarisation of the material is shown in Equation (3.3)

where Po is static dipole of the sample and y ™ is nt" order NLO susceptibility.

P=Po+ yWE + y@E2 +  yOE + ... yOEn Equation (3.3)

If an intense light passes through a second order NLO material, then light at twice the
input frequency will be produced - the principle of second order harmonic generation
(SHG).
The interaction of an intense light with a third order NLO produces a polarisation
component at the third harmonic (third harmonic generation is represented by y ©).
Designs of second order NLO materials follow well defined guidelines, and are as
follows:

1. polarisable material;

2. asymmetric charge distribution (incorporation of donor — acceptor molecules);

w

a pathway of n-conjugated electrons;

4. non-central symmetric crystal packing.

Materials for third order NLO should be materials with extended w-electron
conjugation (ideal fory ) and the large n-electron delocalisation length creates a
large anharmonic component in the non-resonant electron oscillations. There are no
inherent symmetry restrictions for the third order effects, and it is hoped that the use
of metal atoms will improve the design order NLO species that do not involve large

delocalised electronic systems.
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3.1.3 Crystallisation40-49

The second part of this chapter is aimed at trying to form a complex between
SiPc[PyCOO]z and Fe(IIDTPPCI. A central part was spent in the choice of
appropriate solvents for crystallisation.

In order to carry out crystallisation, it is important to measure the degree of solubility
of the compound4°. The compounds were dissolved in minimum amounts of various
hot solvents to determine the solubility. If insoluble impurities were present, the hot
solution was then filtered. If the solution was contaminated with coloured impurities,
it was treated with decolourising charcoal and filtered. The hot, saturated solution was
then allowed to cool at a moderate rate. When the crystals were fully formed, they
were isolated from the mother liquor (the solution) by filtration.

Crystallisation occurs in stages. As the hot saturated solution cools, it becomes
supersaturated; and then crystal nuclei forms. These nuclei often form on the walls of
the container, at the liquid surface, or on a foreign body because there is a proper
molecular association at these locations. Once the crystal has been formed, additional
molecules migrate to their surface by diffusion and join the crystal lattice. Because the
molecule must migrate from the bulk of the solution to the growing crystal surface,
the solution surrounding the crystal becomes less concentrated than the bulk of the
solution.

Crystal growth is usually exothermic. So the heat released from the growing crystal
increases the solubility of the compound near the surface. For crystallisation to
continue the concentration of solute at the crystal site must be increased and the heat
must be dissipated. These processes occur by diffusion and take time. Premature

chilling or agitation can increase the rate of crystal growth to the point at which the
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solid precipitates. The purest crystals are obtained when crystallisation occurs slowly

from an undisturbed solution.

3.1.3.1 Solvents for Crystallisation

The ideal solvent for the crystallisation of a particular compound is the one that:

e does not react with the compound,

boils at temperature below the compound’s melting point,

dissolves a moderately large amount of the compound when hot.

dissolves only a small amount of compound when cool,

is moderately volatile so that the final crystals can be dried readily, and

e non-toxic, non-flammable and inexpensive.
The primary consideration in choosing a solvent is that the compound be moderately
soluble in hot solution and less so in the cold solvent. Most commonly, in the
selection of a specific solvent for a specific compound, the solubility of the compound
in various solvents is determined by trial and error.
General guidelines for predicting solubilities based upon the structures of organic
compounds do exist. If the best solvent for crystallising a compound is not known;

small portions of the compound can be tested with a variety of likely solvents.

3.1.3.2 In Search of the 'Right" Solvent

When a chemical similarity is present, the solution of the two components will usually
have a structure similar to the one of the pure materials (alcohol-water mixture). For
example:

Methanol — benzene

Water — N, N — dimethylformamide (DMF)
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Aniline — diethyl ether

Polystyrene — chloroform

On the other hand, insolubility can occur in spite of similarity of the two partners.
Thus, polyvinyl alcohol does not dissolve in alcohol. Between the extremes there is a
whole range of possibilities where the two materials dissolve each other to a limited
extend. Rather than like dissolve like, there is an intermolecular interaction, between

solvent and solute molecules, which determines the mutual solubillity.

Experiments were conducted, based on these theories, given in Table 3.1, when
attempting to make various crystalline complex. A compound 'A’' dissolves in a
solvent 'B' only when the intermolecular forces of attraction Kaa and Kas for the pure
compounds can be overcome by the forces Kas in solution. The sum of the interaction
forces between the molecules of solvent and solute can be related to the so-called
polarity of 'A" and 'B'. Denoting compounds with large interactions A...... A or
B....... B respectively as polar and those with small interactions as nonpolar, four
cases of qualitative prediction of solubility can be distinguished, as shown in Table
3.1.

Table 3.1 Solubility and polarity of two different solvents42.

Solute A Solvent B Interaction Solubility of A
Aaes A B....B A....B and B
nonpolar nonpolar weak weak weak can be higha
nonpolar polar weak strong weak probably low?
polar nonpolar strong weak weak probably lowe
polar polar strong strong strong can be higha

# not much change for solute or solvent; ® difficult to break up B...... B; cdifficult to
break up A....A
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3.2 Experimental

3.2.1 Synthesis of Porphyrins

The porphyrin system was discussed in detail in Chapter One.

3.2.2 Synthesis of H2TPP51.52
H2TPP was formed by a condensation reaction between benzaldehyde and pyrrole

(Figure 3.7).

Figure 3.7 Synthesis of H2TPPs3,

Benzaldehyde, pyrrole and propionic acid were purchased from Aldrich Chemical Co.
Pyrrole was distilled and a clear liquid was collected for use in the second part of the
synthesis in refluxing conditions. Benzaldehyde (used without further purification)
(75 mL, 0.7 mol) was heated under refluxing conditions in propionic acid (700 mL).
Freshly distilled pyrrole (75 mL, 1.2mol) was added to the reaction mixture (using a
dropping funnel) slowly over 40 to 50 minutes.

The reaction mixture was heated for a further 40 minutes. During the reaction, a dark
purple precipitate formed. The precipitate was filtered, washed thoroughly using

methanol and hot water until the filtrate was clear. The purple, crystalline solid was
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collected and analysed using electronic absorption spectroscopy, infrared
spectroscopy and elemental analysis technique to be H2TPP. The H2TTP produced

was used for the next experiment.

[Anal. Calc. For CssHsoNa4: C, 85.90; H, 4.92; N, 9.12%; Found C, 84.34; H, 4.83; N,

8.96%]

3.2.3 Synthesis of Fe(111)TPPCI
Fe(I1)TPPCI can be synthesised using two different methods; iron(ll) acetate in
trichloromethane or iron(ll) chloride in N,N-dimethylformamide (DMF). Both

methods were attempted.

3.2.3.1 Iron(l1) chloride [Fe(11)Clz] Method4®

Iron(I1) chloride, Fe(I1)Cl2 [light green powdered material] was prepared by adding
hydrochloric acid to iron wire until there was no further reaction. Excess hydrochloric
acid and water were removed at low pressure.

In order to synthesise Fe(111)TPPCI, H2TPP (2g, 3.3 x 10-3 mol) was dissolved in
DMF (500 mL). Anhydrous iron(l1) chloride (7 g, 7.7 x 102 mol) was added. The
reaction mixture was heated under refluxing conditions. After 35 minutes, the reaction
mixture was allowed to cool to room temperature. Concentrated hydrochloric acid (2
mL) was added to the reaction followed by 250 mL of distilled water. Instead of a
purple precipitate, a dark brown precipitate formed. No further steps were carried out,
due to the presence of iron(lll) impurities which explained the brown coloured
material. Moisture must have been introduced during the experiments therefore the

insertion of iron(l11) did not happen but formation of iron oxide occurred.
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3.2.3.2 Iron(l1) acetate [2(C2H302) Fe] Method>#

1g of H2TPP was dissolved in 100 mL of chloroform and 400 mg of sodium chloride
was added. Into this solution was added 150 mL of filtered, hot iron(ll) acetate.
Iron(11) acetate was prepared freshly using iron filings in boiling acetic acid. After
refluxing for 2 hours, the volume of the reaction mixture was concentrated to
approximately 50 mL. The mixture was cooled and filtered. Approximately 500 mg
of impure crystals were obtained.

The crude product was dissolved in methanol and soxhlet extracted for 5 hours to
remove unreacted material. Dark purple needle-like crystals were obtained after
drying the solvent containing purified FeTPPCl2. Verification was made by electronic
absorption, infrared spectroscopy, mass spectrometry, single crystal x-ray
crystallography and elemental analysis.

[Anal. Calc. For CssH2sN4FeCl: C, 75.06; H, 4.00; N, 7.96 %; Found C, 74.67; H,
4.18; N, 8.04 %].

[Mass Spec. Calc.: CasH2sN4FeCl, molar mass: 703.99; Found: 703.14]

3.2.3.2a Crystal Structure of Fe(I11)TPPCI

Crystals of FeTPPCI were grown in chloroform over a period of 8 weeks. The crystal
structure was determined using x-ray crystallographys® by Prof. C. Frampton formerly
of Roche Ltd. A deep purple crystal of FeTPPCI, chosen for analysis was mounted on
a glass fibre and was cooled with an Oxford Cryosystem. Data collection: MSC/AFC
Diffractor Control Software (Molecular Structure Corporation, 1993). Cell
refinement: MSC/AFC Diffractor Control Software. Data Production: TEXSAN

(Molecular Structure Corporation, 1993). Program used to solve structure:
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SHELXS86 (Sheldrick, 1990). Program used to refine structure: TEXSAN. Details of

data are as follows:
Summary of crystal data:

[FeCI(CaaH2sNa)
Mr = 704.03
Monoclinic
P2i/a
a=10.254(2) A
b =15.969(3) A
¢ =20.180(4) A
B =90.48(2)°

V =3407.7 A3
Z=4

Dx=1.37 gcm1
Dm not measured

Data Collection

Rigaku AFC-7R diffractometer
® scans

Absorption correction: none
8420 measured reflections
7581 independent reflections
3357 observed reflections

[I=3a()]

Refinement:

Refinement on F

R =0.047
WR =0.045
S=1.45

All non H-atom refined
anisotropically

w =1/ 6%(F)

Mo Ka radiation

A =0.71073 A

Cell parameters from 20 reflections
0 =21.1-36.4°

p=5.6cmt

T=293K

Prism

Purple crystal

0.4x0.25x0.10mm

Rint =0.047

Omax = 55°

hkl = 11-12, 0-19, 0-24.
4 standard reflections

intensity decay : none

(A/G)max =0.02

Apmax = 0.37e A'?’

Extinction correction: none

Atomic scattering factors from International
Tables for X-ray Crystallography (1974, Vol.
V)

Details of bond distances and angles of the crystal structure of five-coordinate high

spin Fe(I1I)TPPCl are given in Tables 3.3 and 3.4.



Figure 3.7 Crystal structure of Fe(111)TPPCI

Table 3.2 Fractional atomic coordinates and equivalent isotropic displacement
parameters (A2).

Ueq = (1/3) Yi Y Uijai* a”" ai.aj.

X y z Ueq
Fe 0.36716 0.32539 -0.351436 2.95
cl 0.17639(11) 0.26438(4) -0.33596(5) 455
N() 0.3616(3) 0.36420(20) -0.44581(15) 30
N(2) 0.4852(3) 0.22799(20) -0.38271(15) 31
N(3) 0.4598(3) 0.31402(20) -0.26331(4) 3.0
N(4) 0.3314(3) 0.44932(20) -0.32694(15) 30
C(al) 0.3027(4) 0. 43607(27) -0.46895(19) 3.3
C(a2) 0.3857(4) 0. 31516(26) -0.49877(18) 3.1
C(a3) 0.4962(4) 0.19801(26) -0.44463(19) 34
C(ad) 0.5492(4) 0.17026(28) -0.34401(19) 35
C(a5) 0.5235(4) 0. 24271(28) -0.24060(19) 34
C(ab) 0.4427(4) 0. 36507(27) -0.21061(18) 31
C(@a7) 0.3356(4) 0. 48369(26) -0.26589(19) 3.3
C(a8) 0.2815(4) 0. 51138(26) -0.36617(20) 35
C(bl) 0. 2903(4) 0. 43042(28) -0.53741(19) 37
C(b2) 0. 3418(5) 0. 35744(29) -0.55602(19) 38
C(b3) 0. 5668(5) 0. 12059(29) -0.44450(21) 40
C(b4) 0. 5976(5) 0. 10341(29) -0.38306(22) 42
C(bs5) 0. 5426(4) 0. 25036(29) -0.17288(19) 338
C(b6) 0.4925(4) 0.3237(3) -0.15406(19) 3.7
C(b7) 0.2874(5) 0. 56762(27) -0.26757(20) 37
C(b8) 0.2555(5) 0. 58481(26) -0.32938(21) 4.0
C(m) 0. 4487(4) 0. 23761(26) -0.49964(19) 32
C(m2) 0. 5654(4) 0. 17622(28) -0.27768(18) 3.3
c(m3) 0. 3862(4) 0. 44450(26) -0.21087(18) 32
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C(m4) 0. 2649(4) 0. 50513(26) -0.43288(19) 33

c() 0.4725(5) 0. 20021(26) -0.56443(19) 35

c(2) 0. 5886(5) 0.2129(3) -0.59448(23) 4.7

c(3) 0. 6057(5) 0.1882(4) -0.65769(25) 5.7

C(4) 0.5064(6) 0.1494(3) -0.69009(22) 4.8

C(5) 0.3910(6) 0.1345(3) -0.66049(24) 5.1

C(6) 0.3734(5) 0.1601(3) -0.59788(21) 46

c(7) 0.6425(5) 0.1087(3) -0.24471(20) 338

C(8) 0.5828(5) 0.0387(4) -0.21992(24) 5.1

C(9) 0. 6561(8) -0.0248(4) -0.19080(27) 6.1

C(10) 0. 7863(10) -0.0172(5) -0.1875(3) 6.0

c(11) 0.8471(7) 0.0520(6) -0.2107(3) 6.6

c(12) 0.7754(6) 0.1151(4) -0.23964(24) 56

C(13) 0.3884(5) 0.49359(26) -0.14956(20) 3.4

C(14) 0.2775(5) 05116(3) -0.11663(22) 45

C(15) 0.2810(6) 05578(3) -0.06013(23) 50

C(16) 0.3990(7) 0.5880(3) -0.03807(23) 4.8

c(17) 0.5101(6) 05710(3) -0.07071(24) 49

C(18) 0.5060(5) 05238(3) -0.12612(21) 43

C(19) 0.2044(5) 0.57705(27) -0.46893(20) 3.4

C(20) 0.2761(4) 0.62110(28) -0.51346(22) 4.0

C(21) 0.2187(5) 0.6837(3) -0.55042(21) 34

C(22) 0.0897(6) 0.7023(3) -0.54301(24) 46

C(23) 0.0187(5) 0.6608(3) -0.49844(27) 5.1

C(24) 0.0747(5) 0.59741(29) -0.46127(22) 45
Table 3.3 Bond lengths(A) in the [FeCI(TPP)] molecule.

