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Abstract

This thesis contains details of a study of the synthesis, characterisation, photochemical
and photophysical properties of a series of novel free base porphyrins, metalloporphyrins
and their complexes with metal carbonyl fragments The systems employed 1n this study
have potential use 1n energy/electron transfer processes

Chapter 1 contains an mtroduction to the chemistry of porphyrins, metalloporphyrins and
their excited states as well as highlighting the main principles of photochemistry and the
bonding 1n metal carbonyl complexes

In chapter 2 the photochemustry of free base porphyrins and metalloporphyrins, when
complexed to metal centres, 1s discussed along with literature relevant to this topic

The photochemistry (both time-resolved and steady state) and photophysics (lifetimes,
fluorescence spectra and quantum yield) measurements of mono 4-pyndyl-10,15,20-
triphenyl porphyrin (MPyTPP) and 1ts W(CO)s and Cr(CO)s complexes are discussed in
chapter 3 In each case the triplet and singlet excited state photochemistry 1s found to be
located on the porphyrin moiety The presence of the M(CO)s group altered the
electronic charactenstics of the complexes when compared to the uncomplexed free base

porphynn

Chapter 4 describes the photochemustry and photophysics of porphyrns when di-
substituted with W(CO)s and Cr(CO)s moieties, which were produced from cis-5,10-d1-4-
pyndyl-15,20-diphenyl porphynin (cis-DiPyDiPP) Similarly to the mono-complexed
analogues the results obtained suggest that the excited state photochemistry was again
centred on the porphyrin component Changes observed for the di-complexed porphyrins
are similar to those of the mono-complexed porphyrins except that the shifts are increased
due to the presence of the two metal carbonyl units

The work presented 1n chapter 5 concerns the metalloporphyrins, ZnMPyTPPW(CO)s and
ZnMPyTPPCr(CO)s Complexation of Zn to the centre of a porphyrin dramatically alters
the electronic properties of the porphyrin The effect of the M(CO)s unit on the zinc
porphynn complexes was 1nvestigated using photochemical and photophysical
techmques The results are compared to zinc tetraphenyl porphyrin (ZnTPP) and
ZnMPyTPP because ZnMPyTPP polymenses through co-ordination of the N atom of the
pyridine to the Zn(II) centre

In chapter 6 the varous charactensation methods and experimental conditions for the
synthesis and analysis of all complexes are described Complexes and ligands were
charactensed by a range of spectroscopic methods such as NMR, IR and UV/Vis
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Chapter 1

Introduction to Porphyrins,
Metalloporphyrins and Bonding in

Organometallic Chemistry



1.1 Photosynthesis

Photosynthesis 1s one of the most important fundamental photochemical processes
affecting all life on earth This process involves the conversion of sunlight, water and
CO; to energy and O; (see Eqn 1 1) The harvesting and conversion of sunhght to energy
in plants and photosynthetic bacteria 1s carried out 1n a complex sequence of events n

which porphyrins and porphyrin related molecules play an important role

Eqnll
CO, + HO

Sunlight Energy + O,

Photochemists and photobiologists have been studying photosynthests for over 150 years

This work began with the investigation of the luminescence of chlorophyll (a porphyrin
light harvester in plants) m 1834 ' Since then photochemical and photophysical studies of
porphyrins and metalloporphyrins have sought to understand how chlorophyll performs

this complex task of harvesting and converting sunlight into plant energy

In addition to bemng a source of energy, photosynthesis also regulates the composition of
our atmosphere During photosynthesis CO; 1s removed from the atmosphere and O, 1s
added (Eqn 11) The CO; n the atmosphere 1s recycled every 300 years while O, 1s
recycled every 2000 years

The orgamisms, which carry out photosynthests, can be classified into two distinct groups
(1) those that reduce CO, to carbohydrates but cannot oxidise water to O, and (11) those
that primanly reduce O; to water Photosynthetic units consist of distinct regions The
first 1s the region where light harvesting occurs This 1s known as the antenna and
consists of an array of chlorophyll molecules and accessory pigments that capture the
solar irradiation The second region 1s the reaction centre where the excitation energy is

processed



The primary photoprocess can occur in two distinct photochemical reaction centres
namely photosystems I and photosystems Il (PS; and PS;)) An electron transport chain
links these reaction centres In 1960 Hill and Bendall proposed a scheme known as the ‘Z
Scheme’ (see Figure 1 1) which indicated the manner by which these two processes

operate 2

PSII . hv
-
2H,0 @

680
O, + 4H*

Figure 1.1 Z Scheme for photosynthesis

This remains the accepted scheme for photosynthesis In Figure 1 1 the photochemical
reaction centres I and II are shown as P7go and Pego, where the subscripts indicates the
longest wavelength absorption maxima for each centre Each system contains an array of
antenna pigments of which chlorophyll s the principal component, usually 300 molecules
of chlorophyll are present for each reaction centre The two components are linked via a
senes of electron acceptors and carrers indicated as Q and X in Figure 1 1 The 1dentity

of these components 1s still unknown

The dihydroporphyrins (Chl) are the main photoactive component of the reaction
centres They contain Mg(II) 10ns at the centre and a hydrophobic phytyl chain in one of
the pyrrole nngs (see Figure 12) There are two types of chlorophyll present at the
reaction centre Chl-a and Chl-b Chl-a 1s the major pigment and is present in all

photosynthetic orgamisms that evolve O,



CH,CH,phytyl
COCH,;

CH,CH,

Figure 1 2 Structure of chlorophyll a

The following 1s the proposed sequence of reactions in photosynthesis
® light 1s harvested by the chlorophyll antennae,

(1)  pnmary charge separation in photosystems I and II,

(m)  charge transfer/electron flow between photosystems I and II,
(1v)  water oxidation 1n the reaction centre of photosystem II,

(v) fuel formation 1n the reaction centres of photosystems I

The overall reaction can be summarised as follows Upon 1llumination of the chloroplast
the chlorophyll and carotenoid antennae absorb the light The excitation energy migrates
efficiently through an array of chlorophyll and pigment molecules until it reaches a low
energy trap site were 1t 1s converted mto chemical energy (Figure 1 3) This movement

of excitation energy 1s known as exciton migration

e

Carotenoids Chl-b  Chl-agq.00  Trap (Py,,) (PST)

Figure 1 3 Heterogeneous energy transfer between different types of pigments



Initially the photoexcited electron 1s channelled to Pggg of PS;; A one-electron transfer to
a molecule of chlorophyll from the reaction centre then occurs (special pair) This
electron subsequently migrates to Prgg, and PS; NADP?* 1s oxidised to NADPH,; ATP

formed from the reactions of PS;and PSy; reduces CO; to carbohydrate

At the PS), reaction centre O3 1s produced from the reduction of CO; The energy of the
photon produced 1s sufficient to achieve a charge separation to yield Z*, which 1s reduced
by Mn Mn clusters acts as a store for the positive charge After four cycles the Mn
cluster possesses a +4 charge By receiving 4 electrons from water 1t returns to the neutral
state and two water molecules are oxidised to a molecule of O, No definite structure 1s
known for the Mn cluster but 1t 1s a powerful oxidising agent capable of oxidising two

molecules of water

In 1984 Deisenhofer et al reported the 1solation and crystal structure of part of the
bactena involved 1n photosynthesis, which led to a greater possibility in understanding
the photosynthetic process ** Currently the structure of PS; and PSy; are poorly defined
and hence 1t 1s impossible to determine the precise orentation of each component in the

overall system



1.2 Photochemical and photophysical pathways in metal complexes

As discussed in the previous section, photosynthesis involves the absorbance of light and
the excitation of electrons The excited electron follows a reaction pathway in the
conversion of sunhight to energy, which has been extensively nvestigated >* Scientists
have being attempting to mmmic this process for many years and in doing so, have
designed a schematic representation of possible excited state pathways which can occur
upon absorption of a photon by certain metal complexes These excited states, and their
possible interconversion pathways, are shown 1n the modified Jablonski diagram (Figure

14)

S
2
) (b) Internal T
Conversion 2
. Sl (d) Intersystem
Crossing
Absorpt L
(a) Absorption {c) Fluorescenc
(e) Phosphorescence
\ S,
Fig 14 Jablonsk: energy level diagram —— radiative transition

~~ radiationless transitions

Electronic excited states 1n metal complexes dissipate energy through a combination of
two processes, (1) radiative transitions and (1) non-radiative transitions By measuring the
quantum yield of these transitions, the relative importance of the two processes can be

determined



The absorption of light by the molecule 1s the first step, (a) in the Jablonski diagram This
causes excitation from the ground state to an upper singlet excited state Sy, 1f the ground
state 18 singlet in character This 1s followed by rapid non-radiative transition to the
lowest singlet excited state, S;, in a process known as internal conversion, step (b)
Internal conversion 1s a rachationless transition from a higher excited state to the lowest
energy excited state of the same multiplicity 1€ S, S§; or T,» T; From the lowest
energy singlet excited state two decay pathways are possible, the molecule can undergo
non-radiative or alternatively radiative decay Non-radiative relaxation can occur by
means of vibrational relaxation of the excited species through collisional interaction with
the surrounding medium or by intersystem crossing with states of different multiplicity,
step (d) Intersystem crossing ts a transition from singlet to triplet states or vice versa and
1s possible because of spin mversion 1e S;= T, or T= Sy Intersystem crossing must
adhere to certain selection rules, which depend on the magmtude of the spin orbit
coupling S,— T, takes place either by direct spin orbit coupling of S| to higher
vibrational levels of T, or by spin orbit coupling to a higher state T, followed by rapid
mnternal conversion to Ty The rate of intersystem crossing 1s increased as the magnitude
of spin orbit coupling increases Spin orbit coupling increases i going down a group and

this effect 1s known as the heavy atom effect (see Section 1 3)

In contrast to internal conversion and intersystem crossing, fluorescence (step ¢) and
phosphorescence (step €) are radiative processes 1e they result in the emission of a
photon of light These processes are commonly referred to as luminescence From Figure
1 4, fluorescence 1s deactivation from a singlet excited state while phosphorescence 1s
deactivation from a triplet excited state Because a portion of the energy acquired 1n the
absorption process 1s dissipated via radiationless deactivation, the energy of the emitted
radiation 1s always lower than that of the absorbed radiation 1 e the emission occurs at a

longer wavelength, than the wavelength of the absorbed photon

The shift 1n the Amax of the emission spectra with respect to the Amax of the absorption
spectra 1s known as Stoke’s shift (see Figure 1 5) In general the Stoke’s shift 1s large
when the geometry of the excited state 1s sigmficantly different to that of the ground



state The shift in absorption increases with emission differences between the geometnes
of the ground and excited states The energy of the excited state molecule decreases and
fluorescence 1s shifted to longer wavelengths The fluorescence spectrum 1s frequently a
muarror 1mage of the absorption spectrum and this 1s because the shape of the potential
energy surface for the excited state vibrational frequencies and the ground state

vibrational frequencies are similar

Facited State

Cround State

Figure 1 5 Diagrammatical representation of the Stokes’ shtfts

The triplet state of a complex 1s populated via intersystem crossing, and phosphorescence
corresponds to a transition from the lowest excited triplet state T to the ground state, Sy
It 1s the reverse of the Sp— T absorption spectrum, which of course 1s spin forbidden and
therefore has low ntensity The T; state 1s below the S; state and phosphorescence occurs
at longer wavelengths than fluorescence due to the low energy spin parallel nature of the
tnplet state The lifetime of the phosphorescence state 1s quite long and therefore

radiationless transitions are important in its deactivation



13  Porphyrins
13.1 Introduction to porphyrins and metalloporphyrins

The basic structure of porphyrins 1s known as a porphine (Figure 1 6), 1t consists of four
pyrrole rnings linked by four methine bridges (the carbon atom at the centre of this bridge
1s said to be 1 the meso position) Kuster first proposed the structure in 1912 but
porphyrins were not 1solated or structurally charactenised until 1928 ¢ The macrocycle
consists of twenty carbon atoms and four mtrogen atoms and because of conjugation of
the double bonds produce an intensely coloured compound (see Figure 16) The
porphyrin macrocycle 1s an aromatic system consisting of 22 7 electrons, however only
eighteen of these are mvolved n the delocalisation pathway and so obeying Huckel’s rule

for aromaticaty (4n + 2 7 electrons)

Figure 1.6 Structure of the porphine parent ligand

As a result of these features porphyrins have unique spectral properties such as the ability
to absorb light 1n the visible region of the spectrum and the ability to convert this light to
physical or chemical energy (photosynthesis) Substitution at the meso position forms
porphyrins known as meso-substituted porphyrins These are generally aryl porphyrins
and are usually synthetically made, the most common examples beng tetra phenyl

porphyrins (TPP) and tetra pynidyl porphyrins (TPyP) ®



Free base porphyrins contain two weakly acidic protons on the central nitrogens (pK, =
16) These are readily displaced by treatment with various metals such as Zn, Mg, Fe,

forming metalioporphyrins (Reaction 1 2)

Reaction 1.2

H,P + M?* === MP + 2H*

The 'H NMR signal for these mner N-H protons are diamagnetically shfted to high field
below that of TMS from -2 to —4 ppm because of the aromatic ning current which shields

them when 1nside the macrocycle Upon metallation these signals are no longer observed

The most distinctive characteristic of porphyrins are their UV-vis spectral features UV-
vis spectra also demonstrate the second major difference between free base porphyrins
and metalloporphyrins Both types of porphynns have two distinct regions in the UV-vis
spectrum The first region occurs between 410 — 430 nm and 1s known as the Soret band
or B band It 1s the origin of the lowest excited singlet state and has a molar extinction

coefficient of € = 10° dm * mol ' cm !