Fe-N(T) 7.060(3) C(b5)-C(b6) T.338(6)
Fe-N(2) 2.078(3) C(b7)-C(b8) 1.351(5)
Fe-N(3) 2.066(3) C(m1)-C(1) 1.496(5)
Fe-N(4) 2.077(3) C(m2)-C(7) 1.499(5)
Fe-Cl 2.211(1) C(m3)-C(13) 1.498(5)
N(1)-C(al) 1.382(5) C(m4)-C(19) 1.503(6)
N(1)-C(2a2) 1.376(5) C(1)-C(2) 1.365(6)
N(2)-C(a3) 1.380(5) C(2)-C(3) 1.386(6)
N(2)-C(a4) 1.386(5) C(3)-C(4) 1.364(7)
N(3)-C(a5) 1.394(5) C(4)-C(5) 1.360(7)
N(3)-C(a6) 1.379(5) C(5)-C(6) 1.379(6)
N(4)-C(a7) 1.384(5) C(1)-C(6) 1.384(6)
N(4)-C(a8) 1.379(5) C(7)-C(8) 1.377(7)
C(a1)-C(b1) 1.432(5) C(8)-C(9) 1.398(7)
C(a2)-C(b2) 1.438(5) C(9)-C(10) 1.342(10)
C(a3)-C(b3) 1.433(6) C(10)-C(11) 1.359(11)
C(a4)-C(b4) 1.433(6) C(11)-C(12) 1.383(8)
C(a5)-C(b5) 1.426(5) C(7)-C(12) 1.370(7)
C(a6)-C(b6) 1.440(5) C(13)-C(14) 1.363(6)
C(a7)-C(b7) 1.429(6) C(14)-C(15) 1.388(6)
C(a8)-C(b8) 1.428(6) C(15)-C(16) 1.377(7)
C(al)-C(md) 1.391(5) C(16)-C(17) 1.358(7)
C(a2)-C(m1) 1.397(5) C(17)-C(18) 1.378(6)
C(a3)-C(m1) 1.392(5) C(13)-C(18) 1.383(6)
C(a4)-C(m2) 1.392(5) C(19)-C(20) 1.380(6)
C(a5)-C(m2) 1.383(5) C(20)-C(21) 1.389(6)
C(a6)-C(m3) 1.394(6) C(21)-C(22) 1.368(6)
C(a7)-C(m3) 1.401(5) C(22)-C(23) 1.356(7)
C(a8)-C(md) 1.401(5) C(23)-C(24) 1.394(6)
C(b1)-C(b2) 1.338(6) C(19)-C(24) 1.380(6)
C(b3)-C(b4)  1.343(6)
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Table 3.4 Bond angles (°) in the [FeCI(TPP)] molecule.

N(L)FeN(2) 86.4(1) C(b4)C(ag)C(i2) 125.0(4)
N(L)FeN(3) 151.8(1) N(3)C(a5)C(b5) 109.0(4)
N(L)FeN(4) 86.8(1) N(3)C(a5)C(m2) 125.8(4)
N(2)FeN(3) 87.0(2) C(b5)C(a5)C(m2) 125.4(4)
N(2)FeN(4) 153.4(1) N(3)C(a6)C(b6) 109.4(4)
N(3)FeN(4) 87.0(1) N(3)C(a6)C(m3) 126.4(4)
N(1)FeCl 104.7(1) C(b6)C(ab)C(m3) 124.4(4)
N(2)FeCl 103.5(1) N(4)C(a7)C(b7) 110.0(4)
N(3)FeCl 103.4(1) N(4)C(a7)C(m3) 125.6(4)
N(4)FeCl 103.0(1) C(b7)C(a7)C(m3) 124.4(4)
FeN(1)C(al) 126.2(3) N(4)C(a8)C(b8) 110.3(3)
FeN(1)C(a2) 126.1(3) N(4)C(a8)C(m4) 125.2(4)
FeN(2)C(a3) 127.2(3) C(b8)C(a8)C(m4) 124.7(4)
FeN(2)C(ad) 126.2(3) C(a2)C(m1)C(L) 116.4(4)
FeN(3)C(a5) 125.7(3) C(a3)C(m1)C(L) 120.1(4)
FeN(3)C(a6) 126.4(3) C(a2)C(m1)C(a3) 123.4(4)
FeN(4)C(a7) 126.8(3) C(ad)C(m2)C(7) 117.6(4)
FeN(4)C(a8) 127.2(3) C(a5)C(m2)C(7) 117.5(4)
C(al)N(1)C(a2) 105.9(3) C(ad)C(m2)C(a5) 124.8(4)
C(a3N(2)C(ad) 105.6(3) C(ab)C(m3)C(13) 118.0(4)
C(a5)N(3)C(a6) 106.0(3) C(a7)C(m3)C(13) 117.7(4)
C(a7)N(4)C(a8) 105.5(3) C(ab)C(m3)C(a7) 124.1(4)
N(1)C(a1)C(b1) 109.2(4) C(a1)C(b4)C(19) 116.9(4)
N(1)C(a2)C(m4) 126.4(4) C(a8)C(m4)C(19) 119.1(4)
C(b1)C(al)C(ma) 124.3(4) C(a1)C(m4)C(a8) 124.0(4)
N(1)C(a2)C(b2) 109.8(4) C(a1)C(b1)C(b2) 108.1(4)
N(1)C(a2)C(m1) 126.9(4) C(a2)C(b2)C(bl) 106.9(4)
C(b2)C(a2)C(m1) 123.2(4) C(a3)C(b3)C(b4) 107.0(4)
N(2)C(a3)C(b3) 110.1(4) C(ad)C(b4)C(b3) 107.9(4)
N(2)C(a3)C(m1) 125.4(4) C(a5)C(b5)C(b6) 108.3(4)
C(b3)C(a3)C(m1) 124.5(4) C(ab)C(b6)C(b5) 107.3(4)
N(2)C(ad)C(b4) 109.3(3) C(a7)C(b7)C(b8) 107.1(4)
N(2)C(ad)C(m2) 125.6(4) C(a8)C(b8)C(b7) 107.4(4)

According to x-ray analysis iron atom of Fe(l1I)TPPCI is in a square pyramidal
environment and is displaced by0.57A from the basal plane of the four nitrogen
atoms towards the chlorine atom. From the table it shows the iron(lll) ion is
coordinated to chloride ion [Fe-Cl =2.21 1(1)/&] and four porphrinato nitrogen atoms,
averaged [Fe-N = 2.070(9)1&]. This analysis was conclusive for producing crystal

structure of Fe(111)TPPCI.

3.2.4 Synthesis of SiPcCl2

In a 1L round bottomed flask equipped with a Liebeg condenser, a thermometer and a
nitrogen inlet, a mixture of 1, 3 — diiminoisoindoline (DII) (36.5 g, 0.25 mol),
tetrachlorosilane [SiCl4] and dry quinoline* (415mL) was brought to reflux with

stirring (equation 3.1). Reflux was maintained at circa 210 °C for 30 minutes and then
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the reaction mixture was allowed to cool down to room temperature and then filtered.
The cooled purple crystalline product was washed with chloroform (300 mL) and

identified by infrared spectroscopy. Yield of SiPcCl2 was 56%.

NH

P ,.»':f

[ L

\::/“-\-‘:;', i ] ] .
hH + SiCla quinoline PcSiCl2

Equation (3.1)
3.2.5 Synthesis of SiPc[4-PyCOO]:2

500 mg (0.82 mmol) of SiPcCl2was dissolved in 10 mL of dry quinoline* in a round-
bottomed flask and fitted with a condenser. The reaction was carried out under
nitrogen atmosphere. 5 g (0. 041 mol) of 4-pyridine carboxylic acid was added. The
mixture was refluxed for approximately 90 minutes. After cooling for an hour, dry
diethyl ether* was added. The reaction mixture was filtered through a sintered glass
funnel and rinsed with dry ethanol several times. The precipitate that formed consisted
of dark green crystals. The crude product was dried in an oven overnight at 100°C.

Pure SiPc(PyCOO)2 was extracted using soxhlet extraction in chloroform for 5 hours.

OOCR

+ 2 RCOOH .®

RCOO

Figure 3.7 Axial substitution reaction of SiPcClzand 4-pyridinecarboxylic acidz°.

The solvent containing the product was evaporated dry using a rotary evaporator to
obtain green powders which was verified as SiPc(4-PyCOO)2 using electronic

absorption and IR spectroscopy. The yield was 20%.
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[Mass Spec. Calc.: CasH2aN10SiO4, molar mass: 784.33; Found: 785.0]

* Drying solvents

Quinoline was dried with sodium sulphate overnight and vacuum distilled over zinc
chippings very slowly.

Diethyl ether was dried by shaking repeatedly with equal amount of aqueos sodium
chloride (saturated) in a separating funnel. The layers were allowed to separate (at
least for several hours) and the ether layer was extracted and added calcium chloride
in a round bottom flask and distilled after 48 hours.

3.2.6 Attempted Preparation of a Complex between SiPc[PyCOOQ]2 and
Fe(II1)TPPCI

This second part of this chapter describes an attempt to produce a complex of the form
[Fe(11) TPP-OOCPy]: SiPc.

Crystallisation of [Fe(111)TPP-OOCPy]2 SiPc was attempted, but crystals were not
obtained. Attempts were made to grow the crystals by layering 2:10 (mL) of a
methanol/chloroform solution of Fe(111) TPPCI and SiPc[PyCOO]2. After 2 months at
room temperature, large, well formed Fe(lII)TPPCI crystals were removed. The
sample was analysed using x-ray crystallography by Prof C. Frampton52 at Roche Ltd.
The sample that was shown to be Fe(II)TPPCI. SiPc[PyCOQ]2 remained in the
filtrate and the crystallisation process was not successful.

At the same time, attempts were made to produce new compounds from Fe(I11)TPPCI
and substituted imidazoles as ligands. Table 3.2 shows the relevant data for the
ligands used with Fe(II)TPPCI and the search for the 'right' solvent. X-ray

crystallography showed that only Fe(l111) TPPCI had been produced.
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Table 3.5 Solubility test for substituted imidazoles.

Ligand- substituted Im H20 Methanol Ethanol | Acetone CHCIs Hexane
Guanine X 8 ) X X
Theophylline § § § v X
Urocanic acid Shot X X 8hot X
Cytosine §hot X X X
4,5-Imidazoledicarboxylic X X X X
acid
3,4 Pyridinedicarboxylic acid X X Shot X
Imidazole v v §hot v v
1-chlorobenzyl —L- histidine v v §hot X
4-Imidazoleacetic v v v v X

hydrochloric acid

5-chloro —1- methyl imidazole 4 8 v 4 v
5,6- dimethylimidazole 4 v v v X
4(5)- 8hot v v v X

Imidazolecarboxyaldehyde

4 5-dicyanoimidazole v § § 8 X

4-methylimidazole v v 4 v v

v’ -soluble  x-notsoluble §-slightly soluble (cold) 8§hot - soluble when hot

Solubility data for guanine, theophylline, urocanic acid, cytosine, 4,5-
imidazoledicarboxylic acid and imidazole were obtained from the literatures’- All
attempts were unsuccessful. In most of the solutions, Fe(111)TPPCI crystallised out

and separately the ligand precipitated slightly in the liquor solution.
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Table 3.6  Solubility test for Fe(111) TPPCI.

ORGANIC SOLVENTS | SOLUBILITY
Hexane
Chloroform
Acetone

Diethyl ether
Methanol
Ethanol

ASNBNERNRNANES

v -soluble  x-notsoluble

3.3 Results
3.3.1 Electronic Absorption Spectrum of H2TPP

The colours of porphyrins are derived from the w - electron system. Often, the
electron absorption spectrum of a porphyrin consists of a very intense band at circa
410 - 420 nm, known as the Soret band and the satellite bands (o and ) at longer
wavelengths. The Soret band is found in all tetrapyrroles in which the nucleus is fully
conjugated. It is well known that o corresponds to the lowest = -7t singlet and j3 to the
Qv vibronic envelope. These transitions are all doubly degenerate since they are
polarised in the plane of porphyrin (Figure 3.9). All the absorption spectra shown in
Fig. 3.9, 3.11 and 3.12 were measured on a KONTRON —UNIKON Model 860 series
spectrophotometer. All spectra were taken on solutions by using different solvents in

quarts cell of 1cm path length. Pure solvents were used as a reference.
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Figure 3.9 The Uv/vis spectrum of H2TPP.

3.3.2 Infrared Assignments for H2TPP and Fe(l11)TPPCI
All spectra (Figure 3.10, 3.13 and 3.14) reported were obtained with a Perkin- Elmer

Model Paragon 1000 FT-IR spectrometer. Potassium bromide discs were prepared for
the infrared spectra of H2TPP and Fe(l11) TPPCI. The data are shown below in Tables

3.7 and 3.8, respectively.
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Table 3.7 IR assignments for Fe(I11)TPPCI

Wavenumber (cm )’ Assignmentse
1473s C-H bend
1441s C-H bend
1350s C=N stretch
1155m [arene] C=C
1000w C=C stretch

980s C-H rock
729s [arene] C-H bend

Table 3.8 IR assignments for H2TPP.

Wavenumber (cm )" Assignment
1595m N-H bend
1440s C-H bend
1333m C=N stretch
1175s

1001 C-H rock
835m C-H rock
750s [arene] C-H bend

Band intensity: s=strong, m=medium, w=weak

This important observation for Fe(111) TPPCI (Figure 3.10) is that there is no vibration
due to N-H indicating a successful insertion of the iron atom into the centre of the
porphyrin system.

The infrared spectrum of [Fe(111)TPP]20 (dimer) and the Fe(I11)TPPCI (monomer)
were similar. The only notable difference in the spectrum was the band which
appeared at ~835 cmt in the spectrum for iron-oxide stretches. The dimer compound
shows a strong absorption at approximately 878 cm- in a crystalline states®. This
clearly proves that prepared sample is monomeric and not the dimeric [Fe(l11) TPP]-O-

[Fe(11D)TPP] compound.
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Figure 3.10 The IR spectrum of Fe(l11)TPPCI.

3.3.3 Synthesis considerations for SiPc[PyCOO]:2
The reaction was carried out under nitrogen atmosphere to prevent hydrolysis and

formation of oligomeric compounds caused by the presence of water and oxygen from
the atmosphere. The reaction heating times were kept at minimum (1 hour at reflux),
as it has been shown that the longer heating times lead to decomposition of product
and solvents0 and also lead to oligomeric species. Heating of the crude product under
high vacuum was avoided where possible because of possibility of oligomerisation as
well.

A range of methods were applied, none of which resulted in the formation of the

desired substituted SiPc without significant contamination from unreacted starting
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materials and by-products formed by the side chains. The purity of the crude product

was not improved despite variation of the concentrations of the starting reagents.

3.3.4 UV Spectrum of SiPcClzand SiPc[PyCOOQ]:

The electronic absorption spectrum for SiPcCl2 (shown in Figure 3.11), obtained using
chloroform as solvent, shows four main bands at 694, 624, 364 and 285 nm. The
absorption bands at 694 nm and 624 nm are assigned as the Q-band and its vibronic
overtone. The Soret band is split into two separate vibrations, the B1 - band at 364 nm

(higher intensity) and B2 - band at 306 nm (lower intensity).
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Figure 3.11 Electronic absorption spectrum of SiPcClz in chloroform.
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The electronic absorption of SiPc[PyCOO]z in methanol (Figure 3.12) showed a
strong absorption at 688 nm (Q band) and the Soret band at around 358 nm. The
spectra although similar were different enough to indicate that the Si-O-C interaction
was significant between the axially bound substituents. The spectrum clearly showed
an overtone at approximately 650 nm (Figure 3.12). Conjugation of the
4-pyridinecarboxylic acid had little effect on the spectrum. Both spectra showed
intense optical transitions in the 600 - 700 nm and 300 - 400 nm regions which are
analogous to porphyrin "Q-band" and "Soret-band" r-n* transitions.

The SiPc[4-PyCOOQ]2 compound showed solvatochromic (change in the position of
the UV-Vis absorption band with a change in solvent polarity) behaviour, which is a
useful indicator for NLO activity. The position of the absorption of the
SiPc[4-PyCOQ]2 compound was different when recorded in two different solvents -
chloroform (Figure 3.12) and chlorobenzene (694 nm, 648 nm, 361 nm and 332 nm).
The absorption bands appeared at shorter wavelength in chloroform than

chlorobenzene.
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Figure 3.12 The electronic absorption of SiPc[PyCOQ]z in chloroform.

3.3.5 Infrared Spectra of SiPcClzand SiPc[PyCOOQ]:

The infrared spectrum of SiPcCl2 (Figure 3.13) and the axially derivatised silicon
phthalocyanine were obtained using KBr discs. The corresponding data are

summarised in Table 3.9.
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Table 3.9 Infrared frequencies (cm) for the silicon phthalocyanine complexes

using KBr discs.

SiPcCl2 SiPc[PyCOO0]:
466s 458m
531m 502m
573m 537m

576m
648vw 668m
693w 684m
733vs 733vs
760s 762s
784m
866vw
883vw
913s 915s
960m
1060m 1070w
1080vs 1082m
1120vs 1123vs
1163m 1160vw
1290s 1290s
1336vs 1304vs
1323vs
1339vs
1430s 1430s
1472m 1472m
1490m
1532s 1533vs
1539m 1576m
1576m
1635m 1653vs
1684vs
1733s
1771m

Band intensities: vs=very strong, s=strong, m=medium, w=weak, vw=very weak.

All the assigned range for both compounds are similar except for the Si-O and N-H

bonds which exists only in the Si[4-PyCOQ]p-.
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Figure 3.13 The IR spectrum of SiPcCl..

The IR spectrum exhibits, as expected, the characteristic absorption bands of the
phthalocyanine macrocycle. In general, the positions of the absorptions assigned to
the macrocycle [Si-Pc] remain relatively constant.
Only a few differences that depend on the nature of the axial ligand bound to the
silicon atom were observed. In the SiPcClz, a strong band at 466 cm-! corresponds to
the stretching frequency of the Si-Cl bond and disappears after the reaction. For
SiPc[PyCOOQ]: the new absorption bands of medium intensity appear between 822-
938 cm1 depending on the carboxylic acid (Figure 3.14). The spectrum showed band
occurred at 915 cm-L.,

e Aliphatic carboxylic acid absorbs at 910-938 cm.

e Aromatic carboxylic acid absorbs at 822-852 cm-L.
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From the spectrum, C=0 stretching mode of carboxylate group was observed at
1684 cm. This confirms that a substitution reaction has occurred, but offers little

information as to the nature of any contamination.
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Figure 3.14 IR spectrum of SiPc[PyCOO]:

3.4 Conclusions

The initial aim of the project was to prepare H2TPP, Fe(I1I)TPPCI and silicon
phthalocyanine bis 4-pyridinecarboxylic acid (axially substituted). This part of the
experiment was successful.

These compounds were characterised using electronic absorption, IR spectroscopy
and mass spectrometry. These confirmed that the SiPcCl2 had been successfully
substituted to SiPc[PyCOOQO]2 and H2TPP was substituted to Fe(I11)TPPCI.

Difficulties were encountered in trying to isolate pure SiPc[PyCOQ]z, due to the

decomposition of the product on the column, leading to the formation of oligomeric
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species and hydroxides with high retention but soluble in solvents in which it is
stable.

The NLO properties of the product could not be investigated as accurate measurement
of the second harmonic generation and the third harmonic generation requires a higher
degree of purity than that achieved in this work.

Recrystallisation of SiPc[PyCOO]2 and Fe(l11)TPPCI in chloroform and the attempt to
make a larger complex of [Fe(111)TPP-OOCPy]2SiPc was unsuccessful. The search for
a solvent to provide the most suitable environment for crystallisation of the desired
crystal structure was not successful.

The ligand [4PyCOQ]- has a higher affinity towards H* than [Fe(1I1) TPP]*. This is

due to steric hindrance and it is also contributed by the solvent chloroform because it
is too hygroscopic and therefore any exposure to moisture would have made the

crystallisation process impossible.
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Chapter 4: A High Pressure Mdssbauer Spectroscopy Study of
2,3,7,8,12,13,17,18 - Octaethylporphyrin >7iron(111) chloride
["Fe(111)OEPCI]

4.1 Introduction

Porphyrins are ubiquitous class of naturally occurring compounds with many
important biological representatives including haems, chlorophylls, haemoglobin,
myoglobin and a wide range of cytochromes?.

There are additionally a multitude of synthetic porphyrinoid molecules that have been
prepared from basic research, to functional applications in society2. All of these
molecules share a common porphyrin macrocycle substructure. The basic structure of
the porphyrin macrocycle consists of four pyrollic subunits linked by four methine
bridges (Figure 4.1) and the complete system itself is described in detail in Chapter

One of this thesis.

__NH  N—/
</,/’ \
>‘\4".‘ HN-—‘-,<
&/’L\\//f Q\?:/

Figure 4.1 Structure of porphyrin macrocycle3.
Protoporphyrin DX iron(11/111) [PP1IXFe(I1/111)] (haem) is the most common porphyrin.
As a result of the importance of iron porphyrins in biochemistry, the literatures on
porphyrins and metalloporphyrins are extensive; reviews regularly appear and an
extensive series of books have been written on this subject. Distorted porphyrin
macrocycle was recently studied to understand the stabilisation of iron oxidation state

by Patra et al* .
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Many synthetic porphyrins have been studied to model the structure and the reactions
of haemproteins®. One of the reasons for this is that PPIXFe(l1/111) is difficult to
crystallise but at the same time Fe(IlI)TTP¢10, as illustrated in Chapter 3, or
Fe(OEP). 12 compounds can readily crystallise.

In this chapter, Mdssbauer spectroscopy was used to study the spin state and its
changes in [>Fe(111)OEPCI] under high-pressure conditions. This area of study is an
extension of previous work on [5’Fe(lI1)PPIXCI] using the same techniques.
Evidence was found for a change in the spin state from high to its spin admixed

S = £3/2, +5/> state.

Fe(I111)(OEP) compounds are by reason of their symmetry, high solubility and stability
amongst the most important and widely used models for the study of porphyrin

chemistry.
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4.1.1 The Fe(111)(OEP) and Fe(I11)(PPIX) Systems
The structure of the porphyrin core (Figure 4.2) and the numbering of positions that

can be substituted are shown in Figure 4.3.

Figure 4.2 Porphyrin core showing substituent numbering system

Iron protoporphyrin IX (FePP1X) Iron octaethylporphyrin (FeOEP)

For PPIX: 2,7,13,17=Me 3,9=CHCH: 12, 18 = CH2CH2COOH
For OEP: 2,3,7,8,12,13,17, 18 = CH2CHs

Figure 4.3 Porphyrin substitution and compounds*# studied in this work.
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Table 4.1 illustrates the substitution patterns and abbreviations of some porphyrins

discussed in this thesis.

Table 4.1  Porphyrin substituents and names.
NN RN

PPIX

OETPP . E
WWIIIIIIIIIIII
OMTBP

el

TPP = tetraphenylporphyrin, OEP = octaethylporphyrin, PP1X = protoporphyrin 1X,

OETPP = octaethyltetraphenylporphyrin, OMTPP = octamethyltetraphenylporphyrin,
OMTBP = octamethylbenzoprophytin and TpivPP = tetra(o-pivalamidephenyl)porphyrin.
Blank space =H, M = CHs, V =CH:CH, E = CHsCH2, Pr=CH2CH2COOH, Ph = C¢Hs,

B = fused dimethyl benzene across bond between two positions and N = 0-NHCOC(CHs)sCsHa

The chemistry of Fe(PP)IX and its derivatives has been extensively studied using
Mdossbauer spectroscopy of solids and frozen solutions# 5. 15-18, This technique gives
direct information on both the valence state of the iron and the spin state. The
Mdossbauer parameters can be compared to the synthetic iron porphyrins with known
structures.

The Mdossbauer spectra of iron porphyrins and the factors affecting the parameters

have been well documented in the literature.
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Iron(111) porphyrins can be split into three different categories, depending on the spin
state, these are: - low spin, S = /2, high spin, S = 52 and admixed spin, S = 5/2, 3/.
Theoretically it is also possible to have an intermediate spin state, S = 3/2. The spin

state” depends on the electronic distribution in the d orbitals (Figure 4.4).

A

)
o S XZ_yZ + XZ_yZ e X2_y2 — = X2_y2

2 e ;
E T R A N R T
1 L ;

High spin Admixed spin Intermediate spin Low spin

Dashed arrows represents partial occupancy in spin admixed.

Figure 4.4 Spin states of porphyrins*.

High spin iron(I11) porphyrins are normally five coordinate with the iron resting above
the plane of the porphyrin, as shown in Figure 4.5, however some six coordinate high
spin iron(l11) porphyrins are known where two different ligands coordinate to the
axial positionst. Examples of five coordination are Fe(lI)TPP(CI) and

Fe(111)TPP(NO3).

T
S

Figure 4.5 Plane of porphyrin on side view. Porphyrin = Fe(I11)TPPCI.
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The intermediate and admixed spin states of iron(l11) porphyrin complexes have been
a major interest in research#-12.1525_]t js important to understand their properties in the
biologically important haem containing proteins. Complexes of these types are
common and found to be more accurately described as quantum mechanical S =5/2,3/2
spin state admixtures at room temperatures rather than truly S = 3/2 intermediate
spin2s. The production of an iron porphyrin system with a pure S = 3/2 spin state has
been described; a species that displays a purely S = 3/2 spin state would be a bare

iron(111) porphyrin complex, its formulation would be [Fe(Por)]* (Por = porphyrin).

The resulting tetragonal ligand field would cause one d orbital (the dxz-y2, the orbital
directly facing the porphyrinato nitrogen atoms) to be raised in energy above the other
four. This orbital would then be empty in a d* state and a pure S =3/2 state would then
exist? (see Figure 4.4). However, the synthesis of a pure cationic porphyrin complex
of the same type [Fe(Por)]* is not facile. It has been shown that a truly non
coordinating ligand does not exist, even in the case of the complex [Fe(TPP)(SbFs)]
the SbFs is bonded through a Fe-F bond of 2.105(3)A. The iron is only a small
distance out of the mean porphyrin plane and a nearly pure S = 3/2 spin state occurs.
The crystal structure of FeTPP(CIO4) contains the shortest M-O bond observed for a

perchlorate complex.

Other admixed spin iron(l11) complexes have been shown to exist as dimers in the
solid state, with inner porphyrin plane distances of circa 3.8 A¢. It is also interesting to
note that the Fe-Cl bond lengths in the spin admixed Fe(OMTPP)CI [2.24(3) A] and

Fe(OETPP)CI [2.418(23) A] compounds appear comparable to that in FeTPPCI
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[2.211(1) A] and that the latter is a high spin complex whereas the two former
complexes show spin admixed characteristics?’.

Two perchlorate derivates of 2,4,6-trimethoxyphenylporphyrinato iron(l11) have been
claimed to be true intermediate spin complexes at room temperature28. Complexes
such as haemin and haematin have been discussed by others and have been shown to
have properties [magnetic moments in the solid state] that are consistent with some
admixed S =5/2,3/>character, at least in the solid state?®

These complexes and most of the others with well-characterised S = 5/2, 3/2, spin
admixed species are non-naturally occurring methine substituted porphyrins. The only
pyrrole ring substituted iron(I11) porphyrins showing such an admixed spin state is
Fe(I11)OEP. The side group (methyl) on the pyrrole ring is electron donating. The
total number of substituents on the pyrrole ring of PPIX is eight. These are made up of
four methyl groups (electron donating), two vinyl groups (electron withdrawing) and
two propionic acid chains (electron withdrawing when protonated) one per pyrrole

ring (Figure 4.3). Therefore PP1X is much less electron rich than OEP.

Low spin iron(l11) porphyrins result from the coordination of ligands producing a
strong field across the axial positions of a distorted octahedral with the equatorial

positions coordinating to the porphyrin N atomsé.

4.2 Experimental

All chemicals were used as purchased [Aldrich] except for isopropanol (IPA), which
was dried according to the method to Perrin®. Iron-57 was purchased from AMT
Chemicals Co. Ltd. Electronic absorption spectra were recorded on a Perkin EImer A3

spectrometer. Ambient and high-pressure Mdssbauer spectra at room temperature
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were recorded using the previously reported apparatus. The spectra and instrument
used to measure and record for this experiment was described in detail in Chapter
Two. For high pressure Mossbauer the experiment was conducted in Bayerisches
Geoinstitut, Universitat Bayreuth, Germany. The spectra were recorded using a
modified Merill-Basett diamond anvil cell (DAC) under hydrostatic pressure using the
previously reported systemst, Methanol:ethanol = 4:1 (v/v) was used as the
hydrostatic fluid. The pressure in the cell was recorded using the ruby fluorescence

method32.

4.2.1 Methods

4.2.1.1 Synthesis of H2OEP
The synthesis is multi step and very difficult. After several attempts, H2OEP was
produced from scratch. As illustrated in Figure 4.6, there are several steps involved in

obtaining H2OEP.
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NO,
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OH
1

NO,
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DBU H NaOH / (CHzOH),
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H
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w X
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D. 4 + CHzo(“) 2)0s -

Figure 4.6  Synthesis of H2OEP34,

A. Synthesis of 4-Nitro 3-hexanol
Propionaldehyde (174 g, 3 mol) and propan-2-ol (450 mL) were added to a 2 L three
necked, round bottomed flask equipped with a mechanical stirrer, thermometer,
dropping funnel, and drying tube. To this solution potassium fluoride (KF) (25 g, 0.15
mol) was very carefully added. 1-nitropropane (267.3 g, 3mol) was then added drop
wise with continuous stirring and the temperature was maintained below 40°C with
the aid of an ice bath. This flask was then stirred for an additional 24 hours.
The catalyst (KF) was then removed and the filtrate was concentrated under reduced

pressure, the ice-bath had been removed at this stage. The residue was then poured
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into water (500 mL) and the oil was then extracted with ether (3 x 300 mL). The
ethereal layer was dried over anhydrous sodium sulfate (Na2SOa4) and the solvent was
removed under reduced pressure. The remaining liquid was distilled and the fraction
boiling at 88-90°C was collected, yielding 3-nitro-4 hexanol [yielding 285 g, 56%].
The flask containing the product was used directly for the next step.

'H NMR (CDCl3): § 0.99 (s, 6H CHs), 1.03 and 1.05 (2s, 2H O2NCHCH2CHj), 4.38

(s, LH CHNO2), 9.78 (s, 1H OH)

B. Synthesis of 4-Acetoxy- 3-nitrohexanol
To a round bottom flask containing 3-nitro-4 hexanol (285 g, 1.93 mol) and 1 mL of
concentrated sulphuric acid was added and the reaction was stirred. The reaction
mixture was then stirred in an ice bath and acetic anhydride (240 g, 2.35 mol) was
added in aliquots, keeping the temperature below 60°C throughout the addition. After
the addition of acetic anhydride was complete, the contents of the flask were stirred
for one hour.
The lower boiling components (Ac20 and AcOH) were removed by evaporation under
a pressure of 25 mm Hg by gently heating the stirred contents and keeping the
temperature below 100°C throughout. Upon removal of these components the fraction
boiling at 105-107°C/10 mm was collected and verified using CHN analysis and
NMR 1H spectroscopy to be 4-acetoxy 3-nitrohexanol. Yield was 80%
'H NMR (CDCl3): 5 0.98 (s, 6H CHs), 1.58 (25, 2H O2NCHCH2CHs), 1.99 (s, 2H
CH3CO2CHCH2CHs), 4.47 (s, 1H CHNO2) 5.20 (d, 1H CH3CO2CH).
[Anal. Calc. For CsHisNOa4 : C, 50.78; H, 7.99; N, 7.40 %; Found C, 50.12; H, 8.21;

N, 7.02 %)].
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C. Ethyl 3, 4-diethylpyrrole- 2-carboxylate
A1 L, three necked, round bottomed flask was equipped with a magnetic stirrer bar, a
dropping funnel, thermometer and drying tube and was charged with a 4-acetoxy 3-
nitrohexane (103 g, 0.54 mol), ethyl isocyanate (50.7 g, 0.45 mol), anhydrous
tetrahydofuran (THF) (320 mL) and anhydrous IPA (130 mL).
1, 8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) (152 g, 1 mol) was added, maintaining
the temperature between 20-30°C at all times with the aid of an ice bath. When the
addition of DBU was complete, the orange solution was stirred for 4 hours at room
temperature. The solvent was completely removed under reduced pressure (50°C bath
temperature, 20-30 mm Hg) and the residue was poured into a 1L beaker and diluted
with warm water (300 mL). To this mixture diethyl ether (300 mL) was then added.
The contents of the beaker were poured into a separating funnel. The aqueous layer
was drawn off and extracted with an additional two portions of ether (300 mL). The
ether layers were combined and washed with aqueous 10% hydrochloric acid (2 x 300
mL) and dried over magnesium sulfate (MgSQOa4). The ether was removed under
reduced pressure, leaving approximately 80g of crude ethyl 3,4-diethylpyrrole 2-
carboxylate. This crude product was then isolated as follows:
To the crude product sodium hydroxide (30 g, 0.75 mol) was added, followed by
ethylene glycol (300 mL). The contents were held at reflux under nitrogen for 1 hour,
cooled, transferred to a 2 L separating funnel and diluted with water (500 mL) and
hexane (3 x 300 mL). The hexane layers were combined, dried over MgSOs4, and
concentrated under reduced pressure. The residue was distilled under reduced
pressure, and the fraction boiling at 100°C was collected, yielding 36% of 3,4-
diethylpyrrole (20.25g). *H NMR (CDCls): 6 1.62 (t, 6H CH2CHs), 2.47 (q, 4H

CH2CHs), 6.28 (d, 2H pyrrole H), 7.41 (s, 1H pyrrole 1H).
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D. Synthesis of 2,3,7,8,12,13,17,18-Octaethylporphyrin (OEP)
A 500 mL round bottomed flask was wrapped with foil and equipped with a reflux
condenser with a Dean-Stark trap, mechanical stirrer and nitrogen inlet. The flask was
charged with 3,4-diethylpyrrole (1 g, 8.1 mmol) and p-toluenesulfonic acid (0.03 g,
1.7 mmol), 37% solution of aqueous formaldehyde (0.73 mL, 8.9 mmol) and toluene
(300 mL).The mixture was stirred and refluxed under a nitrogen atmosphere for
approximately an hour using an oil bath and the water was removed by means of a
Dean-Stark trap and condenser, this was then replaced with a fritted glass bubbler.
Oxygen was bubbled through the brown mixture and the reaction was stirred for 24
hours. Toluene was removed from the flask by distillation under reduced pressure and
the residue was dissolved in chloroform (20 mL). The solution was washed with 1N
sodium hydroxide (40 mL) and water (2 x 20 mL). The chloroform solution was
concentrated to 5 mL in a 100 mL, round bottomed flask, carefully layered over with
methanol (approximately 70 mL) and allowed to stand for 24 hours.
The resulting solid was collected by filtration and dried under reduced pressure. The
crude material was recrystallised twice from chloroform : hexane (1:1). The final
precipitate was collected by filtration and dried under reduced pressure to yield pure
2,3,7,8,12,13,17,18 —OEP(H2) as a purple solid. The yield was 30% (325mg)
'H NMR (CDCl3): § -3.70 (s, 2H NH), 1.92 (t, 24H CH2CHs), 4.08 (g, 16H CH2CHs),
10.14 (s, 4H meso CH).
[Anal. Calc. For CssH4sNa4 : C, 80.84; H, 8.68; N, 10.48 %; Found C, 80.45; H, 8.59;
N, 10.25 %].