1
B(0,0)
A 11,0
__ 2Soret band | " 1/ \ Q bands
2 | |
S : 04 1Q(0,0)
g 1 ‘ ' R\ /
t . IRVATYYY
2 o o2 \"" Q,\O,O)
< / I] / /
/ | QAJ\; . , \ _
A 00 (] 700
o W
’ 0 %0 a0 A
Wavelength(nm)

Figure 1.7 UV-wis spectrum showing the Soret band and Q bands (x 10) of free base
porphyrin, (TPP)
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At lower energy, 1 ¢ at wavelengths greater than 470 nm the Q bands are observed They
appear between 470 — 660 nm for free base porphyrins (see Figure 1 7) and between 500
— 600 nm for metalloporphyrins Free base porphyrins have four Q bands because they
possess Dy, symmetry Upon formation of the metalloporphynin the symmetry changes to

Dan and the number of Q bands 1s reduced from four to two (see Figure 1 8)

21
B(0,0) T QLo
S |Soret band ‘1 ] \ Q bands
% i t
31 { !
g \ /
5 ‘ Q(0,0)
z R =
/, \‘ pa pa
o L >
400 500 600
Wavelength(nm)

Figure 1 8 UV-vis spectrum of the Soret and Q bands (x 10) of a typical
metalloporphyrin (ZnTPP)

In the case of a metalloporphyrin the lowest energy band 1s the electronic origin Q(0,0)
of the lowest energy excited singlet state The higher energy band 1s Q(1,0) and 1s a
vibrational satellite of Q(0,0) When the metal 1s removed the Q(0,0) band 1s split into
Qx(0,0) and Qy(0,0) which also have vibrational satellites of therr own 1e Q(1,0) and

QY( l 90)

The four orbital model as developed by Gouterman et al 1s used to describe the

910,11

formation of the UV-vis bands Using this model for the porphine ring the ground

state configuration of 'A;g, 1s the highest occupied molecular orbital (HOMO) The

11



lowest unoccupied molecular orbital eg('lr') 1s degenerate The lowest singlet excited state
configuration from this 1s l(azl,,eg) and l(alu,eg), see Figure 1 9 In metalloporphyrins the
symmetry of the molecule 1s such that l(azu,eg) and l(al.,,eg) transitions are degenerate and
this causes strong nteraction between them When the transition dipoles of the two
configurations nearly cancel, the resulting resonance yields the weak Q(0,0) band, when
the transition dipoles of the two configurations add, they form the intense Soret or B(0,0)
band Soret bands are strongly allowed excited states while Q bands are quasi-forbidden
In free base porphyrins the presence of the central protons hft the degeneracy of the
eg('lr') orbitals, which causes the Q(0,0) band to sphit into Q,(0,0) and Q,(0,0)

dx2 y2
es » d.
f
A S
| i
B V
alu ‘l,_ dxy
porphynn metal

Figure 1 9 Energy diagram of the porphyrin ring and metal d orbitals
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1.3.2 Excited states of porphyrins

Regular porphyrins are defined as those whose absorption and emussion spectra are
determined primarily by the 7 electrons of the porphyrin nng Emission of regular free
base porphynns and closed shell metalloporphyrins are typically T-T In ongin 1e
porphyrin  based excited states, (fluorescence occurs from lS(‘ll'-‘ll*) while
phosphorescence occurs from 3T(7r-1z°“) Irregular porphyrins are porphyrins, which
contain metals with an opened shell of valence electrons, thereby allowing the metal to

interact with the porphyrin 1n the excited state (see Figure 1 9) 2

The various transitions 1n the time resolved spectra possible for metalloporphyrins are (1)
w7, (1) d-d, (i) 7-d CT and (v) d-r CT " Only the 7-T transitions are possible for
free base porphyrins as they do not contain a central metal 1on These transitions show
distinct spectral features, which can be used to help explain the photophysical and

photochemical behaviour of porphyrins or metalloporphyrins

(1) 7-7* transitions - these transitions result from the delocalised 7 system 1n free
base and closed shell metalloporphyrins They are identifiable by the

1314 ) net bleaching 1n the Soret band, (b) net bleaching

following features,
of the Q bands with TPP complexes showing a new absorption band between
450 and 650 nm, (c) some complexes show the presence of two absorption
peaks between 700 and 900 nm that may differ for triplet and singlet states

(m)  d-7* or MLCT transitions (see Figure 17) - these are transitions that can
occur between the highest occupied d-orbital on the metal and the lowest
unoccupted orbutal, e;(7*) on the porphyrin Once more they are recognisable
by the following features, " (a) possible new absorption lying between the
bleachings 1n the Soret and the visible bands, (b) broad absorption to the low
energy side of the Q - bleaching

(m)  7*-d or LMCT transitions (see Figure 1 9) - where the transition are now from

the highest occupied orbutal, lAlg, on the porphynn and the lowest unoccupied

d-orbital on the metal

13



(=v)  d-d transitions — promotion of d electrons between the d-orbital manifold
These transitions are formed by deactivation of higher energy states and are
similar m appearance but red shifted from that of =#* transitions because the
porphyrin 1s 1n the ground state ((a]u)z(a2u)2) and the d-d excited state will be

the normal four orbital 7-7* transition

These transitions are allowed 1n metalloporphyrins while 1n free base porphyrins the -

m* transitions only, are allowed

The singlet and triplet states formed following irradiation are sufficiently long-hived to
permit bimolecular reactions with quenching species, which can be present 1n solution °
Fluorescence lifetimes are typically < 10 ns and quenchers must be present at high
concentrations to effectively quench this state '® The quenching of the excited states of

porphyrins can occur by one of the following mechanisms

(a) Electron transfer MP* + Q — MPY + Q-

(b) Energy transfer MP* + Q —— MP + Q*

(c) Accelerated deactivation MP* + Q —— MP + Q + heat

MP 1n the above reaction pathways represents either the metalloporphyrin or the free base

porphynn Light induced electron transfer reactions represent an important reaction of

porphyrin molecules
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133 Porphyrins as hght harvesters in an antenna umt

In nature, photons are exploited by living organisms as energy sources 1n photosynthetic
processes Part of the photosynthetic system concerns the optimisation of lLight
harvesting, that 1s, the efficient absorption and conversion of incident sunhght into
chemical energy (see Figure 1 10) This process depends on the nature and organisation
of the recerving matter '’ Much research has gone mto the design of structurally
organised systems capable of utilising the energy of photons to perform photosynthesis

without actually succeeding replicate 1t 1819

In photosynthesis, light harvesters make use of antenna systems, which contain a large
number of chromophores, such as porphyrins They have a larger cross section for the
absorption of hight (see Figure 1 8) They absorb a photon of energy from the light and
this photon then migrates efficiently through the system to the reaction centres of PSI or
PSII (see Section 1 1)
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Figure 1 10 Schematic representation of the antenna unit of a photosynthetic system

(see ref 17)

Light harvesting systems must satisfy a number of requirements,

(1) capable of absorbing light,
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(n)  stability towards photodecomposition,
(1) populated with high efficiency from the excited state obtained by hght
absorption,

(iv)  be reasonably long lived

The excited states mvolved as donors in energy transfer satisfy the final two
requirements Extensive investigations have shown that porphyrins satisfy most of these

requirements as 1s also evident from their use 1n nature 2° 2?2

These charactenistics make porphyrins excellent candidates in the design of synthetic

systems capable of exploiting light in a route towards artificial photosynthesis
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14  Bonding in organometallic compounds

14.1 Stability of organometallic compounds

In order to discuss the photochemical properties of the compounds in this work 1t 1s
necessary to describe the general bonding and electronic structure of organometallic
compounds Organometallic chemistry 1s concerned with the chemistry of the M-C bond
and unlike co-ordination compounds, organometallic compounds show a high tendency
to achieve the nert gas electron configuration around a metal Electron counting has been

very useful 1n helping to predict the structures and reactivity of these complexes

Organometallic compounds tend to react so as to achieve the favoured 18-electron
configuration, which 1s known as the 18-electron rule To explan this rule, a first row
transition metal has 9 valence orbutals 1s, 3ps, 5d)g and each can hold a maximum of two
electrons Therefore a metal 1n a complex needs 18 valence electrons to obey the 18-
electron rule

Complexes such as Cr(CO)¢ and Ni(CO)s obey this rule In the case of Cr(CO)s
chromium 15 1n the zero oxidation state and therefore has a d® configuration The six
carbonyl ligands donate two electrons each giving a total of twelve Some electrons come
from the metal and the ligand must provide the rest to give 1t the stable 18-electron
configuration (7 back bonding makes no difference when counting the electrons) This

rule does have some hmitations but works best for sterically small ligands like CO
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14.2 The nature of bonding in the metal-carbonyl bond

A carbonyl ligand (carbon monoxide) 1s an example of a good w-acceptor higand for

electron rich metal atoms 1n transition chemistry The bonding between CO and a metal

consists of two components, (1) ligand to metal 6 bonds which results from the transfer of

electron density from the C atom lone pair to an empty dr orbital on the metal and (1)

back donation from the d orbital to an empty 7* orbital on the C atom

(1)

()

Figure 1 11 1s a molecular orbital diagram for carbon monoxide (CO) The
atomic orbitals of the O atom are lower n energy than those of the C atom
because of the higher effective nuclear charge on the O atom compared to
carbon The O-based atomic orbitals contribute more to the bonding molecular
orbitals in CO whereas the 7* orbitals have more C character The metal binds
to CO via a M-C ¢ bond through the interaction of the C based HOMO with
an empty d orbital on the metal The HOMO 1is mainly centred on the C atom

as the O atom 1s more electronegative and the orbitals are lower in energy

— OO(=n")

C(pz)__1_

.__L_O(pz)
'—H_ CO(m)

Figure 1.11 Molecular orbital diagram of a 7w bornd of CO

The M-C ¢ bond increases the electron density on the metal This 1s offset by
back donation from the metal d orbitals to the 7* orbitals on CO (see Figure
112) As the O atom 1s more electronegative than the C atom, the filled «
orbitals of the C-Q are localised on the O atom, hence the 7™ orbitals are

localised on the C This form of bonding 1s known as back bonding
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M (d,)
CO (="}

D

0
Cilp) b

M (d,)
Figure 1 12 Molecular orbital diagram of M-CO showing (1) 0 bonding and (1) &
back bonding

These 7* antibonding orbitals are high in energy but they do have the effect of

stabilising the d= orbitals which has important consequences,

(a) The ligand field splitting parameter, A, increases

(b) M-L back donation allows zero and low valent metals to from stable complexes

This type of bonding 1s synergetic, that is the ¢ donation of the carbonyl group to the
metal 1s accompanied by back donation from the metal to the carbonyl 7* orbitals It has
the overall effect of decreasing the M-C ¢ bond and also lengthening and weakening the

C-O double bond due to population of its 7* orbitals
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2.1 Introduction