[UV-vis (chloroform) A : 399, 500, 530, 565 & 620 nm].
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4.2.1.2 Synthesis of Fe(111)OEPCI

Fe(I11)OEPCI was prepared following the method reported in the literature3s. Iron(ll)
chloride was prepared by adding hydrochloric acid to iron wire until there was no
further reaction. Excess hydrochloric acid and water were removed at low
atmospheric pressure in a Shlenck tube.

H20EP (0.1g, 1.65 x 10 mol) was dissolved in DMF (50 mL). Anhydrous iron(1l)
chloride (0.35 g, 3.85 x 103 mol), which was prepared earlier was added. The reaction
mixture was heated under refluxing conditions. During the reaction a purple
precipitate formed.

After 30 minutes, the reaction mixture was allowed to cool to room temperature. Then
it was filtered, washed thoroughly with water and dried.

The precipitate was dissolved in dichloromethane and layered onto the top of a neutral
activated aluminium oxide column. Dichloromethane was used as the mobile phase.
There was a separation into two bands: one remained at the top of the column; the
other passed through the column and was collected.

The dichloromethane was removed by rotary evaporation. The purple solid was
collected and verified using Mdéssbauer and electronic spectra to be Fe(I11)OEPCI (the
experimental spectroscopic data were in excellent agreement with the known values

of Fe(I1)OEPCI).
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4.2.2 Preparation of enriched 5’Fe OEP chloride - [3"Fe(I111)OEPCI ]

The preparation of [57FeOEPCI] was according to Borovkov method36. Only
anhydrous and purified solvents were used for the synthesis. 57Fe foil (0.01 g,
0.18 mmol) was dissolved in deoxygenated concentrated HCI (2ml) under nitrogen.
Two drops of 2, 6-lutidine were added to a solution of H20EP3! (5 mg, 0.09 mmol)
in chloroform (3 mL) and anhydrous 57FeCl2 (was prepared under sealed condition
using Shlenck tube for the iron(ll) chloride to remain anhydrous) in chloroform. The
reaction mixture was stirred at room temperature for 5 hours. Identification of the
product - [*’FeOEPCI] was achieved by a comparison of the electronic absorption
spectrum of a purchased reference sample.

High-pressure Mossbauer spectra were recorded using a Merrill Basset diamond anvil

cell (DAC) under hydrostatic pressure3’ (see Chapter Two; section two)

4.2.3 Sample Measurements

In this work on57Fe[OEP]CI, the material used was from the same sample preparation
and was used for the two spectroscopic runs that was carried out (DAC 1 and DAC 2).
Both DACs (diamond anvil cell) were working fine. First of all, the DAC was cleaned
to remove any traces of debris from both sides of the diamond surfaces. Silver iodide
(Agl) powder was used to set the parallel faces of diamond and to obtain the correct

alignment (Figure 4.7).

Diamonds

Figure 4.7 Diamond face sitting parallel to each other inside the DAC.
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The gasket (tantalum tungsten alloy) then was indented to a thickness of 150 um and
a hole of circa 50 umwas drilled. The hydrostatic fluid (4:1 ratio of methanol:
ethanol (v/v)) which was used, was prepared prior to use. Then the sample was loaded
into the hole in the gasket to obtain all of the measurements (see Figure 4.8). Results
from both runs were combined to form a set of results with a trend. It should be noted

that repeating a DAC experiment exactly is quite difficult as the application of

pressure to the DAC is dependent on the cell, gasket and sample.

Figure 4.8 Picture of a similar DAC and gasket used in the experiment.

In this experiment a Merrill Bassett DAC was used, similar to that shown in Figure
4.8 and where three Allen cap screws required for rotation to achieve a particular
pressure. The pressure medium is sealed together with the sample in the gasket hole
under microscope. A micrometer is used to measure the thickness for the cell. This

makes the actual application of pressure to the sample quite difficult with different
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sample loads and required precision work. For the enriched sample, the high pressure

Massbauer spectroscopic measurements each took between 3 to 8 hours to complete.

4.3 Results

The spectra recorded for the variable pressure Mdssbauer spectroscopic studies of
57Fe[OEP]CI are shown in Figures 4.9 and 4.10 The results obtained are presented in
Table 4.2. Figures 4.11 and 4.12 show a comparison of the Mdssbauer spectra of the
>"Fe[PPIX]CI13.38, The data are presented in Table 4.3.

The results from variable pressure spectra were fitted using software NORMOS 903,
In this work 57Fe[OEP]CI, material from the same sample preparation was used for all
spectroscopic work.

The DAC experiment requires several careful operations as it difficult to do. The
application of pressure to the DAC is dependent on the cell, gasket and sample. In
order to maintain alignment and the parallelism of the anvils it is important to
maintain the gasket hole and sample by monitoring the thickness of the sample. The
rotation of the Allen cap screws required a fine adjustment to achieve a particular
pressure. The data collected during the course of this research are also presented
graphically in Figures 4.14, 4.15 and 4.16. Figure 4.13 showed spectra of Fe(PP1X)CI

before and after the application of pressure.
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Figure 4.9 Mdssbauer spectra of varying pressure for 5’Fe[OEP]CI.
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Table 4.2 Madssbauer spectroscopic parameters for [57FeOEPCI].

Pressure
GPa

1.38(5)
1.88(5)
2.05(21)
2.57(31)
2.75(20)
3.50(23)
4.37(24)
5.40(33)

6.30(41)

)

-1
mms

0.28(1)
0.34(3)
0.30(2)
0.314(3)
0.304(5)
0.318(4)
0.327(2)

0.310(4),
0.31(1)

0.315(1),
0.31*

AEQ

-1
mms

0.82(2)
0.98(4)
0.91(4)
0.937(4)
0.898(9)
0.968(7)
0.783(4)

0.95(1),
2.30(4)

0.95(1),
2.29%

r

-1
mms

0.64(2)
0.77(5)
0.78(3)
0.85(1)
0.78(1)
0.73(1)
0.61(1)

0.65(2),
0.76(6)

0.65(2),
0.81(6)

%
Area
100(2)
100(4)
100(3)
100(1)
100(1)
100(1)
100(1)
76(2),
24(2)
70(2),
30(1)
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*Values held in fitting routine.
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Table 4.3 Madssbauer spectroscopic parameters for [57FePPIXCI].
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Pressure ) AEqQ r %
GPa mms” mms mms Area
0.41(9) 0.361(22) 1.290(37) 1.055 100(3)
1.36(10) 0.312(14) 1.337(51) 0.624 61(9)
0.332(25) 2.369(14) 1.033 39(10)
2.60(24) 0.311(5) 1.439(15) 0.565 55(2)
0.302(3) 2.628(36) 0.865 45(2)
3.14(25) 0.306(1) 1.405(7) 0.514 45(1)
0.303(3) 2.642(14) 0.865 55(2)
3.75(25) 0.295(1) 1.421(8) 0.517 40(2)
0.274(8) 2.754(9) 0.846 60(1)
3.28(25) 0.305(3) 1.399(3) 0.459 30(5)
0.251(6) 2.851(11) 0.797 70(1)
4.51(10) 0.295(3) 1.422(7) 0.521 41(1)
0.275(3) 2.754(11) 0.793 59(1)
4.85(23) 0.290(9) 1.397(8) 0.496 27(7)
0.243(3) 2.876(7) 0.814 73(2)
6.03(56) 0.290(5) 1.411(11) 0.554 27(1)
0.225(3) 2.939(9) 0.716 73(1)

Fig 4.13 Comparison of the Mdssbauer spectra of

FePPIXCI before and after the application of

pressure at room pressure [1 x 104] GPa.
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4.3 Discussion
The Mdossbauer spectroscopic data for 57Fe(I11)OEPCI are presented in Table 4.2 and
Figures 4.9 and 4.10. The atmospheric pressure Mossbauer data are in agreement with
literature values* and indicate that the compound contains high spin iron(I11). The
first effect of applying pressure is to decrease the broadness of the background and as
the pressure increases this process steadily continued. These spectra have been fitted
as doublets with a height variation allowing for asymmetry and for the ratio of the
widths of the two lines to vary. The given linewidth is for the low velocity line.
At 3.50(23) GPa, the quadrupole splitting (AEQ) is 0.968(7) mm/s, the highest

compared to the rest of the values.
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Figure 4.14 Graph of isomer shift (i.s) against pressure (GPa) for 5’Fe(111)OEPCI.
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The AEq for the high spin iron(I11) site becomes more clearly resolved as the pressure
increases up to 4.37(24) GPa. It then increases at higher pressures. The dominant
effect in the AEq of iron(l11) high spin porphyrins is qt. The reason for the increase
can be atttributed to a change in the lattice, which allows a move toward planarity
when it happens%. This differs for the AEq of the high spin iron(lll) in
57Fe(III)PPIXCI (Figures 4.11 and 4.12), which initially increases with increasing
pressure and then levels off. This is in keeping with the experimental findings for
57Fe(IN)PPIXCI3,

At 5.40(33) GPa there is evidence for the development of a second site in the
57Fe(111)OEPCI spectrum which, persists at 6.30(41) GPa. The parameters for this
site are compatible with those of an S = + 3/2, £ 5/2 spin admixed site. Table 4.4
presents some typical values for spin admixed iron porphyrins. Again, this is in
agreement with our findings for 57Fe(I11)PPIXCI as in Figures 4.11 and 4.12.
However for 57Fe(111)OEPCI, the spin admixed site only occur at higher pressures

and the proportion of this site is much less than in 57Fe(111)PPIXCI.

Table 4.4 Maossbauer data for admixed spin iron porphyrins at 298 K.

0 AEQ FeX Ref.
FeOEP(BF4) 0.29 3.17 I 4
FeOEP(CIOs) 0.29 3.17 1N 4
FeOEP(EtOH)2(ClO4) 0.28 2.97 1N 4
[FeOEP(3,5-Cl2py)2](C104) 0.30 3.12 1N 11
FeTPP(C=C(p-CICeH:)2) 0.23 2.87 1N 15

FeTPP(C[CNs]) 0.30 3.18 1 15
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[FeTPP(2,3,6-OCHs)Cl04].CHCl3
[FeTPP(2,3,6-OCHs)Cl04].2THF.CHCls
FePPIX(CF:COO)
FePPIX(CIOs)
FeTPivPP(THF)202
FeTPP
FeOEP

FeOMTBP

0.41

0.39

0.39

0.37

0.29

0.39

0.54

0.67

3.55

3.28

3.15

3.32

2.14

2.62

1.49

0.56

17

17

17

17

It should be noticed that in Figures 4.9, 4.10, 4.11 and 4.12 the asymmetry of the high

spin iron(l11) site decreases dramatically as the pressure increases. The room pressure

asymmetry is due to the presence of Kramer's doublets. This suggests that at higher

pressures as the lattice is compressed, the higher energy Kramer's doublet becomes

less populated due to pressure increasing the energy differences between these energy

levels.
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At low temperature (4.2K) and normal pressure, symmetrical Mdssbauer spectra are

observed, as only the Sz = £ %2 states are populated and as Blume “ has explained; the
spin-spin relaxation is fast. As the temperature increases, the upper states populate
(3/2, £ 5/2) with longer relaxation times, leading to asymmetric Mossbauer spectra -
like those at higher pressures in Figures 4.10 and 4.12. This means that the application

of pressure has a similar effect on the Mdssbauer spectra, to that of lowering

temperature, as was reported previously*> %,

It is now worth considering what happened to the high spin iron(lll) site as the

pressure was increased. The AEq increases on average with pressure, the isomer shift

(o) first increase then decreases at higher pressure.

The change in the AEq would be in keeping with an increased gt term arising from a
movement of the Fe-Cl bond towards the porphyrin plane and the porphyrin is being
pushed towards the iron shortening the Fe-N bonds. The increase in the 5, with
increasing pressure is due to the less electron density at the iron nucleus and this
would be due to greater shielding effect by the nucleus for p and d electron orbitals
being pushed towards the iron.

The spin admixed site is also caused by squeezing of the iron atom towards the
porphyrin plane but would be in keeping with a longer Fe-Cl bond. Lengthening of
the Fe-Cl bond of other compounds* are presented in Table 4.5. Fe(I1I)TPPCI,
Fe(11)OMTPPCI and Fe(I11)OETPPCI showed lengthening of the Fe-Cl bond. The
two peripherally substituted TPP complexes are admixed spin compounds and
Fe(I11)TPPCI has a high spin state. These bond lengths suggest that as the iron atom
moved towards the porphyrin plane a number of effects may occur, such as changes in

the Fe-Cl bond length and changes in the solid state packing.
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Table 4.5 Selected average bond lengths in iron porphyrin chlorides#4.

Fe(II(OETPP)CI_ Fe(IIN(OMTPP)CI _ Fe(II)(TPP)CI

Fe-Cl 2.2418(23)A 2.24(3) A 2.211(1) A
Fe-N 2.031(5) A 2.034(6) A 2.079(9) A
N-C 1.386(7) A 1.387(9) A 1.383(6) A
C-C (pyrrole bridge) 1.405(8) A 1.399(11) A 1.394(5) A
Fe-nitrogen plane 0.47 A 0.46 A 0.49 A
Fe-mean porphyrin 0.43A 051 A 057 A
plane

The data in Table 4.5 suggests that the axial bond lengths around iron have shortened.
The admixed spin state the Fe-N bonds have shortened to a greater extent than the
Fe-Cl bond (which is unlikely to have shortened in a change to admixed spin and is
unlikely to have lengthened under applied pressure). The differences in the two sites
are probably controlled by the deformation/puckering of the porphyrin plane, which is
effected by solid state packing and intramolecular interactions.

It is apparent that the ethyl groups on the [5’FeOEPCI] must first be squeezed towards
the planar before the molecules can get closer together. This may be why the
compound only shares the admixed spin state at very high pressure. In contrast

[>"FePPIXCI] only has four of its substituents that can be non planar.
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4.5 Conclusions

[>"FeOEPCI] under very high pressure shows the presence of two iron(ll1) sites; one is
high spin (S = 5/2) and the other is spin admixed (S = 3/2,5/2). The pressure at which
this occurs is higher than that found for [37FePPI1XCI] and this is most probably due to
the different substitution on OEP.

From known structural data, the change in spin state must be accompanied by a
change in bond lengths. These bond length changes would be expected from a
decrease in volume under pressure. The corelation of the electronic properties with

geometry provides a further understanding#s of the S =3/2 state of iron porphyrins.
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Chapter 5: Comparative High Pressure Mdssbauer Spectroscopic
Studies on Low Spin Iron Porphyrins of 23,7,8,12,13,17,18-
octaethylporphyrin iron(l11) di, 4-aminopyridine chloride, [Fe(lll)
(OEP)(4-NH2Py)2]CIl and Protoporphyrin IX iron(l11) di-imidazole
chloride, [Fe(II1)(PPIX)(HIm)2]CI

5.1 Introduction

This chapter deals with comparative studies of two low spin iron porphyrins which
model the axial ligands of the haem groups, of cytochrome b proteins and haem
compounds. Many studies of bis-ligated porphyrinato iron(111) complexes,
[Fe(l1l)Por(L)z2]*, where the axial ligands L are aliphatic aminest?, histidines?,
imidazoles or substituted imidazoles*22 have been undertaken to model the active
centre of cytochromes b. These model compounds have proved extremely useful as
aids to the understanding of the bonding of the haems in such proteins. Conclusions
can be drawn that the axial ligand orientation may be an extremely important means
of fine- tuning reduction potentials to specific values in particular cytochromes?. In
this chapter, high pressure Mdssbauer spectroscopic investigations were carried out on
[Fe(OEP)(4-NHz2Py)2]CI  and the results were compared to those reported for

[Fe(111)(PP1X)(HIm)2]Cl as a function of pressure2354,

5.1.1 Cytochrome b

Nature's elaboration of the fundamental iron porphyrin structure has resulted in a
multiplicity of functions for the haemoproteins. Numerous studies on cytochromes b
from various mitochondrial and chloroplast sources showed that haem (iron
protoporphyrin 1X) is co-ordinated to two-histidine residues?43t (Figure 5.1).

Cytochrome bs from yeast flavocytochrome bz24, mitochondrial bss2(bk) and bses(b1)25,



146

cytochrome a of cytochrome oxidase?s, chloroplast?7.28, liver2® and erythrocytes of
animals®  have been identified as having these axial ligands. The principal
mechanisms of fine control of haem iron reactivity in haemoproteins arise from the
electronic and steric influences of these ubiquitous ligands3. Thus oxygen transport in
cytochromes c, and oxygen redox chemistry in the cytochromes Psso and peroxides are
all achieved at an iron-active site by tuning the parameters, which control the
haemoprotein structure.

Many physical properties3235 found in the cytochromes proteins, have been linked
with differences in the orientation of the two imidazole planes of the histidine ligands,
steric6. 3538 strain of bis histidine ligation or hydrogen bonding of axial histidines.
Perturbation of the porphyrin ring by various = donor-acceptor interactions between
the haem and an aromatic residue such as histidine, phenylaniline or tyrosine has also
been proposed as a secondary but no less powerful control mechanisms39.

Protein control of the axial ligation modes of the haem group will reveal much of how
it works. The overall objective of this research is to apply the synthetic analogue
approach to resolve the structural questions of the haemoproteins. The definitive
characterisation of protein-free haem complexes, which are frequently amenable to
more detailed scrutiny than the haemoproteins themselves, provides a structural
framework for understanding the changes of spin state and oxidation state in the

haemoproteins.
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Figure 5.1 Octahedral geometry of [Fe(ll)Por(L)z2]. The numbers 5 and 6 denote the

axial ligand positions.

5.1.2 Models for Cytochrome b
Medhi and Silver have described models for cytochromes b proteins based on
complexes of iron(lll) protoporphyrin (IX), [Fe(lI)PPIX]* (Figure 5.2), with

imidazoles?, substituted imidazoles and histidine® and its substituted derivatives.

CHy CHy
COOH  COOH

Figure 5.2 [Fe(I1)PPIX]*.
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In Méssbauer spectroscopic studies of [Fe(I11)PP1X(L)z]* (L=imidazole or substituted
imidazole) complexes in various solvents, Medhi and Silver found a relationship
exists between the axial imidazole plane orientation and the observed quadrupole
splitting (AEq) and line shapes®.

Large AEq values of around 2.34 - 2.43 mms! were assigned to structures where the
two imidazoles are orientated more or less parallel in alignment; in contrast, values
around 1.8 mms-1 were assigned to a perpendicular orientation of the imidazole planes
(Figure 5.3). In a similar study on bis histidine and related complexes they
demonstrated that the iron binds the histidine ligands as sterically hindered imidazoles
and that the iron imidazole bonds are weaks. The magnitude of the AEq values of 2.14
mms- and large line widths suggested that there is a large angle between the two
imidazole planes®. Similar conclusions in regard to the assignment of the Mdssbauer

parameters and EPR parameters have since been reported by others1o. 40,

1. Side View l'(
/E 1
R
porphyrin plane—( ')
'S,R
€
N
\
H
2. Overhead View
(a) (b) I
porphyrin plane—— -+= 1
2
parallel orientation perpendicular orientation

Figure 5.3 Orientation of axial ligands.
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The observation, by Medhi and Silver> of asymmetric quadrupole doublets together
with broad lines is characteristic of slow spin-lattice relaxation of iron, similar to that
seen for cyctochrome c#! and small peptides prepared from cyctochrome c4244, In
such cases T1 <10%s at 77K were observed. The resulting Méssbauer spectroscopic
data for the bis histidine complexes were similar to those reported for low spin
iron(I11) cyctochromes? 45 and cyctochrome bsze.

Furthermore these studies demonstrated that steric strain arising from the histidine
side chains and electrostatic interactions between the charged groups and the
porphyrin propionate carboxylates influenced the iron electronic structures and the
imidazole plane orientations®.

In this work, [Fe(I11)OEP(NH2Py):]* was chosen for study because of its position at
the boundary between the 2B and ’E states254, 2B (orbital doublet) or
(dxy)2(dx2)?(dxy)*ground state happens when the ligands are parallel to each other. 2E
states (orbital doublet) or (dxy)? (dx. dx)! ground state happens when the ligands are
perpendicular to each other (Figure 5.3) and in contrast [Fe(II1)PPIX(HIm)2]* was
chosen as it was a good model for natural haemoproteins, as it contains the natural

occurring iron porphyrin and a histidine type residue ligand.

5.2 Experimental

5.2.1 Materials

Octaethylporphyrin (OEP), 5’Fe and 4-aminopyridine (4-NH2Py) were purchased
from Aldrich (Acros Organics). Chemicals were used as purchased except for

[PPIX]H2 (produced in the laboratory) which was purified according to the literature
method“’. Electronic absorption spectra were recorded on a Perkin Elmer A3

spectrometer. The results showed OEP and 4-amino pyridine present in the solution of
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chloroform. High-pressure Mdssbauer spectra were recorded using the previously
reported apparatus“e. The spectra and instrument used to measure and record for this
experiment was described in detail in Chapter 2. For high pressure Mésshauer the
experiment was conducted in Bayerisches Geoinstitut, Universitat Bayreuth,
Germany. The spectra were recorded using a modified Merill-Basett diamond anvil
cell (DAC) under hydrostatic pressure using the previously reported systemsL,
Methanol:ethanol = 4:1 (v/v) was used as the hydrostatic fluid. The pressure in the

cell was recorded using the ruby fluorescence method32.

5.2.2 Preparation of [5Fe(111)OEP(4-NH:zPy)2]ClI

Firstly, [>"Fe(lII1)OEPCI] 57FeCl2 was prepared using enriched iron-57 [97%]
according to Borovkov’s method4°. Only anhydrous and purified solvents were used
for the synthesis. 5’Fe foil (0.01 g, 0.18 mmol) was dissolved in deoxygenated
concentrated HCI (2 mL) under nitrogen atmosphere. Two drops of 2, 6-lutidine was
added to a solution of OEP (5 mg, 0.09 mmol) in CHCIs (3 mL) and anhydrous
57FeCl2 in CHsCl. The reaction mixture was stirred at room temperature for 1 hour.
Identification of the product - [3"Fe(I11)OEPCI] was achieved by a comparison of the
electronic absorption spectrum with a purchased reference sample.
S7Fe(I111)OEP(4-NH2Py)2 was prepared by a slight modification of the method of Hill
et al®. 5"Fe(Ill)OEP(4-NHzPy). was obtained from a hot solution of
[S7Fe(II)OEPCI] in a mixture of excess 4-aminopyridine (4-Hz2NPy),
dichloromethane and methanol at a ratio of (1:10:8, v/v/v) in a Schlenk tube. The
mixture was reduced under pressure until crystallisation started. The collected sample
was pinkish red in colour. High-pressure Mdsshauer spectra were recorded using a

Merrill Basset diamond anvil cell (DAC) under hydrostatic pressurest,
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5.2.3 Preparation of 5’FePPIXCI

5TFePPIXCI was prepared by dissolving iron(l1) chloride in degassed concentrated
HCI (1 mL) under a nitrogen atmosphere, to which (20 mL) of degassed glacial acetic
acid was added. The solution of (PPIX)H2 (0.2 g, 0.38 mmol) previously dissolved in
glacial acetic acid (200 mL) was then heated to reflux under a nitrogen atmosphere in
a round bottomed flask with a water condenser. Once reflux had been reached, the
solution of iron(ll) chloride in acetic acid was cannulated into the reaction mixture.
The subsequent reaction was followed by electronic absorption spectroscopy carried
out hourly and heating was stopped when no further change in the spectra occurred.
The reaction mixture was then opened to the air, and a saturated NaCl solution (60
mL) and then water (40 mL) were added to the reactants. Overnight, precipitates
formed which were filtered off, redissolved in HPLC grade DMSO and freeze-dried.
S7FePPIXCI (0.012 g, 0.02 mL) and imidazole (0.14 g, 1.70 mmol) were dissolved in
NaOH solution of pH12; with further addition of diluted HCI (10% concentrated)
until a precipitate formed at circa pH 7.3. The precipitate was collected by
centrifugation and freeze-dried. The sample was black in colour.

[Anal. Calc. For FeCasHssNsCl : C, 67.75; H, 7.17; N, 13.74 %; Found C, 65.75; H,

6.39; N, 13.81 %].

5.2.4 Mossbauer Measurements

Madssbauer spectra were recorded using solid material at 77 K. The ambient pressure
spectrum was measured using standard Mdssbauer sample holder [Delrin disk] of a
12.7mm and 1mm depth. Sample was loaded into the hole using a small amount of
acetone. The sample was mixed with calcium carbonate to fill the hole. A piece of

Kapton tape was used to keep the sample from spilling out. The set up
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(instrumentation) was described in Chapter 2, section one. High pressure
measurements were recorded using a Merrill Basset type diamond anvil cell (DAC)

on the previously reported high-pressure experimental setups! in Chapter Two, section
two. Some broadening of line-widths due to internal recoil was observed, caused by

the use of a high activity point source. 1:1 (Pentane: isopentane (v/v)) was used as the
hydrostatic media for both 5FePPIX(HIm)2Cl and for  57FeOEP(4-NH2Py)Cl.

Accurate recording of pressure within the cell utilised the ruby fluorescence methods2.
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The complexes have been characterised by UV/vis, CHN analysis and Mdssbauer

spectroscopy.
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Figure 5.4 Mdssbauer spectra at varying pressure for 5’Fe(111)OEP(4-NH:zPy)2Cl.
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Figure 5.4 clearly indicates the affect of an increase in pressure for the compound of
57Fe(111)OEP(4-NHzPy)2Cl. At pressures of 0.49, 3.32 and 3.50 GPa only evidence of
one electronic site is visible. In this case, (type 1) they are similar to the ambient
pressure spectrum at room temperature. This is illustrated in Figure 5.5 (see below).
The AEq values for the type 1 site show little variation with pressure for the ambient
pressure, 1.94, 2.30 and 4.95 GPa whereas the 0.49, 3.32 and 3.50 GPa spectra for this
site shows evidence of a decrease in the AEq values with increasing pressure. This

possibly indicates some orientation of the angle of the ligand planes.
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Figure 5.5 Before application of pressure for 57Fe(111)OEP(4-NH:zPy)2Cl.

At pressures of 1.94, 2.30 and 4.95 GPa, two new sites (type 2) of the electronic
environment are observed (Figure 5.4).

One of these (type 2) is typical of a low spin Fe(ll) site but the AEq values are lower
than those for the original site at all pressures in Table 5.1. The second site shows a
much wider AEq value suggesting that of an intermediate spin or 'spin admixed site".
The isomer shifts for this site are not consistent with such a site as they are low; as yet

no explanation of this has been found.
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Table 5.1 Mossbauer parameters for [Fe(I11)OEP(4-NHzPy)2]Cl at varying pressure.

Pressure(GPa) i.s AEgin |%area) I™*inmms? i.s  AEqin % '*in
mms-1 mms-1 Area mms-1
1x10* (77K) | 0-29(1)  2.42(1) | 80(2) 0.42(2) 0.44(2) 0.70(2)| 20(2)  0.23(2)
1x10%(298K) | 0.21(1) 2.16(1) |100(2) 0.21(1)
0.49(5) 0.12(1) 2.49(2) |100(1)| 0.39(2) 0.64(3)
1.94(21) 0.27(1) 2.16(1) | 73(2) 0.25(1) 0.15(1) 2.90(2)| 27(1)  0.11(1)
2.30(32) 0.28(1) 2.18(1) | 71(1) 0.29(1) 011(1) 2.91(2)| 29(1)  0.13(1)
3.32(15)° 0.16(1) 2.24(1) |100(1)| 0.24(1) 0.27(1)
3.50(26)" 0.13(1) 2.24(1) [100(1)| 0.24(1) 0.28(1)
4.95(28) 0.28(1) 2.17(1) | 84(1) 0.29(1) 0.10(1) 3.01(1)| 16(0.5)  0.09(1)

T Fitted as two singlets.

* Half width at half height
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5.4 Discussion

[Fe(I11)OEP(NH2Py)2]ClI has a large AEq at 77K which is typical of a conformation
where the angle between the pyridine rings (A¢) is zero (that is the rings are parallel
to each other). The change in the AEq value between 77 K and room temperature is
large and in itself may be expected to represent an angle change. However, this is
unlikely as at 0.50 GPa, AEq returns to 2.49(2) GPa (Figure 5.6) and it have been

previously shown that the effect of increasing pressure affects Mdossbauer

spectroscopic parameters in a similar way to decreasing temperature 3.

d Sitel

i Site 2a

i Site 2b

Pressure(GPa)

2.24

Quadrupole spilitting (mm/s)

Fig 5.6 Plot of pressure (GPa) against AEq (mm/s) for57Fe(111)OEP(4-NH2Py)Cl.
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The pressure dependence of the AEq values for [Fe(I11)OEP(NH2Py)2]CI can be seen
in Table 5.1 and Fig. 5.3. Two distinctly different effects are observed.

1. At pressures of 0.49, 3.32 and 3.50 GPa, only evidence of one electronic site is
found; the AEq values decrease after an initial increase, but the basic shape of the
spectra are similar. In all three cases, they are like the room temperature spectrum in
appearance and low spin iron(I11) persists.

2. At pressures of 1.94, 2.30 and 4.95GPa, two new electronic environments

(sites) are seen. One is a typical of a low spin site but the AEq values are lower than

those for the original site at all pressures. The second site shows a much wider AEq
value that is suggestive of an intermediate spin or ‘spin admixed” site.

The first discussion is: why do the two kinds of behaviour take place? The obvious
answer is that at each change of pressure a volume change takes place, which involves
a shrinking of the available sample space. This causes the [3"Fe(I11)OEP(4NHzPy)2]*
complexes to be pressed closer together. At each pressure change (in the range
studied) it appears that there are two possible configurations. In one, only the original
site persists (type 1) as the complexes squeezed. In the other (type 2), the molecules
are squeezed at the alternative arrangement.

In this case, (a) some can remain in a low spin iron(l11) configuration whilst others
(b) take on an ‘intermediate/spin admixed’ conformation.