Porphyrins belong to one of the most important classes of organic compounds due to their
role 1n biological processes, intense visible light absorption and interesting excited state
properties | Photosynthesis 1s a complex photochemical reaction on which all hfe
depends and the possibility of mimicking this process in vitro depends largely on being
able to understand 1ts key component namely chlorophyll, which contains

metalloporphyrin units

From the imtial work on the photochemical properties of chlorophyll and the first man
made porphyrins, to the huge supramolecular arrays of today, porphyrins and related
macrocycles have been studied for their electron transfer and energy transfer potential >*
Covalently linked porphyrms as well as porphyrin metal complexes have been
extensively used 1n this photosynthetic research In the following section an overview of
the many studies carned out on porphyrins from the simplest free base porphyrins and

metalloporphyrins to metal complexed supramolecular systems, will be presented

The section begins with the first photochemical studies carried out on free base
porphyrins and concludes with a study of metalloporphyrins ' The following section deals
with the peripheral linkage of metals and other electron acceptors to porphyrins These
systems are used to study photoinduced energy transfer or electron transfer in molecular
dyads ** The final section of the literature survey deals with the next step, the formation
of triads, which allows for porphyrin-to-porphyrin electron transfer via a non-covalent

metal bridge as well as covalently linked multiporphyrinic arrays ° 7

The following pages give an overview of the development of both the photochemical and

photophysical properties of porphyrins and porphyrin arrays
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2.2  Introduction to the photochemical and photophysical properties of tetra aryl

porphyrins and metalloporphyrins

Since the pioneening work of Becher and Kasha which probed the photophysical
properties of porphynns and Kransnoviski’s reversible photochemical reduction of
chlorophyll, many studies investigated the photochemical and photophysical properties of
free base porphyrins and metalloporphyrins '

A general method for the preparation of free base porphyrins and metalloporphyrins was
established between 1941 and 1951 ¥°'® Before this the decay kinetics of the triplet
excited state of chlorophyll a and chlorophyll b had been extensively investigated .
However the first “flash 1llumination” measurements on man made porphyrins were not
conducted until later on tetra phenyl porphynins and zinc tetra phenyl porphyrins '> Some
work had been done earlier by Livingston and Fujimon on chlonns and phthalocyanines
using photographic flash experiments '* Even using these simple techmques researchers
had noted certain trends 1n the triplet state absorption of porphynns, the strongest band
les to low energy of the Soret band and also there was a second band to the high energy
side of the Soret band '2* ' These expeniments suffered from scattered signals under the
mam red band of the bacteriochlorophyll which 1s now known to be the result of

4
fluorescence !

Lmshitz and Pekkarinen were also the first to explore the effect of heavy metal 10ns on
the triplet lifetimes of porphyrins '* They used the recogmsed photochemistry of
anthracene as a model for therr results because of the similarities between the
photochemustry of porphyrins and aromatic hydrocarbons "> These workers found the
triplet states of porphyrins were quenched in the presence of heavy metal salts such as
NiCl; These metal quenchers were not as effective as those previously reported for
anthracene '* They found that the hghter metals had httle or no effect on the triplet
excited states but heavier metals were efficient quenchers (see Table 2 1 for quenching

constants of TPP, ZnTPP and anthracene) This was explained at the time by using the
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heavy atom affect, and subsequently led to the development of the interaction of

porphynins and external substituents '

Quencher Solvent  Anthracene @ TPP  ZnTPP

NiCl, Pyndine 12 10 098
CuCl, Pyndine 46 12
CoCl, Pyndine 62 014
MnCl;  Pyndine 043 <005

Table 2 1 The quenching constants for anthracene, TPP and ZnTPP in the presence of
various metal salts (ref. 14)

Understanding the changes 1n the excited states of porphyrins and shifts in therr UV-vis

spectrum are important 1in developing a method to mumic the natural process of

photosynthesis Tetra aryl porphyrins such as TPP and TPyP became the main porphyrins

of interest due to the wide range of synthetic possibilities available '° Despite the non co-

planar configuration of the aryl substituents and the porphine,'’ 18

resonance-type
substituent effects are domunant ° Para substituents on free base porphyrins and
metalloporphyrins, which have been widely studied, caused slight spectral changes 1n the

UV-vis spectrum

Figure 2.1 m-, o- and p- substituents as would be found on a porphyrin
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The Soret band and Q bands shifted to longer wavelength (2-4 nm) and the ratio of the
Q(1,0) to Q(0,0) 1n metalloporphyrins 1s increased (see Table 2 2) 2% Although the effect
on the porphyrin by para substituents was shight, the effect of ortho substituents was

20
more significant

Figure 2 1 outhnes the possible position of the m-, o-, and p- substituents 1n relation to a
porphyrin and Table 2 2 shows the effect on the relative Q band intensity of p-, o-
substituents on porphyrins Simular changes observed for para substituents also occurred
for substituents 1n the ortho position however the shifts in the Soret and Q bands
increased up to 10 nm and the reduction in intensity of the Q(0,0) band were dramatically

increased relative to the Q(1,0) band (see eqn, 3 1)

Porphyrin  (0,(0,0) 0,/(1,0) 0(1,0)/0(0,0)

TPP 00162 00180 111
o-CI-TPP 0 0640 00192 030
p-CI-TPP 00179 00197 110

ZnTPP 04350 02350 054
0-Cl-ZnTPP 07777 0 1400 018
p-Cl-ZnTPP 00810 00470 058

Table 2.2 Effect of ortho and para chloro-substitution on the relative intensities of
0,(0,0) and Q.(0,0) absorption bands (see ref. 20)

Longo et al discovered that electron withdrawing substituents such as 10dine n the para
or ortho position caused the greatest shifts in the UV-vis spectrum with fluorine causing
the smallest changes Zn porphyrins showed the same spectral changes as those of the
free base porphyrn although the nature of the halogen did not affect the magnitude of the
reduction 1n intensity *° The red shift in the porphyrin bands and the relative reduction 1n
the intensity of the Q bands, which was common throughout 1s typical of most aryl

substituted porphyrins studied *"%?%
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Some of the most important results of porphyrin metal interactions are seen in the
emission spectra, singlet lifetimes and also the triplet excited states of the complexes
Since the calculation of the fluorescence quantum yield of 0 2 for tetra phenyl porphyrin
by Gouterman et al ,** researchers have used this value to compare the effect of a range

of substituents on the fluorescence quantum yield 22728

Porphyrin Medum  * f1 I, nS
TPP CeHs 011 136
o-CI-TPP CsHs 002
p-CI-TPP CeHs 009
ZnTPP CsHs 003 23
0-Cl-ZnTPP CsHs 0038
p-Cl-ZnTPP Ce¢Hg 002

Table 2 3 The differences observed in fluorescence quantum yields and lifetimes for a

series of ortho and para chloro-substituted tetra phenyl porphyrins (ref. 29)

Researchers have found that the presence of substituents on the aryl groups can affect the
fluorescence yield and singlet lifetimes of porphyrins It was noted that the fluorescence
measurements followed a pattern similar to that of the absorption spectrum with p-
substituted aryl groups having smaller effects than the o-aryl groups This pattern was
observed for free base porphyrins with reductions 1n the singlet quantum yields of the p-
substituents complexes being greater than that of the o-substituents complexes (see Table
23) 2 The fluorescence yield was high in the case of the substituted

metalloporphyrins but could not be explamned by the author *°

The singlet state lifetimes and quantum yields are reduced following the introduction of
zinc or other metals nto the centre of the porphyrin ring (see Table 2 3) 20 A study of the
substituent effect was then carried out on the fluorescence properties of a number of p-

substituted fetra phenyl porphyrins 30 Substituents ranging from good electron donors
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(NMe;) to good electron acceptors (p-benzoquinone) were used Results indicated that
electron acceptors cause a substantial reduction n the fluorescence quantum yield and the
singlet hifetimes while electron donors such as nitro groups increased the rate of
radiationless decay 1n a process known as intramolecular quenching With the increase in
radiationless decay the sum of the fluorescence yield and the triplet quantum yield was

significantly less than one (see Table 2 4)

Porphyrin oAl btrip ®fi+Ptrp
H,-OEP 014 086 100
Hz-0-NO,-OEP 002 065 067
Hz-0,-(NO)2);-OEP 002 044 0 46
Zn-OEP 004 096 100
Zn-a-NO,-OEP 0 005 084 085
Zn-0,-(NO2),-OEP 0005 040 041

Table 2 4 Differences observed in the quantum yields for both triplet and singlet
Jollowing substitution of a nitro group to an octa ethyl porphyrins

Since the early work of Linschitz and Pekkarinen on the triplet state absorption spectrum
of chiorophyll, the triplet state absorption spectra of regular porphyrins have been studied
by conventional flash photolysis 1n order to understand the mechamism of
photosynthesis ' 26313133 The m-n* excited states of both porphyrins  and
metalloporphyrins are characterised by strong absorption between 420 nm and 490 nm
(1e between the Soret band and Q(1,0) band) '23 In addition the triplet excited states
contain a broad featureless absorption extending nto the infrared region of the spectrum
The quantum yield for the tniplet state in TPP 1s 0 87 and as with the studies on the
fluorescence quantum yields, the triplet state quantum yield was used to estimate the
interaction between porphynins and substituents 1n the triplet excited state >* This work
demonstrated that singlet to triplet intersystem crossing was the domunant route for

radiationless deactivation of the S; excited state in porphyrins %
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One of the first attempts to mimic covalently linked electron transfer or charge separation
witnessed 1 nature, involved the quenching of the excited states of porphyrins and
metalloporphyrins by quinones >>***'® A review by Connolly and Bolton m 1987
revealed hundreds of porphyrin-quinone studies mn the hiterature ** Since then the number
of these systems has grown quite considerably but recently interests have shifted to metal
based porphyrin complexes Linschitz ef al showed that chlorophyll undergoes reversible
photo bleaching n the presence of benzoquinone®® and this was found to be typical of
ZnTPP ¢ Following excitation to the singlet excited state in a porphyrnn an electron can
be transferred to the quinone moiety forming a radical and a porphyrnin #-cation radical,
which reforms the neutral species on the nanosecond range ** Laser flash photolysis of
free base porphyrins and metalloporphyrins 1n the presence of a quinone leads to the
formation of a long lived transient species 1dentified as a triplet complex or exciplex
followed by electron transfer within the complex In polar solvents the primary radical
pair may undergo complete separation to yield the products of full electron transfer,

ZnTPP*and Q In non-polar solvents charge recombination dominates (see Scheme 2 1)

3ZnTPP* + Q ———= 3[ZnTPP Q]° ——= [ZnTPP* Q]
hy T /H/
ZnTPP + Q ZnTPP* + Q

Scheme 2 1 Quenching of porphyrin excited states by quinones (Q)

This complex decays with a rate constant of =3 x 10° s |, and based on the dependence of
the lifeime on the quinone concentration, the complex 1s formed m a 11 ratio ©®*
Emission from the triplet state 1s completely quenched by the quinone even at 77 K
Wasielewski ef al carried out work on a number of systems mnvolving porphynns linked
to qumnones via an orgamic bndge *° Excitation nto the excited singlet state of the
complex resulted 1n charge separation and charge recombination processes (see Reaction
21 - 23) The hfetime of the charge recombination process was longer than that of the
charge separation process, which was consistent with the short bridge used Wasielewsk

also looked at the effect of the bridge length on the rate of electron transfer and
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discovered that the charge separation and recombination rate constants decrease

exponentially with distance *?

Insertion of rnigid spacers and polyene chains between the porphyrins and quinones has
also been investigated 47 It was discovered that ngid bicyclooctane bridges reduced the
efficiency of the electron transfer process between the porphyrin and the quinone This
caused mefficient quenching of the porphynin singlet excited state Fluorescence intensity
decreased sharply as the number of bicyclooctane linkers was increased The use of
polyene chains as linkers between the porphyrin and the quinones was more effective at
increasing the efficiency of the electron transfer process The polyene bridges behave as
conducting molecular wires and are capable of carrying electrons over considerable
distances 1n a few picoseconds Charge separation took place n about 3 ps while charge
recombination took 10 ps to be completed The decrease in electron transfer rates with
increasing length of the polyene chain was very small 1e the system had a very low

distance-dependence for polyene bridges

Reaction 2.1
A-L-B —™ s *A.LB
Reaction 2.2
*A-L-B—> A-L-B*
Reaction 2 3
A~L-B*—= ALB

Molecular oxygen plays a major role 1n the photodamage i various sensitised biological

systems It 1s also an efficient quencher of the triplet states of porphyrins and other

organic dyes *® 4950

Two types of mechanmisms were proposed for this photooxidation process
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Reaction 2.4 Type I
S + 0,—» §" + Oy

Reaction 2 5 Type 11

S + O, - S + O)

For the free radical mechamsm, or Type I the triplet excited sensitiser S" reduces
molecular O, to the superoxide anion O; or related species Type II reactions allow the
porphyrin triplet excited state to transfer energy to O; to generate singlet oxygen (see
Reaction 2 4 and 2 5) Measurement of singlet oxygen formation 1s a good indicator of

the quenching ability of O, for the triplet states of porphyrins (see table 2 5)

Porphyrin L T6 102)
TPP 02
H,TMPyP* 074
Zn(I)TMPyP* 088
Cd(L)TMPyP* 075

Table 2.5 Quantum yreld for singlet oxygen formation duning the quenching of the
triplet exited state (ref 50) (TMPy — tetra methyl porphyrin)

The sigmficant reductions in the triplet and smglet excited states hfetimes and quantum
yields of porphyrins because of the intramolecular electron transfer between the
porphyrins and O, or organic acceptors such as quinones and methyl viologens led
researchers to investigate the possibihity of developing systems consisting of porphyrins

covalently linked to transition metal redox centres

The first reported example of such a system was by Schmidt et a/ and nvolved a
combimation of tetra phenyl porphyrin and ferrocene (see Figure 2 2) St Although
Schmudt et al did not expenence the desired reduction n fluorescence yreld of the

complex or change 1n hfetimes, a new step had been taken towards the design of electron
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transfer systems involving porphyrins Examples of porphyrins linked to transition metal
centres did not appear 1n the literature until the 1990s, and this with the discovery of co-
ordiation polymers of metalloporphyrins increased the interest in the synthesis of

complex porphyrin macrocycles

Figure 2 2 Tetra ferrocenyl phenyl porphyrin
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23  Coordination to peripherally linked transition metal centres

As shown 1n the previous section, there are many examples of systems that undergo
intramolecular electron transfer from porphyrins to organic receptors 52 Systems that
undergo electron transfer processes from porphyrins to externally but covalently linked
transitton metal complexes were rare until the mid mineties At this time only four
examples of such systems had been explored so as to investigate the possibility of

photoinduced electron transfer from the porphyrin moiety to the peripheral metal centre >

The first of such systems to be investigated was those contaiming Eu’* cations 1 the
cavities of crown ethers attached to the meso position of a zinc porphyrin (ZnPCE) 54,33
Effective intramolecular electron transfer from the triplet state of the metalloporphyrins
to the Eu®* cation was observed However the reduction of the Eu ton resulted n 1t being
displaced from the crown ether cavity, thus rendering the reaction irreversible (see
Scheme 22) The singlet lifetimes and corresponding quantum yields varied upon

changing the metal of the crown ether (see Table 2 6)

orue
Eu® + Zn—Q — *Zn—o

(Zn]=znPp  (=cCE

+ Eu®

Scheme 2.2 Proposed sequence for intramolecular transfer from ZnTPP to a covalently
hnked crown ether (CE)

A similar scheme mvolving two porphyrins linked via a crown ether contaiming no metal

centre showed results typical of organic hinkages between porphyrins with singlet state
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Iifetimes typical of porphyrin monomers Hence 1t was concluded that metal centres were
required in the crown ether to alter the lifetimes and quantum yields of the porphyrin, and

even then the effects were small (see Table 2 6) *°

Porphyrins Cation & fl 75/ns
ZnTPP 0040 19
ZnPCE 0038 17
ZnPCE Na" 0038 17

ZnPCE Eu** 0029 13

Table 2 6 Photophysical properties of various cation complexes of ZnPCE compared to
ZnTPP (PCE-porphyrin crown ether) (ref. 56)

Another attempt to mimic the electron transfer process tnvolved using the oxidised form
of 5, 10, 15, 20 tetra ferrocenyl phenyl porphyrin (see Figure 2 2) 3! As electron transfer
from the porphyrn to the ferrocene centres could not compete with the rate of decay of
the porphynn excited state, the ferricenium centres proved to be an neffective acceptor
for an electron from the excited singlet state of the porphyrin Two reasons were given
for this, firstly lack of electron transfer could be because of 1ts high extermicity as in the
case of porphynin quinone zwitterions,”’ and secondly electron transfer can be slow when
the acceptor 1s metal centred A system consisting of a porphyrin and a d'® metal proved
to be more successful 1n the electron transfer process, but again they are somewhat
inefficient *® The latter system consisted of two [18]-N,O4 receptor molecules covalently
bound to opposite sides of a porphyrin and connected together via a biphenyl strap (see
Figure 2 3) Each of these receptors contained an Ag ion It had previously been shown
that the organic spacer (biphenyl strap) had no bearing on the properties of the porphyrin,

as was the case for the crown ether *°
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Figure 2.3 Octa ethyl porphyrin [18] N,04 macrocycle with biphenyl strap

Reduction 1n fluorescence singlet lifetimes and quantum yields of the macrocycle relative
to the porphyrnin suggested that electron transfer had occurred However, the partial
displacement of Ag’ from the macrocycle receptor molecule was proposed as the
explanation why charge recombination was significantly slower than charge separation

(see Scheme 2 3)

35%x10°M 's !
ZnOEP* + Ag*[I8]-N,0, . ZnOEP + Ag[I8]-N,0,

hv /SXIOSM‘S‘

ZnOEP + Ag*[18]-N,O,

Scheme 2 3 Proposed scheme for electron transfer from a porphyrin to a d"’ metal in a
[18] N204 macrocycle linked to a porphyrin via a biphenyl strap. (OEP - octa ethyl
porphyrin)
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Researchers investigating the electron transfer potential of a peripherally molybdenated
tetra phenyl porphynn complex discovered similar charge separation and charge

4553
recombination properties

Yet again the fluorescence quantum yield and the singlet hifetime of the porphyrin were
reduced from 10 ns to 30 ps Once more formation of the =-radical of the porphyrin
occurred quickly (k > 3 x 10 s'), which was followed by a slower charge

recombrmation (k>4 6 -85 x 10°s ")

These investigations were the first involving electron transfer from the excited states of
porphynns to transition metals In all but one of the cases mmtial charge separation was
rapid but charge recombination was relatively slow A number of reasons have been put
forward to explain, including slow solvent re.orgamsatlon,60 or the possibility of structural
changes upon oxidation of the peripheral redox centre may occur In the case of the
molybdenated porphyrin, precursor molecules have shown geometric rearrangement that

would effect electron transfer ¢! 62

Figure 2 4 Structure of ZnMPyTPP dimer

Another discovery, reported recently, which greatly increased the interest in porphyrins

and their electron transfer potential to metal centres, 1s the co-ordination potential of
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pyndyl porphyrins and the formation of ZnMPyTPP polymers (see Figure 2 4) 46 This
1 the earliest example of a co-ordination polymer reported using pyndyl porphyrins,
although a linkage polymer of an Fe porphyrin had previously been reported 66 Pyndine
commonly binds to zinc at the centre of porphynns and ZnMPyTPP was formed by the
co-ordmation of pyrnidine on the porphynn periphery to and adjacent zinc metal centre 65
The discovery of this led to the synthesis of a large number of complexes bound to a

porphyrin via a pyndyl linker

The peripheral co-ordination of singly unsaturated metal centres to pyridyl porphyrins
produced species with new and interesting photochemical and photophysical properties
768 of particular interest to researchers were pyridyl porphyrnns co-ordinated to

97 porphyrins have long been used as electron donors while

ruthemum(II) centres
Ru(Il) metal centres such as Ru(bipy),CI" and Ru(ttpy) have low energy excited states
and hence the Ru centres are readily reduced '’ Such a combination could potentially lead

to the development of an artificial photosynthetic model

Toma et al nvestigated a number of these systems by co-ordinating [Ru(bipy),CI]" to a
mono-, di-, tri- or tetra pyridyl porphyrin and investigating the effects of the metal centre
on the porphyrin singlet Iifetimes and fluorescence quantum yields ’ > These workers
observed a reduction 1n singlet state hifetimes which was linear relative to the number of
Ru(II) centres co-ordinated to the porphyrin through the pyridyl moiety 1 ¢ the reduction
caused by four Ru(Il) centres was four times greater than that of one Ru(Il) centre A
reduction 1n the quantum yields was also found to be dependent on the number of Ru(II)
centres attached, and this was attnbuted to the heavy atom effect which had been
observed as early as 1960 '* Upon complexation of the porphyrins with the Ru centres,
shifts 1n the UV-vis spectrum of the porphyrins of 2-3 nm to lower energy were also

observed These shifts are typical of peripheral complexation of metals to porphyrins 67

The emisston observed was from the lowest excited singlet state on the porphyrin and

was assigned to Qy(0,0) and Qu(1,0) transitions The fluorescence quantum yields

decreased with increasing pyridyl groups and co-ordinated metal subumts (see Table
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2 7) ” Ruthenium centres have been thought to induce the heavy atom effect, which n
turn reduces the fluorescence quantum yields by up to 100 times The quantum yields of
the uncomplexed porphyrins are inversely proportional to the number of pyrnidyl groups
attached because of the interactions of the pyndyl groups with the solvent molecules
through the N atom lone pair and non-specific dipole-dipole interactions ™ These
interactions should enhance the vibronic coupling with the solvent molecules and

increase the rate of the non-radiative decay to the ground state &

Porphyrin ®4(512 nm) N /nm
MPyTriPP 99x10° 651,715
Cis-DiPyDiPP 91x10°? 650, 714
TriPyMPP 84x10°? 650, 714
[MPyTriPPRu(bipy),CI]* 29x10° 653,715
[c1s-DiPyD1PPRua(bipy)«Cla)** 86 %10 656,717
[TnPyMPPRus(bipy)sCls]** 32x10* 654,716

Table 2.7 Fluorescence quantum yields and emission maxuna for a sertes of free base

porphyrins and thewr ruthenium analogues (ref 72)

Prodi and co-workers reported similar results when they investigated the effect of
RuCl(DMSO)(CO) on the photophysical and photochemical lifetimes of mono-, di and
tri- pyndyl porphyrin ”° Again the reduction n singlet lifeimes was paralleled by a
similar reduction i fluorescence quantum yield with the 77 transient absorption
spectrum of the complexes having a profile characteristic of an uncomplexed free base

porphyrin (see Table 2 8)
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Porphynin (15, ns)

MPyTPP 81
cis-DiPyD1PP 80
TriPyMonoPP 75

MPyTPP{RuCl,(DMSO),(CO)] 63
cis-DiPyDiPP[RuCl,(DMSO),(CO)]. 44
TrnPyMPP[RuCl,(DMS0),(CO)]s 33

Table 2.8 Fluorescence lifetimes of pyridyl porphyrins and Ru(Il) adducts (see ref 70)

Winmschifer et al synthesised and carried out spectral studies on tetra pyndyl porphynn
linked to four pentacyanoferrate(Il) groups and found that the pyridyl porphyrn acted as
an electron withdrawing group ™ The group induces a significant increase in the basicity
of the porphyrin ning in comparnson to free base porphynn complexed to four Ru(Il)
centres as shown by a pK, shift from 2 2 for the ruthemum and porphyrin to 4 7 for the
ferrate porphyrin 7376 For the cyano ferrate porphyrin the substituent 1s 1n the 2 - position
on the pyndyl nng which allows for more orbital overlap than 1s the case in for
substitution at the four position ™* Also the cyano group increases the electron density on
the Fe(II) 1on as 1t 1s a better o-donor than #-acceptor, while 2,2 bipyridine 1s a strong 7-

;
acceptor and a weak g-donor ’