These (a) and (b) forms must be related as they occur at three pressures, though the
amount of spin form increases with increasing pressure. This must be because of the
intermediate/spin admixed form requires more space, and is therefore less favourable
as the pressure increases. It is known (Table 5.3) that the intermediate/spin admixed
forms of [Fe(l11)Por(L)2]* species have parallel L ligand planes (A¢ = 0) and also ¢

angles of zero, hence we can assume such a conformation takes place in the type 2b
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site. ¢ is the angle between the two ligands (above and below) that bonded to the iron
metal.

Nporphyrin

Ligand (below)

Ligand (above)

Figure 5.10 Orientation of axial ligands relative to Npon-Fe-Nor vector. Arial view
along Nxiay-Fe showing the plane of ligand for the angle ¢.

Hence, the type 2a low-spin site must be related to this. Therefore, as the pressure
increased, the ¢ angle became smaller approaching a value of zero, but concomitant
with this, the ligand is forced towards the Fe-Npor vector. Thus the compound is
predominantly still low spin (type 2a) though a proportion goes into the
‘intermediate/spin admixed’ site (type 2b). This latter proportion is smaller as the
pressure increases and as it necessitates a longer Fe-Naxial ligand band. However, the
fact is that the ¢ angle has changed with applied pressure due to the packing of the
complexes that allows a change in the spin state to occur. Hence, a change in spin
state from low spin to intermediate/admixed spin can indeed be pressure induced, and

be readily explained.
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The variation in isomer shift in [3Fe(l111)OEP(4-NHz2Py)2]* is dependent on the
electronic environment type. In type 1, the isomer shift decreases from the ambient
pressure values but then slightly increases as the pressure increases. This is nearly the
same behaviour as found for [FePPIX(HIm)z]*, and is expected. However, the isomer
shift values for type 2a are higher than room pressure and are constant as a function of
pressure. These isomer shift values are typical of low spin [Fe(lIl)Por(L)z2]*

complexes at 77 K52,

5.4.1 Effects of Pressure on the Line Width of 57Fe(111)OEP(4-NH2Py):Cl

As shown, in Table 5.1 for the type 1 site, the line widths of the low spin iron(l1l) are
the same at 77 K and 298 K, but are slightly narrower in the latter case. At 0.49 GPa
the high velocity line is much wider and its area is much greater. At 3.32 GPa, the
lines width change with higher velocity, becoming less wide, and its area also closer
to the low velocity line. The behaviour of the lines at 3.50 GPa is similar to that at
3.32 GPa.

5.4.2 Studies on [Fe(111)PPIX(HIm)2]*

The room temperature variable pressure Mdssbauer data for [Fe(111)PPIX(HIm)2]ClI
are presented in Figure 5.7 and Table 5.2. These spectra were recorded by D. Davies
in 1997. This work is summarised here in order to compare it to the results for
[5"Fe(111)OEP(4-NHzPy)2]Cl. After the high-pressure run the sample was allowed to
return to ambient pressure and was shown to give the same results, within

experimental error, as the starting materials4.
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Table 5.2 Mdssbauer spectroscopic data for [37FePPIX(HIm)z2]CI57.

Pressure I.S. AEQ r
GPa mms” mms” mms
1x104 0.176(10) | 1.962(20) | 0.319(15)
0.15(5) 0.185(40) | 1.974(8) | 0.305(6)
1.12(5) 0.173(2) | 2.013(4) | 0.281(4)
2.52(5) 0.158(2) | 2.032(4) | 0.263(6)
3.54(12) 0.140(2) 2.033(4) 0.275(3)
3.90(7) 0.137(2) | 2.037(3) | 0.265(4)
4.70(12) 0.135(2) | 2.043(4) | 0.272(3)
5.91(45) 0.128(2) 2.042(4) 0.279(2)
1 X 104 0.185(10) | 1.987(18) | 0.278(14)

* Half width at half height.

& second run after the sample (DAC) relax into room pressure
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10+ GPa

0.15 GPa

1.12 GPa

2.52 GPa

3.54 GPa

RELATIVETRANSMISSION

3.90 GPa

4.70 GPa

5.591GPa

-d -2 o +2 —i
VELOCITY [ zueals )

Figure 5.7 Mdssbauer spectra at varying pressure for [>"Fe(111)PPIX(HIm)2]CI.
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In this work, it was observed that there is no sign of the spectra broadening with
increasing pressure, unlike in [57Fe(111)OEP(4-NHzPy)2 ]CI.

There was no evidence of a second site, even one which has a line shape overlapping
the line shape of the first site, nor is there any evidence for a second site discrete from
the initial site developing. Thus, there is no evidence for a second site developing
with pressure. However that was reported in the previous study on
[Fe(1N)PPIX(HImM)2]CI23. The isomer shift of the ambient temperature and pressure
spectra (0.176(10) mms)55 was consistent with the Mdssbauer parameters reported
for similar compounds (= 0.15 mms1) 25.63. The isomer shift was found to decrease
with the pressure increases as shown in Table 5.1.

In Figure 5.8, the observation of the isomer shifts value is clearly illustrated. The
decrease in isomer shift is almost linear to inversely proportional to increase in
pressure for [Fe(I11)PP1X(HIm)2]CI23. No such effect was observed for either site in

[>"Fe(11T1)OEP(4-NHzPy)2]Cl.

019:%"'!""!""!""!""!""
0.18 F

0.17 _ ........ ,, ......... _
0.16 _ ......... .......... 31 ......... _
0.15 F--eemveee .......... .......... .......... ........ J
0.14 g. ......... ........... ........... 4_1_;’}( ........... e ._E
013 E_..,... ..... )——E_
0.12'|||111||||111|||||1l|||||111|'

0 1 2 3 4 5 6
Pressure (GPa)

Isomershift(mms-1)

Figure 5.8 Plot of isomer shift against pressure for [5"Fe(111)PPIX(HIm)2]CI.
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Drickamer et al? also observed a decrease in the isomer shift with pressure for
[Fe(1HINPPIX(HIM)2]CI before the development of their ‘second site’, though it
decreased at a slower rate than observed by Davies>.

A decreasing isomer shift is consistent with the decrease in the shielding of the p and
d electron density with increasing pressure. The variation of the Mdssbauer line half

width at half height against pressure is plotted in Figure 5.9.
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= b b b
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= 026
c_Its 0 1 2 3 4 5 6

Pressure (GPa)

Figure 5.9 Plot of half width at half height against pressure for

[57Fe(111)PPIX(HIm)2]CI.

For the [Fe(I11)PP1X(HIm)2]Cl spectra, the variation was small at high pressure and
there was no sign of asymmetry at low pressures. The initial narrowing of the line
with the application of pressure is probably insignificant and caused by an
improvement in the percentage transmittance statistics arising from an increase in f

where (f = the fraction of recoil-free events) at higher pressure.
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A plot of the AEq values for [3"Fe(I11)PP1X(HIm)2]Cl against the applied pressure is
presented in Figure 5.10. An initial increase of AEq values with increasing pressure
and then a levelling off was observed.

It has been shown that the alignment of the imidazole ligands can vary in both
solution and the solid statel4, however the previous solution studies of
[Fe(1IIDPPIX(HIM)2]JCI have produced AEq values of 2.32 mms? or greater. A
difference in the orientation of the imidazole planes will affect the AEq of the
Mdossbauer spectra of the compound? 4.

It was shown that the electronic absorption spectra in the solution of the
[Fe(1HINPPIX(HIM)2]CI  was in good agreement with the literature4 56, Thus it seems
that the low AEq values may be consistent with the solid sample having imidazole

planes somewhere between perpendicular and parallel.

ZXVC s il aiiaiis Aaiay B (ke
2.0 el Bl
_2.02 e ----------- O ---------- -------- -
= : : i ;
E£2.00 oo el i B R G ]

T S i s s e S

1.961”1....l....l....l,...l....l....‘
0 1 2 3 4 5 6
Pressure (GPa)

AEq

Figure 5.10 Plot of AEqagainst pressure for [3"Fe(111)PPIX(HIm)2]CI.
An increase in AEq values with the increase of applied pressure could be caused by a

shortening of the N of the imidazole to iron bond, this would bring about a change in
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the axial tetragonal distortion of the compound. This will increase the overlap of ¢
bonding orbitals, increasing the population of the dz2 orbital. Parallel with this will be
an increase in the delocalisation of the electron density in the = back bonding orbitals
which will reduce the population of the iron orbitals involved in the back bonding.
The orientation of the two imidazole ligands will determine which orbitals are
affected by this increased delocalisation. It was believed that the orientation was
closer to parallels4. The delocalisation mainly happens in either the dy: or dx; orbitals.

It can be seen, from equation 5.1%, that:

Vz =K [Nx2y2- N2+ Nyy - ' (n xz + nyz) ] Equation (5.1)
Both increased in the dz2 population and a decrease in the dyz or dx. population will
decrease the observed AEqss.
The results for [>Fe(I11)PPIX(HIm)2]Cl were therefore interpreted to mean that
initialising the application of pressure caused the reorientation of the imidazole until
about 2.5 GPa at which point the rate of change of the AEq with pressure increases
markedly.
Thus in [3"Fe(I1T)PPIX(HIm)2]CI the pressure range was studied, no change in spin
state was observed, only just achange in axial ligand orientation. In contrast for
[>Fe(111)OEP(4-NH:2Py)2]Cl there is a change to an intermediate or "spin admixed
site” and little evidence for ligand orientation change.
A single high pressure spectrum of enriched FeTPP(HIm)2Cl (AEq = 2.11(1) mms! at
298 K) showed a slight decrease in AEq to 2.05 mms-! at around 4.50 GPa in previous
workss, In this complex it is believed that the ligands are non parallel and the decrease
in AEq values was caused by an increase in the electric field gradient (EFG) due to

change in magnitude of the axial tetragonal distortion. This probably arises from a
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slight change in ¢ and A¢ angles with pressure. The ¢ angles will be expected to

decrease more towards a parallel arrangement of the axial ligand.

5.3.3 Previous work

Previous work by Quinn et al'* showed that if the Fe-N bond lengths (porphyrin
bonds is plotted against the average of the two Fe-N axial bonds) are considered, the

2B and 2E types of low-spin iron(lll) porphyrins are distinctly different
crystallographically?? (see Table 5.2). A third group of compounds?o 40, 52 with the
same general formula have a (dx,dy)4,(dxy)* ground state in these ligands are sterically
hindered from the iron, and are more weakly bonded than the porphyrin nitrogen
ligands.22 It has been shown that if the axial ligands are chosen to have a range of
basicities, it is possible to progressively shift the ground state from mainly
(dw)?(dxz,dyz)® to predominantly (dx,dy)*(dx)? showing that a combination of
electronic and conformational factors can dictate the iron ground states.

It was shown that the bis-ligated iron(lll) octaethylporphyrin  complexes
[FEOEP(L)2]* 4350 lay in the region near the boundary between the 2B and 2E states as
mentioned earlier. The compound, Fe(lI1)OEP(3-CIPy)2ClO4 (3-Clpy = 3-
chloropyridine) was close to the boundary and is known to exist in three different
forms. One is a high spin — low spin equilibriums4, one has a quantum admixed

(S = 3/, 5/2) spin state%s and the third is said to be in an admixed S = 3/2 state.

Another compound Fe(I11)OEP(NMe2Py)2ClO410 (NMe2Py = N-dimethylpyridine)
also lies close to the boundary. This compound, along with other [Fe(I11)OEP(L)z2]*
compounds has been shown to have a complex spin state behaviours0.58,

The fact that some haem compounds can exist in different spin states has also been

related to differences in the orientation of the axial ligands> 5052, For pyridine
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ligands, an orientation in which the ligand plane projections on to the porphinato core
make small angles with an iron porphyrin nitrogen vector gives an admixed
intermediate spin state. If the ligand planes are rotated by ~40° then a low spin state
is achieved?.

5.5 Further Discussion

The question is what is its likely ¢ angle? From Table 5.3, compounds 1 to 12, ¢ can
take values from 0° to 41°. To minimise the Fe-Naxial distances, it might be expected

that the ¢ angle is close to 41°.
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Table 5.3 Comparison of major bond lengths and angles around the [FePor(L)]*.

complexes.
Fe- Fe- o
Complex Noor(A) Nax(A) ) AP(°) | Ref.
[Fe(I11)OEP(4-NMe2Py)2]CIO4 1.987(2) | 1.995(2) 41 0 17
[Fe(11D)OEP(3-CIPy)2]CIO4 1.995(2) | 2.031(2) 41 0 50
[Fe(111)OEP(2-Melm)2]CIO4 2.04(1) | 2.275(1) 22 53
[FeOEP(3-CIPy)2]ClO4 2.006(8) | 2.304(7) | 6.1 3.8 52
[FEOEP(2-Melm)2]CIO4 2.0481) | 2.249(1) 32 0 56
[FEOEP(3-CNPy)2]ClO4 2.012(2) | 2.269(6) | 4.0 0 54
[FEOEP(3,5-Cl2Py2]ClO4 1.994(10) | 2.347(4) 0 0 -
[FEOEP(1-Melm)] 2.004(2) | 1.975(2) 20 0 45
[Ag(1-Melm)2z]PFs
[Fe(I11)OEP{(CsHs)(CsNH4)Fe}2]Os | 2.014(4) | 2.057(5) 23 0 43
SCFs
[K(K222)][Fe"'TPP(4-Melm):] 2.003(12) | 1.958(12) | 1 18 | 22
1.994(12) | 1.928(12) | 17
[Fe(I1)TPP(4-Melm)2]CI 2.001(12) | 1.975(2) | 3.1(1) 0 29
[Fe(I1)TPP(1-Melm)2]ClOs 1.979(3) | 1.970(3) 22 10 19
1.985(3) | 1.978(3) 32
[Fe(111)T2,6-CI2PP(1-Vinlm)2]ClO4 | 1.980(4) | 1.976(4) 14 6 15
1.977(4) | 1.968(4) 20
[Fe(D)TPP(HImM)2]CI 1.993(3) | 1.977(3) 5 0 |13,27
1.993(4) | 1.964(3) 41 0
[Fe(11) TPP(t-MU)2]SbFs 1.992(4) | 1.983(4) | 22 0 21
[Fe(I11)TPP(c-MU)z]SbFs 1.995(7) | 1.979(7) | 15 0 21
1.997(7) | 1.967(7) 29
[Fe(I)TPP(HImM)z]
[CuCaN2S2)2]4CaHsO 1.999(3) | 1.981(3) 31 0 44
[Fe(I11) PP1X(1-Melm)2]ClO4 1.993(6) | 1.988(5) 3 13 24
1.989(5) | 1.966(5) 16
[Fe(1I1)TMP(1-Melm)2]CIO4 1.991(3) | 1.975(3) 23 0 17
2.002(3) | 1.965(3) 36
[Fe(I1I)TPP(Py)2 ]CIO4 1.987(5) | 2.005(5) 34 86 36
1.977(4) | 2.001(5) 38
[Fe(I1)TPP(2-Melm)2]ClO4 1.970(4) | 2.015(4) 32 89 28
1.971(4) | 2.010(4)
[Fe(I11) TMP(3-CIPy)2]CIO4 1.969(7) | 2.018(7) 29 77 47
1.968(7) | 2.006(7) 48
[Fe(1I1)TMP(4-CNPy)2]CIO4 1.956(6) | 2.021(6) 43 90 47
1.966(6) | 2.001(5) 44
[Fe(1I1) TMP(3-EtPy)2]ClO4 1.962(4) | 2.002(4) 44 90 47
1.965(4) | 1.989(4) 44
[Fe(I1I)TMP(4-Me2NPy)2]ClO4 1.960(4) | 1.989(4) 37 79 17
1.970(4) | 1.978(4) | 42
[Fe(II1)TPP(4-CNPy)2]ClO4 1.947(4) | 2.008(4) 36 89 45
1.958(4) | 1.997(4) 35
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There have been relatively few studies on ‘intermediate’ spin [Fe(l11)Por(L)2]* species
(where L is an aromatic N-heterocyclic ligand). These include both spin admixed
systems and systems where the spin state is very close to S =3/2. There has also been
much discussion on what really is an intermediate S = 3/2 spin state in six co-ordinate
iron porphyrin systems.51-56.59-64  Indeed, on first impression, one would not expect a

change from low spin to another spin state with the application of pressure.