The study of non-covalent assemblies has led to some nteresting results for electron and
energy transfer '° 7 Solution studies have shown that electron transfer can occur between
zinc metalloporphyrins and Ru(bpy);2+ through fluorescence quenching 80 Quenching
was not efficient for free base porphyrins as quenching only occurs through co-ordination
of the Ru(I) unit to the porphyrin centre via the zinc atom The pathway for fluorescence
quenching in these systems 1s photoinduced electron transfer from the excited singlet
state of the porphyrin to the Ru(bpy)s’* moiety Other multicomponent complexes
containing porphyrins and Ru(II) metal centres have been developed but excited state

quenching occurs by energy transfer rather than electron transfer '*®! Recently systems
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containing porphyrnn dyads and Ru(bpy);;2+ have been prepared in which fluorescence
quenching was observed through electron transfer processes %2 All examples of electron
transfer or energy transfer, mentioned so far involve the quenching of the singlet excited
states of porphyrins 717680 However none deal with the excited state expulsion of a higand

at sites remote from the porphyrin chromophore as a quenching mechanism

Co-ordination of a metal carbonyl fragment to a porphyrin leads to a system, which can
be readily investigated to determine the extent of electron or energy transfer between the
two by using the extensive data for the excited states of porphyrins and metal
carbonylscompounds ' A number of metal carbonyl centres porphyrins have appeared 1n

the literature but surprisingly few have actually been studied photochemically

Aspley et al synthesised a porphyrin metal carbonyl complex 1n order to investigate the
mtramoleculer photochemical 1nteraction between the chromophore and the metal umt *
The porphynn was linked to the metal pentacarbonyl moiety via a phenyl ring adjoined to
a mcotinamide or an 1sonicotinamide ligand Metal carbonyl compounds have their own
photochemistry which can be analysed in the IR This can be useful 1n indicating changes
at a site remote from the porphyrin A series of metalloporphyrin and free base
porphynins linked to a tungsten pentacarbonyl moiety wia a mcotinamude and a
1sonicotinamide linker were synthesised Excited state spectra were dominated by the
presence of intense porphyrin transitions with no evidence of tungsten based MLCT
bands ?'** Nevertheless photodissociation of W(CO)s was reported upon 1rradiation of
the complex 1n a solution of THF at Aex. > 495 nm At this wavelength the porphyrin
absorption dominates Evidence for loss of the W(CO)s fragment and formation of
W(CO)sTHF was seen 1n the IR as new absorptions were recorded at 2075, 1929 and
1890 cm' for W(CO)sTHF, (the porphyrnin tungsten pentacarbonyl complex has IR
stretches at 2071, 1930 and 1901 cm') The only other example of a reported metal
pentacarbonyl porphynn complex 1s where W(CO)s co-ordinated via a phosphorus atom,

but no photochemustry was carned out ¥
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Fig 2 5 Zinc 5[4-(4-methyl-2, 2-btpyrtdyl-4-carboxyamxdyl) phenyl]-Re(CO)3Br-10-15-
20-triphenylporphyrin

A more nteresting system nvolved the low energy excitation of a Re(CO);bpy porphyrin
(see Figure 2 5) Excitation of this complex resulted 1n the loss of a ligand on the Re
metal at a site remote from the chromophore * Imtial results showed a 50% reduction m
the fluorescence intensity for this compound with respect to the porphyrin but no change
in the structure of the complex *” Howéver, conversion of the complex to a salt of OFT
resulted 1n the desired photosubstitution at irradiation Aeyc > 495 nm due to photoinduced
electron transfer from the porphyrin to the Re metal centre Again excitation occurs
through absorption by the porphyrin moiety Results were confirmed by changes 1n the IR
spectra Irradiation of the 1solated Re(CO)sbpy hgand, at Aexc > 495 nm yielded no

evidence of CO loss &

O l N~—0s(C0)
\ /\ 3

(CO), Os —0s(CO),

H

Fig. 2.6 Triosmwum cluster zinc porphyrin dervative
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Gogan et al were the first to synthesise carbonyl porphyrins containing the Zn(II)TPP
and Cr(CO); fragments® Companson of the infrared spectrum of the porphyrn
complexes with that of CsHgCr(CO); led the author to the conclusion that the product was
a mixture of mono- and di-substituted porphyrin 1e C¢HgCr(CO); and CsHgCr((CO)s)2
Crystal structures were not obtained because the samples decomposed readily n solution

to form Zn(II)TPP *

Complexation of triosmium clusters containing carbonyl hgands to pyndyl
metalloporphyrin gives heterometalhc denvatives that contain the overall spectroscopic
properties of the porphyrin fragment while incorporating the electronic and structural

charactenistics of the osmium cluster (see Figure 2 6) %0

Interest 1n multi-porphyrin assemblies that can mumic the naturally occurring
multichromophore aggregates 1n photosynthesis have recently led to the formation of
porphyrn squares such as that shown 1n Figure 2 7 The use of metal carbonyl centres to
form porphyrin squares has also been mnvestigated (see Figure 2 7) Re(CO); was used as
the corner unit 1n a tetra trans pyndyl porphyrin arfray °' The formation of the square
introduced a bathochromic shift in the UV-vis spectrum of ca 6 nm, typical of a net
removal of electron density from the 7 system of the porphyrin nng 5} The fluorescence
spectrum of the assembly had the profile of the uncomplexed porphynn, however

formation of the square assembly resulted in a 90% reduction in emission intensity
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Figure 2.7 (2, 8, 12, 18)-tetra butyl-3, 7, 13, 17-tetra methyl-5, 15-bis-(4-pyridyl)
porphyrin [Re(CO);Cl],

Stang et al formed porphynn squares similar to that in Figure 2 7 however instead of
using Re as the corner umt they used Pt(II) and Pd(II) hnkages 9293 Palladium(II)
dichloride units and cis- and trans-pyndyl porphyrins were used by Dram and co-workers
to produce a 21 member array consisting of twelve Pd(II)Cl; components and nine
porphyrin rings * While Stang found a 30-60% drop 1n fluorescence intensity the twenty
one member array produced a 90% reduction in the fluorescence quantum yield The
singlet excited state lifehme was reduced from 12 ns 1n the free porphyrin to 1 ns for the
array Other porphyrin squares have been synthesised but the aims were purely structural
and no photochemistry was carried out % Yuan ef al found that Pd(II) and Pt(II) were
excellent co-ordination points m the design of multi-porphyrin squares Re(CO);Cl has
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been used as a bridging ligand between two cis-pyridyl porphyrins 1n order to investigate
the energy transfer between the porphyrin dimers % Complexation of Re(I) to the
porphynin showed no changes 1n the intensities of the Q bands indicating Iittle electronic
effect 21Absorptlon and emission bands were shifted by 6 nm which 1s consistent with net
removal of electron density from the porphyrnn 7 system upon rhenium-pyndine bond
formation *’ Quantum yields and singlet state lifetimes are reduced (a typical reduction in
singlet lifetime 1s from 8 7 ns for the free base porphyrin to 4 1 ns for an equivalent
dimer) These are consistent with fluorescence emussion from free base and
metalloporphyrins ' The use of metals as linkages 1s beneficial, as unlike organic
components they remain ngid, although metal centres can result in the porphyrins

becoming weakly or non-fluorescent (ferrocene porphyrins), as discussed
As the photophysical and photochemical properties of porphyrins were better understood

more elaborate and complex systems were needed and designed to develop a model

closer 1n structure to that mvolved 1n photochemistry 1n  nature
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2.4  Supramolecular assemblies incorporating multiporphyrinic arrays

Covalently linked multifunctional porphyrin arrays are important in the design of systems
capable of mimicking photosynthesis 2 Covalent bonds between a donor and acceptor can
provide an efficient pathway for electron transfer interactions over a long distance In
order to mimic the charge separation process of photosynthesis, numerous dyads
mvolving porphynns have been synthesised and their properties investigated 3313 These
systems have been further developed and have led to the formation of more complex
arrays such as triads, which consist of a primary electron donor 1n the excited state (Dl'),

a second electron donor (D) and an electron acceptor (A), (see Scheme 2 4) 7

Scheme 2 4

D,-D,-A M prD A D,"-Dy-A —» D,*-D,-A"

Rotaxanes are one of the most studied systems in this area of porphyrin chemistry
Porphyrin contamning rotaxanes consist of two porphyrins covalently linked via a
phenanthroline spacer and the components of the macrocycle can move relative to each
other even though they are mechanically interlocked (see Figure 2 8) Sauvage ef al have
undertaken extensive studies 1n this area °*® Ininal studies carried out involved an array
consisting of a zinc/free base porphyrin connected via a phenanthroline spacer to a gold
porphynn % Selective excitation of the individual porphyrins and comparison with
porphyrtn monomers provides formation on the electron transfer process in the
system 2*?% Excitation of the systems through the zinc/free base porphyrin resuited in
significant quenching of their singlet states, 97% and 80% respectively Both systems
showed large reductions 1n mtersystem crossing efficiently leading to a reduction 1n
triplet excited state formation This can be explained by the formation of a charge transfer
species consisting of a m radical cation for the zinc porphyrin and a neutral gold
porphyrin subunit formed by electron transfer from the excited porphynin This has the
effect of reducing the lifetime of the singlet excited states The presence of a heavy atom

m the gold porphyrin subumt allowed for efficient intersystem crossing to the triplet
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excited state upon excitiation of the complex Very little fluorescence was observed, even

100
at room temperature when intersystem crossing was not as prominent

M=2HorZn

Figure 2.8 Porphyrin rotaxane consisting of a free base porphyrin and gold porphyrin

linked via a phenanthroline thread

Synthesis of the porphyrin in Figure 2 8 with a central copper atom coordinated to the
phenanthroline umt (Copper(l) bis(1,10)-phenanthroline) gave rise to a complex whose
rate of forward electron transfer from the free base/zinc porphyrin to the gold porphyrin
was dramatically increased Given in Table 29 are the different lifetimes for the

101

individual electron transfer steps = The rate of the reverse reaction was unaffected by

the presence of the copper atom

The diphenyl phenanthrohne hnker acts as a superexchange medium and 1s a good
conducting medium for electron transfer via a through bond pathway Co-ordination of a
Cu(I) metal 1nto the ligand centre has the effect of decreasing the energy gap between the
zinc porphynin and diphenyl phenanthrohne by reducing the energy of the LUMO of the
diphenyl phenanthroline while keeping 1t above the HOMO of the zinc porphyrin umt
The reverse electron transfer reaction was unaffected as the energy gap between the
HOMO of the gold porphyrin and the LUMO of diphenyl phenanthroline was too high in

energy to be affected to a large extent by the co-ordination of a Cu(I) metal 101,102

46



Porphyrin complex K10%s™)

(ZnP)-(AuP*) - ("' ZnP)-(AuP’) 178

("'ZnP)-(AuP") — (ZnP)-(AuP") 17

(ZnP)-(AuP")’ - (""ZnP)-(AuP") 76
(‘ZnP)-Cu*-(AuP*) - ("*ZnP)-Cu*-(AuP") >10000
(**ZnP)-Cu*-(AuP’) - (ZnP)-Cu*-(AuP") 20
(‘ZnP)-Cu*-(AuP*)" > ("*ZnP)-Cu*-(AuP") 530

Table 2.9 Rate constants for the various electron transfer steps for multicomponent

systems (ref. 100 and 101)

Covalently hnked donor-acceptor meso porphyrins systems have been designed in an
effort to promote electron transfer '® Unhke the systems discussed i the previous
section this series of multiporphyrimce arrays have been linked by a series of non-metallic
aromatic hydrocarbons and unsaturated chains including substituted benzene and
polyenes 1 e they do not contain a metal centred linkage Bridging porphyrins using only
m-conjugated linkers are used to determine the effect of covalent electron exchange
interactions more closely by using different chain lengths Porphyrin chains containing up
to 128 porphynn subumts have been designed 7 Unlike the UV-vis spectrum of metal
linked porphyrins the UV-vis spectrum of these covalently linked porphyrins are a sum of
the individual subunits, which allows for selective excitation of individual components
A sequence of zinc porphyrins linked to an iron porphyrin via a number of substituted
phenyl and diphenyl rings showed distance dependence charge separation constants while
the charge recombmnation rate constants were independent of distance '™ This was
expected as the interaction of the porphyrins 1n the S, state was weak, indicated by their
UV-vis spectra, which could be described in terms of a superposition of the individual
spectra of the monomers However when Strachan et al studied the electron transfer
process between a free base porphyrin and a zinc porphyrin linked by diphenylpolyene
and diphenylpolyyne bridges, the distance dependency of the systems was quite small

and could be explained by the Dexter mechanmsm, which was the dominant mechanism
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involved 1n the electron exchange nteraction across the w-bridges 195 The geometries of
the systems had a large effect on the extent of the interaction between the porphyrins with
an enforced face-to-face geometry having the strongest electron interactions (using

phenyl linkers substituted at the meta/ortho position)

In each of the bridged porphyrins discussed, fluorescence emission was observed from
the free base porphyrin Trimenic porphynn systems consisting of zinc porphyrins linked
by phenyl and phenylpolyene spacers exhibited singlet-to-singlet electron transfer across
the spacer showing an nteraction similar to that of the zinc/free base porphyrin
dimers %' The geometry of porphyrnin chains has expanded considerably in recent
years because of developments 1n synthetic techmques, which have been used to produce
arrays consisting of six porphyrin units These porphyrins 1n turn can be coupled directly
to each other '° These meso linked porphyrins show properties similar to that of the
individual component because of the poor communication through the orthogonal
geometry of the array The arrangement of the array prevents the formation of a “stacked
energy sink” and this should allow for high efficient energy transfer over a long

distance '

The Z1 (Z = Zn(Il)-5,15-charylporphyrin) monomer exhibits a fluorescence
spectrum typical of Zn(Il) porphyrins while increasing the length of the chain (1e
di(Zn(II)-5,15-drarylporphynin), Z3-tri(Zn(II)-5,15-diarylporphyrin) and tetra(Zn(II)-
5,15-diarylporphyrin)) causes a red shift in the emisston maxima The shift increases with
the number of porphyrin groups attached The fluorescence quantum yield for these
systems was determined and compared to that of Zn(IDTPP (®; of 003)'"" The
fluorescence quantum yield increased up to arrays of 16 porphyrins but was reduced
when the array was extended further Singlet state hifetimes also decreased as the number

of porphyrin subumits 1n the array increased (see Table 2 10) '

An array up to a length of 128 porphyrin units has been synthesised The singlet lifetime
of this rod hke structure was 0 12 ns with a fluorescence quantum yield of 0008 '®
These directly linked porphyrin arrays are similar 1n structure to the natural occurring

photosynthetic reaction centre and therefore are the most useful artificial light harvesting
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molecular modules However the use of self co-ordinating pyndyl porphyrnns has also

been investigated due to their relatively simple synthetic pathways

Compound L 3 7 (ns)
Z1 0022 264
72 0029 194
73 0 045 183
Z4 0 060 175

Table 2 10 Singlet excited state lifetimes and relative fluorescence quantum yield. Z1-
Zn(1l) 5,15 dwarylporphyrin, Z2-dy(Zn(Il) 5,15 darylporphyrin), Z3-tri(Zn(ll) 5,15
darylporphyrin) and Z4-tetra(Zn(Il) 5,15 diarylporphyrin) (ref 107)

As mentioned previously self co-ordination of pyridyl porphyrins increased the interest in
porphyrin chemustry and provided a new synthetic route to form non-covalently linked
multiporphyrinic ohigmers ® The use of pyndyl groups as linkages has been discussed
briefly 1n relation to the formation of porphyrnin squares % Pynidyl groups and other
mtrogen contaimning groups have been used as linkages between porphyrins to produce
side to face arrays and linear arrays, which have been investigated in relation to
photoinduced electron transfer '* Co-ordination porphynins allow for the formation of
multiporphyrinic systems, which are hghly flexible and allow for easy preparation of the

multicomponent array while permitting good geometrical control

One of the most thoroughly studied systems consists of a free base/zinc porphyrin
covalently Iinked to a gold porphyrin via a ruthentum(Il) bus terpyndyl umt (see Figure
29) "% This 1s an extension of the system mentioned previously and allows for
companison of the covalent system (porphyrins hinked via covalent bonds) to the co-
ordination system (porphyrins linked via a co-ordination metal centre) % In such systems
zinc porphynns 1n the excited state act as the electron donor and the gold porphyrn acts
as the acceptor much like the system of Zn(II) porphyrin and the crown ether with a Au**
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centre °**° In this case the porphyrin macrocycle 1s large enough to contain the reduced

gold metal and the charge recombination process can take place relatively easily

Figure 2.9 Free base porphyrin linked to a gold porphyrin via a

ruthemium(Il)bis(terpyridy) unat (see ref 109)

This tnad 1s a crude model for the primary interporphyrin electron transfer step in
bacteral photosynthesis Porphynn dyads have been constructed but these triads provide
a system where the terminal porphyrins and cations can be changed to allow a synthetic
pathway to a family of complexes with distinctive electronic properties >’ 38 Such
systems allow for excitation into any of the three subunits and prior knowledge of the

individual components allows elucidation of electronic pathways in the triads

Excitation at the ruthentum(Il) MLCT absorption band (440 nm) gave rise to a weakly
fluorescent signal at 640 nm (containing spectral features) due to the ruthenium(Il)
bis(terpynidyl) complex The singlet state lifetime was also reduced to 220 ps from 565 ps
for the ruthenium(II)b:s(terpyndyl), and this 1s due to quenching of the triplet state of the

Ru(Il) centre by triplet energy transfer to the porphynins i

Extensive studies mnto the formation of the triplet state of the gold porphyrin component

have been completed by laser flash photolysis where the gold porphyrin chromophore

dominates ** Excitation mto the gold component for all tnad complexes gave trniplet
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lifetimes, which were comparable with the gold porphyrin monomer Therefore triplet
energy transfer from the gold porphynn to the Ru(ll) centre or terminal porphyrin
component 1s inefficient Energy transfer from gold porphyrins to free base and zinc
porphynns 1s favourable,”® however the nsertion of a Ru(II) metal centred ligand 1s
neffective 1n promoting electronic coupling between the two porphyrins The Ru based
excited state fails to compete with the non-radiative deactivation of the gold(IIl)

porphyrin (k =67 x 10°s ")

The last component of the trmad 1s the free base or zinc metallated porphynn
Fluorescence measurements where only the free base porphyrin absorbs gave nise to a

2! the quantum yield was

fluorescent spectrum typical of the free base porphyrin,
quenched by ca 15% Upon excitation and formation of the singlet excited state of the
free base porphyrin an electron 1s transferred to the Ru(II) complex '' Secondary electron
transfer resulted 1n the formation of a long lived species with a lifetime of 77 ns which
was attributed to the charge transfer state in which an electron was transferred from the

Ru(II) centre to the appended gold(III) porphyrin (see Figure 2 10)

+ _ +_
11 ns H,P-Ru*-AuP*
*H,P-Rw?*-AuP* /, /08 ns
F 18ns
*H,P-Rw?*-Au
122 ns 17 ns 77 ns
y Y Y

H,P-Ri?*-AuP*

Figure 2 10 Electron transfer processes and excited state lifetimes following excitation

of free base porphyrin subunit in a bisporphyrin inked Ru(Il)bis(terpyridyl) complex
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Excitation of the zinc complex leads to electron transfer similar to that for the free base
porphyrins (see Figure 2 11) The hifetimes of the charge transfer state were shorter than
that of the free base porphyrin due to the smaller energy gap for the zinc porphyrin

101
system "9

>,D

<
m 1 6ns

4
33 ns

Figure 2.11 Electron transfer process and excited state lifetimes after excitation of the

!

znc porphyrin subunit in bisporphyrin inked Ru(Il)bis(terpyridyl) complex

Flamign ef al carned out extensive studies on similar complexes and found that, even in
these multicomponent arrays, the photophysical properties can be descnbed 1n terms of
intramolecular processes between states localised on the individual components, as they
retain their properties with very small perturbations "3 Prodi ef al dewised a system
consisting of a tefra meso pyndyl porphyrin adjoined to four ruthenium carbonyl
porphyrns 1n a pentamenic structure (see Figure 2 12) ® They were assembled by axial
co-ordination of the meso pyndyl groups of the free base porphyrin to the metal centre of
the Ru(ll) porphyrin Again imteractions were weak 1€ the energy levels of each
molecular component was relatively unperturbed by intercomponent interactions
Fluorescence onginating from excitation of the free base porphyrin, was substantially
weaker than that of the corresponding monomer It was accompanied by a parallel
decrease 1n the fluorescence hfetimes from 9 7 ns for the monomer to =0 5 ns for the

pentameric complex
One explanation for the decrease 1n singlet hfetimes was interporphyrnn electron transfer,

This was thought unlikely as there 1s a large energy gap between the electron transfer

states of Ru complexes ''* Another and more probable explanation 1s spm-orbit
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perturbation (heavy atom effect) caused by the ruthemum centres, which results mn
mtersystem crossing to the axial porphyrin ' The transient absorption spectrum of the
complex had none of the ruthenium porphyrin characteristics and was typical of free base
porphynns ! Lifetimes of the triplet state were not significantly shorter than those of the
free base monomer demonstrating once again the dominance of the free base porphyrin

on the photochemistry and photophysics of multiporphyrinic structures

Figure 2.12 Schematic structure of pentameric free base ruthenium porphyrin complex
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26 Conclusion

For the last fifty years the photochemistry and photophysics of porphyrins have been
extensively studied 1n an attempt to understand the photosynthetic process 1n more detail
From the earliest of these experniments dealing with the effects on the UV-vis spectrum
and fluorescence spectrum of the monomer due to substituents on the phenyl ring in the
meso position to electron transfer pathways i multiporphyrime, developments in the
study of porphyrins has been rapid, in particular over the last 15 years Before 1990 only
a few examples of porphyrin systems bound to an external covalently linked transition
metal based redox centre were known The number and vanety of this type of complex
has increased dramatically since then with more and more researchers becoming
interested 1n the photoinduced charge separation process used in the conversion of light
energy into chemical energy The PS; structure of cyanobactenal photosystems has been
found to contain 90 chlorophylls and 22 carotenoids by which light energy 1s efficiently
harvested and guided to the photosynthetic reaction centre It uses well-organised
supramolecular systems in which components are held at fixed positions and orientations
to each other As can be seen from the examples mentioned both covalent and non-
covalent multiporphyrinic arrays provide us with systems, which have these geometries
that are crucial for efficient electron transfer necessary for mimicking the photosynthetic
process Linked porphyrin arrays are examples of light harvesters, which are closest 1n
properties to natural photosynthetic orgamisms and 1s an area which will continue to

develop until the photosynthetic process has been unravelled and reproduced
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31 Introduction

Porphyrin type components have been studied widely in multicomponent systems 1n
which photoinduced electron or energy transfer occurs, as porphyrins are efficient hight
absorbing molecules that absorb strongly 1n the visible spectrat region Porphyrins are an
important tool in the understanding and development of more advanced artificial
photochemical systems capable of converting solar energy mto electricity or fuels "*°
Previous studies have investigated the photochemistry and photophysics of
metalloporphyrins (porphynns co-ordinated at the centre by transition metals) 4
Porphyrins have also been used as electron donors 1n many multicomponent systems
contaming transition metal fragments ° These studies also investigate the communication
between the porphyrin and the metal centre What 1s less known 1s the effect that a metal
carbonyl has upon the photochemical and photophysical properties when bound directly

to the penpheral part of the porphyrin

Within the development of metal carbonyl porphyrins, pyridyl porphyrins are considered
to be particularly attractive as a building block dué to the co-ordination ability of the
mtrogen atom ®’® In this chapter the use of meso substituted mono substituted pyridyl
porphyrins as a model for electron or energy transfer process 1s discussed The available
mtrogen donor atom on the pyndyl group provides a convenient route to the co-
ordination of a metal contaning fragment to the porphyrin macrocycle while maintaiming
the useful spectroscopic, photophysical and photochemical properties of a tetra aryl
porphynn Adducts obtamned by peripheral co-ordination of a metal fragment to a
porphynn have potentially interesting photochemical and photophysical properties of the
porphyrin, however as yet there have only been a few reports on the co-ordination of

metal carbonyl fragments to a porphynin of this type ’

These studies are primanly concerned with profiling the photophysics and
photochemustry of electron and/or energy transfer processes between the absorbing site
(porphyrin) and the actual centre acting as an electron acceptor or energy site Less well

studied are systems, which use the absorbed energy to perform a chemical transformation
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such as a bond breaking or isomérisation. In this work the ability of a porphyrin to
transfer energy to a metal carbonyl fragment (i.e. M(CO)s where M = W/Cr ) is
investigated. The metal carbonyl moiety was attached via a pyridyl linker and it was
hoped to monitor the efficiency at which electron or energy transfer occurs across 7
substituents, such substituents are orthogonal to the meso position of the porphyrin ring
(see Fig 3.1). Another important feature of the metal carbonyl porphyrin system is the
availability of intense Vco absorption in the IR spectrum that provides a useful additional
spectroscopic handle. The interaction between the porphyrin chromophore and the metal
carbonyl moiety was investigated in the ground state by UV-vis, *H NMR and IR
spectroscopies as well as in the excited state by using photochemical studies,

fluorescence spectroscopy, singlet and triplet lifetimes and quantum yield determinations.