5.5.1 Drickamer's Results

The interpretation in the earlier study was based on findings in other systems that
"most iron(ll1) compounds studied to date show a pressure induced reduction to
iron(11)". Because of this idea the authors thought it was reasonable to fit changes in
the spectra to iron(ll) spin states and assigned the presence of low spin iron(ll) and

intermediate state iron(I1)23 .

However, in 1971, there had been no systematic studies on intermediate spin
iron(l11)porphyrin complexes so the type of Mdssbauer parameters to be expected was
not known. In their paper, Grenoble et al23 show five of the high pressure spectra
obtained for [FePPIX(HIm)z]* as well as explaining the way they fitted the spectra
based on their assumptions that iron(ll)sites are present.

However, inspection of the spectrum at 1.2 GPa and 296 K indicates that the site is
clearly a simple iron(l11) low spin site, AEqQ = 2.07 mms-1 and 6 = 0.16 mms™. For the
10.3 GPa spectrum at 296 K, two sites can be fitted: one with a AEq ~2.10 mms and
d =0.08 mms* and another with a AEQ ~2.8 mms®and 6 ~0.13 mms®. At383 K
and 10.3 GPa a similar fit is possible, also at this temperature and 4.6 GPa two sites

may be fitted: AEq ~2.07 mms* and 6 ~ 0.15 mms- (low spin), and the other AEq ~
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2.6 mms?tand & ~0.14 mms? (admixed spin S =3/2,5/2). However, at 2.4 GPa the
spectrum does not easily fit to two such sites although the major part of the spectrum
fits a low spin iron(l11) site AEq ~ 2.06 mms? and & ~ 0.2 mms, and the minor part
of the spectrum has a narrow AEq ~ 1.4 mms? and & ~ 0.2 mms1, which is clearly not
intermediate spin iron(lll). However this site would be compatible with a
(dxz,0yz)*(dxy)* ground state that is usually found for axial ligands that are sterically
hindered from the iron, and are more weakly bonded than the porphyrin nitrogen
ligands. Although there is little evidence for a similar site in the 4.6 GPa spectrum,
there is none in the 10.3 GPa spectrum.

So, how can the spectrum be explained? At room pressure the single site has a AEq
slightly higher than the present work but much lower than the [FePPIX(HIm)2]* type
spectra. This suggests that this site reflects a perpendicular arrangement for the axial
ligand planes as the pressure increases the first effect is that the second site (AEq~ 1.4
mms?) appears. The simplest explanation is that some of the axial ligands become
sterically hindered though the ligands do not change their orientation. The only way
this would occur would be if hydrogen bonding from the imidazole ligands to the
chloride ions was strong enough to pull the ligands away from the iron atoms. This
explanation would be in keeping with only a small proportion of the molecules being
affected and the structure distorting under pressure. At higher pressures this site

disappears and only the original site and the intermediate spin iron(lll) are present.

As discussed for [FeOEP(4-NHzPy)2]*, the intermediate spin iron(lll) complex
requires the ligand planes to be parallel and orientated over the Fe-Npor Vectors.
Hence, here in the [FePPIX(HIm)2]* complex for the "intermediate™ spin iron(l11)

state the ligands must have re-orientated under the applied pressure. In our sample,



171

[FePPIX(HIm)2]*Cl discussed above, we noted that re-orientation of the ligand planes
were taking place with pressure. At the high pressures used by Grenoble et al?3 the
intermediate spin iron(ll) site is accessible in FePPIX(HIm)2CIl. Hence, it is apparent
that the application of high pressure can give access to a range of iron(lll)

environments in a naturally occurring iron porphyrin.

5.6 Conclusions

The formation of a new low spin Fe(l1I1)OEP(NHzPy).Cl compound has been
confirmed by the high pressure Mdssbauer spectroscopy and the comparative data of
Fe(I1)PPIX(HIm)2Cl and previous work presented in this chapter.

The Mdossbauer data for these compounds when compared with a whole range of
[Fe(l1)Por(L)2]* complexes provided a better understanding into the nature of all
these compounds. A study using computation and interpretation of Mdossbauer
parameters gives a complete understanding of the work achieved here . The
dynamics of iron porphyrin compounds can be further studied using aggregates of

iron porphyrin to accelerate the spin-spin relaxations,
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Chapter 6

6.1 Summary and General Conclusions

It is evident from the work presented in this thesis that the chemistry of porphyrin and
the related phthalocyanine compounds are interesting, important and varied.

In nature, haemoproteins are integral components in a number of diverse biochemical
pathways including electron transport (cyctochromes and the related chlorophylls),
oxygen transport (haemoglobin), oxygen storage (myoglobin), hydroxylation
reactions (cyctochrome P450) and molecular rearrangement (cobalamin enzymes).

In Chapter 3, H2TPP, Fe(II1) TPPCI and SiPc[PyCOQ]2 were successfully synthesised.
Phthalocyanines are not found in nature, though they are stable molecules.
Phthalocyanines are used widely in dye industry. SiPc[PyCOO]2 was very difficult to
isolate due to its nature : high retention for water and formation of oligomeric species
and hydroxides in solvents in which it is very stable. The attempt to form a large
complex structure between Fe(III)TPPCI and SiPc[PyCOO]. was not successful.
However, detailed studies of some physical and chemical aspects of these compounds
were achieved. There was less success when a series of substituted imidazoles were
used to form a new type of complex with Fe(l11)TPPCI.

High-pressure Madssbauer spectroscopy was used (Chapter 4), in studies of
*"FeOEPCI and 5FePPIXCI.These compounds were prepared using enriched iron-57,

as very small quantities of sample were required (<1 mg).

These studies highlighted some of the theory behind the spin state of the compound
when pressure was applied.
In Chapter 5, ["Fe(111)OEP(4-NHzPy)2]Cl and [3"FePPIX(HIm)2]Cl were the focus.

Again, high-pressure Madssbauer spectroscopic technique was applied to gain
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understanding of the spin states that occur in these compounds when pressure was
applied. The formation of new low spin [Fe(I11)OEP(NH2Py)2]CI compounds have
been confirmed and the comparative data of [Fe(I11)PPIX(HIm)2]CI and previous
work presented in this chapter. The Mdossbauer data for these compounds when
compared with a whole range of [Fe(lll)Por(L)2]* complexes provided a better

understanding into the nature of all these compounds.

6.2 Future work

There is still a need to study many more low spin iron(l11) porphyrins under high
pressures by Maossbauer spectroscopy. This is more to learn about the factors that
affect the spin state.

In addition it would be useful to make parallel high pressure studies on the structural
changes that occured using Raman spectroscopy. The porphyrin derivatives that been
synthesised here and have very important biological applications. Ideally Synchrotron
radiation spectroscopy will improve the speed of data collections and solving
structures that will leads to obtain structural information (i.e bond lengths and angles)
on a timescale allows a promising study. This results/study could be correlated with

Masshauer spectroscopic parameters.
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Appendix

Conference Poster Presentations/Publications

1. Poster presentation:
“A High Pressure Mossbauer Spectroscopic Study of
[>Fe(I11)OEPCI]

S. Anandan et al., ICAME Conference, Oxford University, 2000

2. Publication:

High Pressure Moéssbauer Spectroscopic Studies of Molecular Solids. The
Importance of ‘Free’ Space in Molecular Lattices.

J. Silver, S. Ananadan, D. A. Davies, G. R. Fern, P. J. Marsh, J. R. Miller, P.

J. Titler and C. A. McCammon, Hyperfine Interactions, 2002 142/142, 109-
117.
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Introduction

Iron porphyrins are widespread in nature, being found as the active sites in hemoglobin,
myoglobin and a wide range of cytochromes'. The most common porphyrin is Protoporphyrin
[Xiron(IN/ATIT) [PPIXFe(I1)/(111)] (haem), however this complex is difficult to crystallise and
its chemistry is often modelled using man made porphyrins. We have previously studied
[Fe""PPIXCIT by high pressure Mdssbauer spectroscopy and found evidence of a change of
spin from high spin state 1o a spin admixed state S = +/- /5, +/- /5.

To extend our work in this area we present here the results of a high pressure Mdssbauer
spectroscopic study produced 2.3.7.8.12.13,17,18-octaethylporphyrin  “iron(Il) chloride
[*'Fe""OEPCI]. The reason for choosing this porphyrin is that it has ethyl side groups
substituted in the same positions on the macrocycle ring as the side groups in PPIX and thus a
better model for the latter than tetraphenylporphyrins.

Experimental

The preparation of [FeOEPCI] was prepared according to a literature method’. Only
anhydrous and purified solvents were used for the synthesis. *'Fe foil (0.01g, 0.18 mmol) was
dissolved in deoxygenated conc. HCI (2ml) under nitrogen. Two drops of 2, 6-lutidine were
added to a solution of H,OEP* (5mg, 0.09 mmol) in CHCl; (3ml) and anhydrous FeCl; in
CH;CI. The reaction mixture was stirred at room temperature for 5 hours. Identification of the
product - ["FeOEPCI] was achieved by a comparison of the electronic absorption spectrum of
a purchased reference sample.

High pressure Méssbauer spectra were recorded using a Merill Basset diamond anvil cell
(DAC) under hydrostatic pressure. 4:1 Methanol:Ethanol was used as the hydrostatic pressure

fluid’. The ruby fluorescence method was used to measure the pressure in the DAC®.



Results

Table 1 M&ssbauer Spectroscopic Parameters for [ FeOEPCI]

Pressure 3 AEq r % ) AEq r %
GPa mms’, mms”’ mms™ Area mms”. mms” mms”’ Area
1.38(5) 0.28(1) 0.82(2) 0.64(2) 100(2)
1.88(5) 0.34(3) 0.98(4) 0.77(5) 100(4)
2.05(21) 0.30(2) 0.91(4) 0.78(3) 100(3)
2.57(31) 0.314(3) 0.937(4) 0.85(1) 100(1)
2.75(20) 0.304(5) 0.898(9) 0.78(1) 100(1)
3.5023) | 0.318(4) | 0.968(7) 0.73(1) 100(1)
4.37(24) 0.327(2) 0.783(4) 0.61(1) 100(1)
5.40(33) 0.310(4) 0.95(1) 0.63(2) 76(2) 0.31(1) 2.30(4) 0.76(6) 24(2)
6.30(41) 0.315(1) 0.95(1) 0.65(2) 70(2) 0.31* 2.20% 0.81(6) 30(1)
* values held in fitting routine.
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Figure 1 and 2 of *'Fe Massbauer spectra under high pressure of [“FeOEPCI], with increasing
pressure from 1.38(5) GPa to 6.30(41) GPa.
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Figure 3 and 4 of "Fe Mossbauer spectra under high pressure of [FePPIXCI]. with increasing
pressure from 0.41(9) GPa to 6.03(56) GPa.

Discussion
The Mdssbauer spectroscopic data for [ FeOEPCI] are presented in Table 1 and in figs. | and

2. The room temperature Mdssbauer spectroscopic data are in agreement with literature

values and indicate that the compound contains high spin Fe''

. The first effect of applying
pressure was to decrease the broadness of the background and as the pressure increased this
process steadily continued. These spectra were fitted as doublets with a height variation
allowing for asymmetry and for the ratio of the widths of the two lines to vary. The given
linewidth is for the low velocity line. The quadrupole splitting (AEq) for the high spin Fe'
site becomes more obviously resolved as the pressure increased to 4.37(24) GPa. It then
increased at higher pressures. This differed for the AEq of the high spin Fe™ in
["FePPIXCI](fiz. 3 and 4) which initially increased with increasing pressure and then

levelled off. This was in keeping with our findings for [*'FePPIXCI] (figs. 3 and 4).



At 5.40(33) GPa there is evidence for the development of a second site in the spectrum, which
persists at 6.30(41) GPa. The parameters for this site are compatible with those of an S = +/-
*/s, +/- %/, spin admixed state. Again this is in agreement with our findings for [*'FePPIXCI]
(figs. 3 and 4). However for the [*'FeOEPCI] the spin admixed site only occurs at higher
pressures and the proportion of this site is much less than in [*’FePPIXCI].

It should be noticed that in both figs. 1 and 2 and figs. 3 and 4 the asymmetry of the high spin
Fe'' site decreased dramatically as the pressure increased. The room pressure asymmetry is
due to the presence of Kramer's doublets. This suggests that at higher pressures as the lattice
is compressed. the higher energy Kramer's doublet becomes less populated due to pressure
increasing the energy differences between these energy levels.

At low temperature (4.2K) and normal pressure, symmetrical Mdssbauer spectra are
g : :
observed, as only the S_= +/- 4 states are populated and - as Blume has explained, the spin-

spin relaxation is fast. As the temperature increases, the upper states populate (+/- /> +/- /3)
with longer relaxation times, leading to asymmetric Méssbauer spectra - like those at higher

pressures in figs. 2 and 4. This means that the application of pressure has a similar effect on

. y 9.10
the Mossbauer spectra, to that of lowering temperature, as we have reported previously .
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Figure 1 and 2 of *'Fe Massbauer spectra under high pressure of [“FeOEPCI], with increasing
pressure from 1.38(5) GPa to 6.30(41) GPa.
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Introduction

lron porphyring are widespread m nature, being found as
the active sites in hemoglobin, myoglobin aad a wide
range of cytochromes' The most common porphytin is
Protoporphyrial Xeosd 111 [PPINFINII] (hasm),
however this complex is difficult so cryswallise and i3
chemistry s often modelled using  mas  made
porphyrins. We have previously studied [Fe'PPINCIF
by high pe Massh py and- foend
Mdcoao(nchngcofspm mmMgh spin 10 its spin
admixed § = o Yy Y

Tomeudwwrkmthumweptml hmm
results of 3 high p Mo i sudy
of 23,7812 nnw-oa.abylporphynu Firoadlll)
¢hloride [FeUOEPC]). The reazon for choosing this
porphyrin i thar it is substitted in the same positions as
PPIX and thus a better model for the latter rhan

tetraphenyiporphyring.

Experimental

The preparation of {'"FeOEPCI] was prepared according
0 3 hwrauee method®. Only anhydrous and panified
solvents were used for the symibesis e foil (001g,
0.18 mmol) was dissolved in deoxygenated con¢, HCI
(2ml) under nitrogen Two drops of 2. 6-lutidine wore
added to a sclution of OEP* (Smg 009 tmumol) m
CHCI, (3ml) and ankydrous “FeCl. fn CH,CL The
reaction mixture was stired st room temperstuse for 5
hours. Idemtification of the product - [FTFeOEPCI] was
schieved by u comparison of the elactronic shsorption
spectrum of a purchased reference sample.

A High Pressure Mossbauer Spectroscopy Study of
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High pressare Mossbauer spectra were recorded using a —— TERTLTTA
Merll Basset damond anvil el (DAC) under 4 ,1 — — AThs) e
hydiostatic pressre 401 Mechanol-Ethano! was used a3 Y ! pot
e hydrostatic pressure fluid®. The ruby floorcscense TR | ke o “
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Discussion

The Mossbeuer spectroscopic dams for [“FLOEPCH)
are presented in the Table and in fizgs | and 2 The
Toom temperature Mdssbaner data are in agreement
with literatare  values” and indicate that the
compousd contans high spin F(111)

The first efifect of applying pressure is to decrease
e broadness of the background and &s the pressurs
increasss this process steadily continmes These
spectra have been fitted as dochless with a height
varigrion sllowing for asymmetry and for the ratio of
the widths of the two lines to vary The given
linewidth in the Table s for the low velocity line
The quadrupole splitting (AE | for the kigh spin Fe™!
siie becomes more obviowsly resolved a3 the
pressure increases up to 4.37(24) GPa It then
increases & higher pressures. This differs for the
AE,, of the high spia Fe™ m [TFePPIXCTRg 3 and
4) which intiallv increases with mcreasing pressure
and then levels off This is in keeping with our
findings for {"FePPINCI] (figs 3 and 4)

Al 540(33) GPa ihere is evidence for the
development of & s¢cond site m the spectrum which
persists 2t 6.30(41) GP2. The parameters for this sm
ase compatibie with these of an § = =%~ Y+~ %,
spin sdmixed site Again this is m agreement with
our findings for [“'FePPIXCI) (figs. 3 and 4)
However for the [P'FeQEPCI] the spim admixed site
only occur a higher pressures ané the proporticn of
this site is moch less than in {*FePPIXCI].