Fig 3.1 Diagram of5-mono 4-pyridyl 10,15,20-triphenyl porphyrin (MPyTPP)
demonstrating that the plane ofthe aryl groups in the meso position are orthogonal to
the plane ofthe porphyrin ring (dark blue atoms are nitrogen atoms while the lightest

are hydrogen)
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3.2  UV-vis studies of 5-mono-4-pyridyl 10,15,20-triphenyl porphyrin and its
pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 3 1 UV bands of free base porphyrin and pentacarbonyl complexes (nm)

Porphyrin  B(0,0) Qy(1,0) Oy(0,0) Ox(L,0) Qx(0,0) A[Q(0,0))/
A[Q(1,0)]

MPyTPP 418 514(10) 548(039) S588(039) 644(020) 045
MPyTPPCr(CO)s 420 S16(10) 552(048) 590(030) 646(022) 054

MPyTPPW(CO)s 422 516(10) 552(051) 590(030) 646(024) 058

*See equation 3.1 for calculation of values

Table 31 summarises the electronic absorption spectral features of mono-pyndyl
triphenyl porphyrin (MPyTPP), MPyTPPW(CO)s and MPyTPPCr(CO)s The absorption
spectrum of the uncomplexed free base porphynn (MPyTPP) has been reported
previously 1n the literature 1 The absorption spectra of these metal carbonyl complexes
are similar to those of uncomplexed free base porphyrins The UV-vis absorption spectra
are characterised by a strong Soret band at 420 nm and four Q bands of decreasing

absorption between 510 nm and 650 nm (see Fig 3 2) I

The spectra of both the complexes and the free base porphyrins are similar except for a
noticeable red shift of 2 - 4 nm when compared to those of the uncomplexed free base
porphyrin ‘2 Pyndyl metal carbonyl complexes such as M(CO)s(CsHsN) usually have a
MLCT band at =340 nm (see Figure 3 8, pg 78), however in the complexes synthesised
in this study there 1s no evidence for such a transition Furthermore, the LF transition for
M(CO)s(CsH4N) has been reported to occur at 382 nm'* ** and again 1n the porphyrin
metal carbonyl complexes there 1s no evidence from the UV-vis spectra of the porphyrin
complexes for such a transition However 1t 1s possible that this transition may be masked
by the strongly absorbing Soret band of the porphyrin (see Fig 3 8) '° The masking of the
N-M LF and the MLCT band of the porphyrin metal carbonyl complex can be explained
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by the mtensity of the absorption spectrum of the porphyrin when compared to that of
M(CO)s(CsHaN)

1 —~—MPyTPP
254 o MPyTPPW(CO),
MPyTPPCI(CO)
20
bands (X 10)
5 | <
<15
=
(=]
e}
=3
§ 104
«
057
00 NN A _

L — . —r T T T
400 500 600 700
Wavelength (nm)

Fig 3 2 UV-wis spectra of MPyTPP, MPyTPPW(CO)s and MPyTPPCr(CO)s
(16 x10° mol dm'3) showing strong Soret bands and Q bands (x 10) n

dichloromethane

Between the wavelengths of 380-430 nm, the extinction coefficient of MPyTPP 1s in the
range 40, 000 to 80, 000 dm’ mol' cm ', compared to just 7000 dm® mol ' cm ' for the
W(CO)s(CsH4N) complex at 1ts Anax (~ 400 nm),'° the band intensity 1s even less at 340
nm for the W(CO)s(CsHaN) MLCT band Although there 1s no presence of a MLCT band
for the complexed porphyrin the small but consistent red shift of 2-4 nm of the Soret and
the Q bands indicates a weak electronic interaction between the metal centre and the

porphyrin macrocycle °

There 1s also a change in the absorption intensities of the Q bands normalised with
respect to Q(1,0) The Q(1,0) band i1s insensitive to the electronic effects that the
substituents 1 the meso position have on the porphyrin macrocycle Therefore the

absorbance ratio of Q(0,0) (this band 1s sensitive to substituents 1n the meso position)
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with respect to Q(1,0) can be shown to determine the effect, 1f any, a substituent has on a

porphyrn ' and 1s given by the equation 17

Eqn 3.1
Q(0,0)/Q(1,0) = [Qx(0,0) + Qx(0,0)}/[Qx(1,0) + Qy(1,0)]

An 1ncrease 1n this ratio 1s observed after complexation to the peripheral position of the

porphyrin 16
A number of points can be ighlighted from the data given in Table 3 1

(1) The changes 1n the overall appearance of the UV-vis spectrum of the free base
porphyrin and the metal complexed porphyrins are as expected for these meso substituted
macrocycles *® These similarities suggest that there 1s little interaction between the metal
carbonyl unit and the porphyrnin macrocycle However, while small changes were
observed 1n this study they were measurable and consistent with previous observations mn
the hterature® (1 ¢ red shift of 2-4 nm in the absorption bands of the metal complexes
compared to that of the free MPyTPP) 12

()  The red shifts observed in the UV-vis spectra upon complexation were similar n
a range of solvents so changes due to solvent-solute interactions can therefore be
excluded as an explanation for this shaft

(1)  The relative intensity of the Q,(0,0) and Qy(1,0) bands 1n the porphynn metal
carbonyl complexes 1s greater than for the uncomplexed free base porphyrin MPyTPP It
has been shown that the electron donating character of a substituent tn meso-tetraphenyl
porphyrins 1ncreases the absorption intensities of the Qu(0,0) transitions while the
presence of electron withdrawing substituents results in a decrease n the absorption
mtensities of the Qy(0,0) transitions '°'*2° The presence of a Cr(CO)s or a W(CO)s
moiety should therefore have the effect of decreasing the intensities of Q,(0,0) band

relative to the Qy(1,0) band, but from Table 3 1, the opposite 1s observed
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3.3  Infrared studies of 5-mono-4-pyridyl-10,15,20-triphenyl porphyrin and its
pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 3.2
Porphyrin IR Bands (cm")
MPyTPPW(CO)s 2072 1929 1895
MPyTPPCr(CO)s 2068 1934 1899

The IR spectroscopic data (metal carbonyl region only) for the MPyTPP complexes are
presented 1in Table 3 2 The three carbonyl absorptions observed for each metal carbonyl
complex 1s consistent with the local C4 symmetry of the pentacarbonyl umit (see Fig

122

33)% According to Kolodziej et al “*, the spectral data in Figure 3 3 confirms that the

metal atom 1s bound to the nitrogen atom 1n the porphyrin complex There 1s no evidence
for the formation of disubstituted tetracarbonyl complexes due to co-ordination of two
porphyrins to the metal These complexes were synthesised by firstly forming the mono-
substituted pentacarbonyl complex (THF)M(CO)s and subsequently carrying out an
exchange reaction with (THF)M(CO)s i:md mono-pyndyl porphyrin hgand

The reaction proceeded v:a the following pathway 2

Eqn 3.2
hv
M(CO) —mr™  M(CO),THF + CO
Eqn33

MPyTPP
M(CO),THF ——= M(CO),Porphym + THF
M=CrorW
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Figure 3 3 IR spectra of MPyTPPW(CO)s and MPyTPPCr(CO)s(1 6 x107° mol dm™),

recorded in dichloromethane

Removal of the uncomplexed free base porphyrin was achieved by column

chromatography as outhned 1n Section 6 5 while unreacted hexacarbonyl was removed by

sublimation under reduced pressure
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34 'HNMR spectrum of S-mono-4-pyridyl 10,15,20-triphenyl porphyrin and 1ts
pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 3.3
Porphynn 2 H, 2, 6 dipyridyl,6ppm 2 H, internal pyrrole, ,6 ppm
MPyTPP 904 -283
MPyTPPCr(CO)s 917 -284
MPyTPPW(CO)s 913 -283

Selected 'H NMR data of MPyTPP, MPyTPPCr(CO)s and MPyTPPW(CO)s are
presented 1n Table 3 3 The presence of a singlet at -2 83 ppm arising from the internal
pyrrole protons at the centre of the porphyrin molecule are only observed for free base
porphyrins and these protons are displaced upon metallation These internal protons
experience a high field shift because of the internal ring current of the porphyrin
molecule > The presence of this proton signal confirms the absence of a metal 10n at the

centre of the porphyrin ring

When comparing the 'H NMR spectra of the free base porphyrin to either the Cr or W
adducts a small shift of 5 0 1 ppm 1n the position of the 2,6 pyridyl proton resonance 1s
observed The resonance shift confirms that the metal pentacarbonyl unit 1s co-ordinated
through the N of the pynidine site The protons are shifted downfield because of the
donation of electron density from the pynidine mtrogen lone pair to the metal centre 2

The remamning resonances are unaffected by complexation
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35 Steady state photolysis experiments monitored in the UV-vis region

3.5.1 Steady state photolysis of MPyTPPW(CO)s under 1atmosphere of CO

A solution of MPyTPPW(CO)s in dichloromethane (conc. 2.3 x 105 mol dm'3 was
subjected to steady state photolysis (X 400 nm or 500 nm). The sample was degassed
using the freeze pump thaw method before being placed under 1 atmosphere of CO.
Initially the sample was irradiated at Ay¢> 500 nm, and few changes were observed in
the UV-vis spectrum other than a small grow-in at 290 nm (see Figure 3.4). This was
attributed to the formation of W(CO)4. Isoshestic points were apparent at 315 and 275
nm. As the process was very inefficient under these conditions, the irradiation

wavelength was changed to > 400 nm.

W avelength (nm)

Figure 3.4 UV-vis spectra of MPYyTPPW(CO)s (2.3 x 10 smol dm'3 recorded during
steady state photolysis (k> 400 nm and 500 nm) under 1 atmosphere of CO in

dichloromethane solution
Upon changing the irradiation wavelength to Asc> 400 nm, the effects of photolysis were

more evident. The grow-in at 290 nm was larger and the isosbestic points at 315 nm and
275 nm became clearer. In addition the Q bands were shifted to higher energy by 2-4 nm.
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This blue shift can be attributed to the formation of uncomplexed free base porphyrn
formed by loss of the W(CO)s umit Photolysis was allowed to continue for 20 mins until

no further changes were observed

It was shown earlier that the presence of a metal carbonyl unit at the peripheral region of
a porphyrin causes a red shift in the UV-vis spectrum The removal of this external
moiety has the opposite effect, Rowley et al, recorded a red shift of S nm n a
molybdenated tetra phenyl porphyrin 1n relation to the uncomplexed species 26 Photolysis
of a solution of the free base porphyrin did not change the UV-vis spectrum
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3.5.2 Steady state photolysis of MPyTPPW/(CO)s under 1 atmosphere of Ar

A solution of MPYyTPPW(CO)s in dichloromethane (conc. 2.3 x 105 mol dm-3 was
subjected to steady state photolysis ( As¢> 400 nm or 500 nm). Samples were degassed
using the freeze pump thaw method before being placed under 1atmosphere of Ar. Again
the sample was initially irradiated at > 500 nm. The changes observed in the UV-vis
spectrum during photolysis were less obvious than those recorded under 1 atmosphere of
CO for the same photolysis time. This was attributed to the absence of added CO with

which the sixteen electron W(CO)s species can react, to form W(CO)6.
Obviously under these conditions the formation of W(CO)6 would be less efficient than

for experiments conducted in CO saturated solution. The yield of W(CO)6 is limited by

the ability of the W(CO)s fragment to scavenge CO via bimolecular reactions.

Wavelenght (nm)
Figure 3.5 UV-vis spectra o fMPYyTPPW(CO)s(2.3 x 10 smol dm'3 recorded during

steady state photolysis (A >400 nm and 500 nm) under 1 atmosphere ofAr in

dichloromethane
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When the irradiation wavelength was mcreased to Acxc > 400 nm there was some evidence
for the formation of W(CO)e at 290 nm (see Figure 3 5) After prolonged photolysis (~ 20
mins) the photolysis was stopped as no further changes were observed in the UV-vis
spectrum Again a shift in the Q bands was noted, indicating the formation of the
uncomplexed porphynn The formation of the 1sosbestic points was not observed under

these conditions which would indicate that the formation of W(CO)s was not quantitative
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3.5.3 Steady state photolysis of MPyTPPCr(CO)s under 1 atmosphere of CO

A solution of MPYyTPPWCr(CO)5 in dichloromethane (conc. 2.6 x 10'5mol dnt™3 was
subjected to steady state photolysis ( Aec> 400 nm or 500 nm). Again the sample was
degassed using the freeze thaw method before being placed under 1 atmosphere of CO.
The same conditions were employed as in the case of the tungsten analogue, the sample
was initially irradiated at S®c> 500 nm, where a slight increase in absorbance at 290 nm
was observed (see Figure 3.6). This was attributed to the formation of Cr(CO)0o, as

subsequently confirmed by IR spectroscopy at the end of the photolysis experiment.