It should be rosiced that in both fige | and 2 end
fies 3 and 4 the asymmetry of the high spin Fe™* site
decreases dramatically as the pregsure increases The
OO pressure asytemeny is due 10 the presence of
Krmmer's doudlets. This suggess thar st higher
pressures as the lamice is compressed, the higher
energy Kramer's doublet b less populated dus
10 pressure increasing the energy differences
between these energy Jevels.

At low tempersture (4.2K) and normal pressure,
wymmetrical Mossbauer specira sre observed
only Ihe S, = = % states are populated and - a5
Blume® has explained -the spin-pin relaxation iy
fast. As the temperature increases. the upper siates
populate (= ¥, = %) with loager relaxation times.
leading to asymmetnic Mosshaser specera - like those
at higher pressuses o figs. 2 and 4, This means thar
the application of pressure has & similar effect on the
Mssbaiser spectra lo that of lowening temperamnire,
as we have reported previously™ ™.
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High Pressure M0Ossbauer Spectroscopic Studies of
Molecular Solids. The Importance of ‘Free’ Space
in Molecular Lattices
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Abstract. The behaviour of a number of different molecular solids (both neutral and charged) to
applied pressure is discussed. It is shown that the geometry of the molecules, the presence of and
number of charges, and the ability of the molecules to alter their shape are all important in the
response of their respective lattices to applied pressure. The presence of ‘free’ space in the lattices at
room pressure is shown to be a major factor that needs to be taken into account in order to understand
their behaviour.

Key words: high pressure, porphyrins, molecular lattices, ferrocenes

1. Introduction

Relatively few Mdssbauer spectroscopic studies have been carried out at high pres-
sure on neutral or ionic molecular solids. When ionic solids are subjected to pres-
sure, the distances between anions and cations are restricted so that they are forced
to move closer together. In such lattices there is no ‘free’ space so all the ions in
the lattice immediately feel the full effect of being subjected to pressure, leading
either to lattice contraction (decrease in one or more cell parameters) or to a phase
change or to both.

Technical advances in the design of the cells have now allowed high pres-
sure Mdssbauer spectroscopy to become a widespread solid state probe [1, 2].
Initially, such work was limited to very few groups [3-8]. Recent high pressure
Mdssbauer spectroscopic studies have been predominantly in the fields of solid
state physics and geochemistry [9, 10], although some work has also been car-
ried out on high pressure phase changes in molecular solids [11, 12]. Though,
potentially, such studies are of immense interest, much must be known about the
structure and Mdossbauer spectroscopic parameters of the compound or similar
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compounds at normal pressure before the high pressure parameters can be under-
stood.

Molecular solids in which the molecules are either neutral or charged present
a very different scenario to simple ionic solids when subjected to pressure. For
neutral molecular solids, changes experienced by the molecules when the lattice is
under pressure will depend on: (1) the shape of the molecules —which in turn will
affect how they pack —which will affect how much ‘free’ space is present in the
lattice, (2) how the molecules vibrate —which will, of course, depend on the lattice
energy and be related to temperature, and (3) the interaction between the vibrating
molecules and the way they pack.

Under pressure molecular solids in which either the anions or the cations (or
both) are molecules will also be affected by ionic repulsion/attraction forces. If the
shape of the cations are different to the anions or if they carry more than one charge,
this will give rise to further complication. If the molecular ions are not rigid, they
may also change their geometry/configuration.

Madssbauer spectroscopy (at room pressure) has now been applied to iron(I1)/(111)
molecular solids for over forty years and there is a wide understanding of the
factors that influence the parameters. Substituent effects on the Mdssbauer spectro-
scopic parameters, of three types of iron sandwich compound, have been explained
in terms of bonding models [13-15], and the effects of pressure on the electronic
absorption spectra and Massbauer spectra of ferrocene (1) have also been reported
previously [16, 17].

Dynamic reorientation of molecular species and plasticity in lattices are of in-
terest in many areas of science [18-23]. Naturally occurring dynamic properties
of compounds may be altered by changes in physical conditions, potentially mak-
ing them useful in the fields of molecular electronics and nanotechnology [22].
Mdossbauer spectroscopy has been used to probe dynamic effects [20-25], but until
recently [24, 25] such studies involved only changes in temperature [18-23].

Variable temperature Mdsshauer spectroscopic studies [19] aided by differen-
tial scanning calorimetry (DSC) and X-ray diffraction [19], provide evidence that
cyclopentadienyl fluorobenzene iron(ll) cation of the salts [(/6-PhF)( 75-Cp)Fe]
[AFs] where A = P (2), As, Sh, are in a state of rapid isotropic reorientation at
room temperature which is halted at lower temperatures. The 57Fe Mdssbauer spec-
tra are sharp singlets at room temperature but broaden and separate into quadrupole
doublets on cooling. We considered this system as a ‘molecular rollerball’ [24],
and showed it could be halted on the Mdssbauer spectroscopic time scale by the
application of pressure [24, 25]. Two of the three compounds studied, (2) and
[(rp-Ph)(rp-Cp)Fe][PFs] (3) had previously been shown to contain molecules that
manifested dynamic reorientation and, in the third, [(/£-PhMe)(/B-Cp)Fe][PFe]
(4), no such movement was present [27]. We demonstrated that:

(1) the dynamic reorientation in compounds (2) and (3) could be turned off (at
least as viewed on the time scale of the Mdssbauer event) by the application of
pressure,
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(2) the extrapolation of experimental quadrupole splitting Eq data gave station-
ary £qvalues at 298 K and 10—4 GPa which are consistent with the previous
low temperature data,

(3) theextrapolated  £q value for (3) is larger than the experimental ‘outer’ £q
at ambient temperature showing that the latter site is also dynamic at room
temperature and 10-4 GPa,

(4) that explanations of the observed decreases in  £q of the stationary sites with
applied pressure are consistent with suggestions that the ring plane to metal
distances are reduced by increasing applied pressure.

The temperature dependence of the Mdssbauer spectrum of the ferrocene thiourea
clathrate initially resembles both (2) and (3), but the interpretation of the data
differs [23]. The ferrocene molecules are guests within the hexagonal channels
of the thiourea lattice [23, 26], and can take up three possible orientations; parallel
with the channels (2), or perpendicular (X and Y)[26]. Atambient temperature
the spectrum is a singlet which was interpreted as very rapid reorientation between
Xand Y with rapid orientation between Xor Y and Z[23]. This reorientation was
consistent with the X-ray structure as the ring atoms of the ferrocene (but not the

iron atom) were unresolved [26]. Below 141 K the spectra has a Eq of a similar
magnitude to that of ferrocene [23].

Here, we report high pressure Mosshauer spectra of ferrocene (1) and ferrocene
thiourea clathrate (5). The former is a neutral molecule in a molecular lattice,
the latter can be considered as a neutral molecule in a hydrogen bonded cage.
The results are discussed in relation to our findings for the mono-cations in com-
pounds (2)—(4) and will also be compared to the iron sandwich dications in
bis(hexamethylbenzene)iron(ll) hexafluorophosphate (6).

As examples of more multi-charged molecular species other than (6), we have
previously reported the effect of pressure on the Mdssbauer spectra of models for
the [4Fe-4S]2+ clusters of iron sulfur proteins [27]. These compounds had the
general formula [Cat]z[FesSa(StBu)4] where [Cat]t = [NMes]*+ (7), [NEt]* (8),
[NPra]*+ (9), [NPens]+ (10) and [PPha]+ (11) [27]. Of these, (7), (8) and (10) had
been structurally characterised and (9) has been shown to be isomorphous with
the first two [27]. The structure and Mdsshauer spectroscopic data for [PPhs]2
[FeaSa(SCH2C02C2Hs 4] (12) were also reported [27]. Here, the results found for
these complexes are discussed and the spectra for [NEta]2[FeaSaCla] (13) is easily
understood in the light of our previous findings [27].

The effect of applied pressure on iron porphyrin compounds is somewhat more
complex than for the other molecular species. As examples of what might be
expected, changes observed in bis(imidazole) protoporphyrin(IX) iron(Ill) chlo-
ride (14) and in bis(imidazole)octaethylporphyrin(X) iron(lll) chloride (15) are
also reported herein.
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2. Experimental

Compound preparations have been described elsewhere [24, 25, 27-30], as has the
high pressure Mdssbauer spectroscopy details [27].

3. Results and discussion
3.1. IRON SANDWICH COMPOUNDS

The variation of isomer shift (i.s.) with pressure for compounds (1)-(6) are shown
in Figures 1 and 2 and the Mossbauer spectroscopic data for compounds (1)-(6)
are given in refs. [27] and [30]. Within experimental error the i.s. decreased with
increasing pressure, consistent with previous reports [10], and is ascribed mainly
to increasing electron density at the iron nucleus. The average rate of change of i.s.
with pressure is highest for (4) and lowest for (1) with the other compounds having
similar rates of decrease. If it is assumed that the least change in the Mdssbauer
parameters with pressure is found where there is most space in the lattice, then
in the neutral ferrocene lattice the molecules have much space available to them
(this is probably reflected by the fact that all structures of ferrocene to date show
evidence of disorder).

Compound (4) is expected to have little free lattice space at room temperature
as, unlike (2) and (3), it does not show dynamic reorientation of the iron sandwich
cations [25]. Hence, the application of pressure immediately affects the ions in the
lattice and a fairly smooth change in the i.s. is observed [25], providing evidence
that there is no pressure induced phase change. Thus the iron atoms experience the
ever closer proximity of the anionic charges as well as a gradual change in charge
distribution within their own sandwich molecules. In contrast, (2) and (3), which

'—’—‘4
-2
|13

Pressure (GPa)

Figure 1. Plot of i.s. against pressure for (2), (3), (4).
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Figure 2. Plot of i.s. against pressure for (1), (5), (6).

manifest dynamic reorientation of the iron sandwich cations must have free space
at room pressure (and 298 K). When this space is restricted (when motion ceases
on the Mossbauer time scale (~0.85 GPa for (2) and below 1.36 GPa for (3)), then
the i.s. values drop with applied pressure, though that of (2) does not drop as much
(possibly due to the presence of the F- substituent packing less well, leaving some
free space in the lattice).

Compound (6) manifests no dynamic process at room pressure (at 298 K) sug-
gesting little free space is present, and so as pressure is applied, the iron atoms
immediately experience the effect of the anionic field. However, the dication iron
sandwich molecules in (6) manifest less change in i.s. with pressure than (4).

The behaviour ofthe  £Q values of these compounds with pressure is shown
in Figures 3 and 4. (1) shows the least change, whereas the non-dynamic (4) shows
a greater rate of change. The final £q values of compounds (4) and (6) are much
smaller than the 80 K values [15] (Figure 4) showing the effect of forcing the rings
towards the iron atom. (2) also manifests a large change with pressure when its
motion has ceased on the Mdsshauer time scale but (3) shows less of a change.
This may again be due to the presence of the F- substituent on the iron sandwich
cation.

In the ferrocene thiourea clathrate, (5), at room temperature the ferrocene un-
dergoes dynamic reorientation [23]. At high pressure (1.07 GPa) this motion ceases
(on the Mosshauer time scale) though the increase in Eq at 2.53 GPa may indi-
cate that the motion had not fully ceased at 1.07 GPa (see ref. [25] for discussion
of slight differences in [FeCpPhH]+[PFs]~ Eq values at room temperature). At
2.1 GPa the ferrocene in the thiourea clathrate manifests an i.s. much smaller than
that of ferrocene around this pressure and a Eo value that is also much smaller.
In fact, if the plots of i.s. and Eq against pressure for ferrocene are extrapolated
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Figure 4. Plotof £Q against pressure for the stationary sites of (2), (3) and (5).
to values of 0.344 mms-1 for the i.s. and 2.197 mms-1 for the Eq then this

corresponds to pressures of around 15 GPa and 5 GPa, respectively. Thus the effects
of applying pressure to (5) (i.e. on the ferrocene molecules) are magnified by the
thiourea cage (once dynamic reorientation has ceased). Moreover the fact that the

Eq and i.s. are not in line with those of pure ferrocene may suggest that the
magnification is anisotropic, and the thiourea network is acting as a /molecular

vice.
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Thus, where there is least free ‘space’ between molecules in the lattices of in
iron sandwich compounds, the effect of pressure on the iron Mossbauer parameters
is the greatest.

3.2. IRON-SULFUR COMPLEXES

The Mdsshauer spectroscopic data for (7)-(12) have been discussed [27]. It was
found that for the [4Fe-4S]2+ clusters, the iron atoms became less electronically
symmetric as temperature is lowered or pressure increased. It was possible to
arrange these compounds into three classes depending on their response to the
application of pressure. (7) had an ordered lattice and it was possible to squeeze
the lattice back toits £q value at 78 K and, indeed, past that value. In the case of

the disordered lattices of compounds (8)-(12), it was not possible to do this. (7) was
assigned to Class A, which is the hard (highly ordered) lattice case [27] in which the
cations can be thought of as hard spheres that do not distort with temperature in the
range 78-298 K, or with pressure up to at least 5.15(18) GPa. Class B contained
compounds (8)-(10) which had the softer cations that display disorder at 298 K
and keep the lattice pinned open when pressure is applied, effectively protecting
the cluster cores from the external pressure. Class C was intermediate between
the first two and contains cations that are symmetric, less likely to distort than
class B, but softer than class A. (11) and (12) fit into class C, both contain [PPhs]+
cations. Thus, in compounds (7)-(12), free space was again important and it is
packing considerations that are most important in the lattice rather than the number

of charges on the anions. The crystal structure of (12) manifested some disorder in

the SCH2C0O2C2Hs chains on the [4Fe—4S]2+ clusters, which was evidence for free
space in the lattice at room temperature. It is likely that this space is initially lost on

the application of pressure and any other changes caused by pressure do not cause
further loss of freedom to the electronic environment of the iron atoms [27].

Compound (13), like (7)-(12), has a cubane core but now the exterior SR-
groups are replaced by Cl- ions making the overall cluster much smaller. The £Q
value increases from its room pressure/temperature value (0.61(2) mms-1) to a
value of 0.88(2) mm s-1 at 3.30(7) GPa. It then decreases to 0.78(2) at 3.53(17) GPa
and shows only a little increase (0.82(2) mms-1) at 4.61(37) GPa. There is no
change in the i.s. until 3.30(7) GPa, but above this pressure it drops sharply by
0.06 mms-1. The behaviour of (13) to 3.30(7) GPa shows that it fits to a type
A lattice (little free space) [27], then a reversible pressure induced phase change
occurs. Inthese lattices the overall effect of loss of space is to distort softer ions
(here cations) most.

3.3.  IRON-PORPHYRIN COMPLEXES

The orientation of the axial ligands in compounds of the type [PorFe(l11)L2]ClI
(where Por is a porphyrin and L is a imidazole or pyridine type ligand) have been
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shown to be important in controlling the ground state and electronic properties of
the molecules. It has been shown that the choice of axial ligand has a dominant
effect on the resulting ground state of the molecule [28]. The results of applying
pressure to (14) and (15) indicate thatthe orientation of the axial ligands change
to compensate for the lack of space in the lattice [29]. The changes in ligand ori-
entation for (14) lead to changes in the ground state of the molecules and also to
a spin state change fromS = 12t0 S = 5,2, 3/2 (admixed spin state) for some
of the molecules. For (15) there is evidence of two slightly different orientations
of the low spin iron ground state and also for a spin admixed spin state. These
spin admixed states are not expected as they necessitate an increase in molecular
volume. However, this is offset by overall closer molecular packing.

Here the response of a lattice of molecular ions to applied pressure leads to
modification of the shape of the ions to accommodate the restrictions imposed by
loss of ‘free’ space.

4, Conclusions

We have shown in this work that the effect of applied pressure on neutral or charged

molecules (in molecular lattices) is dependent in the shape of the molecules and
the charges present. To accommodate the loss of free space the closer packing
of the molecules may necessitate changes in their shape. These changes may af-
fect physical properties such as dynamic reorientation, ground states, or even spin
states.
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