W avelength (nm)

Figure 3.6 UV-vis spectra of MPYyTPPCr(CO)s (2.6 x I(fsmol dm'3 recorded during

steady state photolysis (A> 400 nm and >500 nm) under 1 atmosphere of CO in
dichloromethane

As was observed for the tungsten analogue when the energy of the irradiation was
increased to A%> 400 nm the changes to the UV-vis spectrum became more significant.
Photolysis was continued for a further 23.5 mins until no further changes were observed.
Again formation of isosbestic points at 275 and 315 nm were observed in addition to the
formation of a band at 290 nm assumed to be Cr(CO)6. The isosbestic points are evidence
that the reaction to form Cr(CO)6 and uncomplexed free base porphyrin was clean and
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uncomplicated by the side or subsequent reactions Further evidence of the formation of
the uncomplexed free base porphyrin 1s the shift to lower wavelength of the Soret and Q
bands in the UV-vis spectrum Although the shift 1s of only 2-4 nm 1t 1s consistent with
results obtained dunng photolysis of MPyTPPW(CO)s as discussed previously and
similar to the effect observed by Rowley and co-workers 1€ a red shift of S nm in a

molybdenated tetra phenyl porphyrn n relation to the uncomplexed species 26
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3.5.4 Steady state photolysis of MPyTPPCr(CO)s under 1 atmosphere of Ar

A solution of MPyTPPCr(COys in dichloromethane (conc. 1.9 x 10'5mol dm'3 was
subjected to steady state photolysis ( As¢> 400 nm or 500 nm). Again the sample was
degassed using the freeze-pump thaw method before being placed under 1 atmosphere of
Ar. As before, the sample was initially irradiated at Aec> 500 nm. Again the changes
during photolysis were smaller than those recorded under 1 atmosphere of CO under the
same photolysis conditions. This was because in the absence of added CO the formation
of Cr(CO)06 was not quantitative and relied on the ability of the photogenerated Cr(CO)s
unit to scavenge CO from parent molecules or photogenerated metal carbonyl fragments
to form Cr(CO)6.

W avelenght (nm)

Figure 3.7 UV-vis spectra o f MPYTPPCr(CO)s (1.9 x 10-&mol dm'3 recorded during
steady state photolysis (A> 400 nm and >500 nm) under 1 atmosphere ofAr in

dichloromethane

When the irradiation wavelength was decreased in energy to Xec> 400 nm some evidence
for the formation of Cr(CO)6 at 290 nm was obtained. After 23.5 mins the photolysis at
Xec> 400 nm was complete as no further changes were apparent. Again, a shift in the
UV-vis bands was observed, indicating the formation of the free porphyrin. No isosbestic

points were observed in this experiment (see Figure 3.7).
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355 Discussion of results

Steady state photolysis was carried out 1n dichloromethane, as opposed to a hydrocarbon
solution because of the limited solubility of the free base porphyrin and its metal carbonyl

complexes (all samples were prepared as described in Section 6 5 1)

Photolysis of the uncomplexed free base porphyrin yielded no changes in the UV-vis
spectrum The metal carbonyl complexes were irradiated with cut off filters with Aey >
400 nm and A > 500 nm Inmtially samples were irradiated with Aee > 500 nm
However, as described 1n the proceeding section only minor changes were observed in
the UV-vis spectra of the complexes under these conditions A slight increase in the
absorbance at 290 nm for each complex indicated the formation of the appropnate
M(CO)s compound When irradiating at Ae > S00 nm the light 1s absorbed by the Q
bands of the porphyrin (see Figure 3 2) Q bands are much less intense than the Soret
band (430-480 nm) and therefore the changes brought about by irradiating at this
excitation wavelength are less than those changes observed when urradiating the Soret

band

When the cut off filter was changed to Aexc > 400 nm changes occurred much more
rapidly, even under an atmosphere of Ar Changes around 290 nm are expected to be less
obvious under an atmosphere of Ar At this irradiating wavelength the hight 1s being
absorbed nto the highly ntense Soret band of the porphyrin and there 1s greater quantum
efficiency for the absorption of hght through this band Shifts in the UV-vis spectra of the
complexed porphyrin were also apparent, as the sample was photolysed at this
wavelength The Q bands shifter to higher energy, a change of approximately 2-4 nm as
the photolysis proceeded This 1s due to the formation of the uncomplexed free base
porphyrin as the N-M bond breaks Despite most of the hight being absorbed by the Soret
band and the Q bands of the porphyrn, loss of the metal carbonyl moiety from the
porphyrin complex 1s observed Cleavage of the N-M bond 1s thought to occur from
population of a LF excited state > Therefore formation of M(CO)s suggests some

communication between the porphynin macrocycle and the peripheral metal carbonyl
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moiety by population of metal carbonyl based excited states following electron/energy

transfer from the porphyrin ° %’

It 1s possible that the porphyrin and M(CO)s(CsHsN) entities of the complex can be
treated as individual components in a supramolecular molecule The shifts of 2-4 nm to
lower energy upon formation of the pentacarbonyl complex in the UV-vis spectrum
mndicate that the interaction between the two molecular units 1s not particularly strong

The M(CO)s(CsH4N) unit does not absorb into the A > 500 nm region (see Figure 3 8) In
fact 1t only weakly absorbs out to 460 nm (see Figure 3 8), but excitation of this
compound at A > 500 nm leads to loss of the metal carbonyl moety 2**° Therefore any
photochemical changes observed during photolysis at this wavelength must be the result
of light absorbed by the porphyrin When photolysing the complexes at Acye > 400 nm 1t 18
thought that cleavage of the N-M bond 1s caused by population of ligand field excited
states on the M(CO)s(CsH4N) component as the ligand field (LF) band of
M(CO)s(CsHsN) 1s the lowest lying excited state and 1s considerably reactive 1t could
be argued that this may cause an increase n the quantum efficiency for the formation of
M(CO)s

However due to the intense porphyrin Soret band overlapping the weakly absorbing
MLCT band at 382 nm and the LF band at 440 nm, 1t 1s unlikely that the M(CQO)s(CsHsN)
motety will absorb a sigmificant amount of hight > As mentioned previously the
extinction coefficients of porphyrins between the wavelengths of 380-430 nm are 1n the
range 40 000 to 80 000 dm> mol ' cm compared to just 7000 dm’® mol ' ecm' for the
W(CO)s(CsHsN) complex at its Amax (~ 400 nm) The M(CO)s(CsHsN) moiety has an
absorption maxima for the MLCT at 382 nm and this 1s very weak when compared to the
intense Soret band of the porphynin There 1s no evidence of this MLCT or the lower
energy LF band for M(CO)s(CsHsN) 1n the UV-vis spectrum of the porphyrin 1 Despite
not being able to assign transitions as bemng either MLCT or LF 1n the UV-vis spectrum,
cleavage of the N-M bonds with eventual formation of the M(CO)s 1n the presence of CO

occurs The porphyrin absorbs practically all the light at Aexe = 500 nm which therefore
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suggests that cleavage of the N-M bond 1s caused by electronic communication between

the porphynin and the M(CO)s moiety
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Figure 3.8 UV-vis of MPyTPPW(CO)s (1 15 x 107 ‘mol dm'3) and

CsHNW(CO)s (1.5 x 10 mol dm™) in dichloromethane

Further investigations into the photophysical and photochemical properties were carried
out to try and elucidate the exact mechanism behind the cleavage of this bond, and this

included fluorescence measurements, which will be discussed later
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3.6  Steady State photolysis momitored 1n by Infrared spectroscopy

Photolysis of the porphyrin pentacarbonyl complex was also momitored by IR
spectroscopy and the changes observed confirmed those found 1n the UV-vis
experiments Prior to photolysis all samples were saturated with CO by purging for 15
mins Imtially samples were irradiated at Ay > 500 nm and subsequently with Aey > 400
nm filter Unlike the photolysis experiments which was monttored using UV-vis
detection, changes 1n the vco region of the IR spectrum are not obscured by porphynn
based absorption bands The only bands observed in the metal carbonyl region of the
spectrum at the end of photolysis are those of the pentacarbonyl moiety and the

hexacarbonyl product

As expected, the greatest changes are observed when the sample 1s exposed to wrradiation
at Aexc > 400 nm Once more, photosubstitution 1s greatly reduced using the Aex. > 500 nm
filter Again cleavage of the N-M bond 1s observed with subsequent formation of the

metal hexacarbonyl complex (Figure 3 10)
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36.1 Steady state photolysis of Cr(CO)s In the presence of triphenylphosphine

To analyse the results of the photolysis of MPyTPPM(CO)s 1n the presence of PPhs,
M(CO)s was photolysed n the presence of PPh; and monitored in the IR As Cr(CO)s
does not absorb at 500 nm photolysis at this wavelength would show no changes 1n the IR
spectrum, therefore the excitation wavelength used increased was Acxc > 400 nm changes
were observed Shown mn Figure 3 9 are the difference spectra obtained following a total
of two minutes 1rradiation at A > 400 nm of Cr(CO)s 1n pentane 1n the presence of PPhs
The negative peak at 1989 cm ! Indicates depletion of starting material CrCQO)¢ with the
peaks at 1896, 1945 and 2065 cm' indicating formation of the photoproduct,
Cr(CO)sPPh;
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Figure 3 9 IR spectral changes following steady state photolysis of Cr(CO)s in pentane
the presence of excess PPh;at 293 K

Following photolysis one of the carbonyls 1s replaced by the PPh; to form the
pentacarbonyl complex (CO)sCr(PPh;) Photolysis was not carried out at higher
wavelength, as substitution of CO 1s more efficient and this would also give nse to the
formation of M(CO)4(PPh;),

81



3.6.2 Steady state photolysis of MPyTPPM(CO)5with PPh3

MPyYTPPM(CO)s was photolysed in the presence of an excess of PPls, in
dichloromethane. In Section 3.5 changes were observed in the UV-vis spectrum which
suggested cleavage of the N-M bond of the porphyrin complex and formation of M(COye
when CO is formed. Section 3.6.1 showed the formation of M(CO)s(PPlis) and the bands
associated with the loss of CO, from M(CO)s. Assuming that the N-M bond of
MPYTPPM(CO)s is cleaved the formation of IR bands associated with M(CO)sPPhs

should be apparent from the IR spectrum.

Wavenumber (cm1)

Figure 3.10 Steady state photolysis o fMPyTPPM(CO)s in pentanef the presence of
excess PPhsat 293 K monitored in the IR

Initially the solution was irradiated with at Ay > 500 nm, however the changes inthe IR
spectrum were small. Increasing the irradiation wavelength to Xexc>400 nm increased the
magnitude of the spectral changes. As before depletion of the parent pentacarbonyl
bands at 1919, 1934 and 2069 cm: was observed. This was accompanied by the grow in
of bands at 1896, 1945 and 2065 cm': assigned to Cr(CO)sPPlis (see Figure 3.10). Again

the irradiation energy was not increased any further to prevent the formation of side
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products such as M(CO)4(PPhs;); The changes were typical of that expected for
M(CO)s(CsHsN) 1 the presence of a coordinating ligand ' * There 1s no evidence for the
reformation of the MPyTPPM(CO)s and only one metal carbonyl product was produced
1e M(CO)s(PPhs)
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37 Fluorescence studies of S-mono-4-pyrnidyl 10,15,20-triphenyl porphyrin and
1ts M(CO)s complexes M = W or Cr

3.71 Emussion spectra and quantum yields for MPyTPP and its M(CO)s
complexes (M =W or Cr)

Fluorescence spectra were obtained for both the metal carbonyl complexes and the
uncomplexed free base porphyrin hgand The spectra are strikingly similar as can be seen
from Figure 3 11, thus indicating that the metal carbonyl porphyrins emut from the
porphyrin unit of the molecule There are slight shifts in the maxima of the complexes but

the profiles are essentially identical

Table 3.4 Emussion maxima and relative intensities of free base porphyrin and

pentacarbonyl complexes

Porphyrin Emission Maxima (nm) Relative ¢y S
MPyTPP 654nm(10)  714nm (041) 1o 0099
MPyTPPCr(CO)s 655nm(10) 716 nm (0 40) 074 0073
MPYTPPW(CO)s 656 nm (1 0) 717 nm (0 35) 086 0085

The red shift of the bands by 2-4 nm 1s indicative of a metal entity attached to the
periphery of the porphynin ring (see Table 3 4) *' Pynidyl porphyrins are more acidic than
the tetra phenyl porphyrins and some reports have attributed the red shifts to the electron
withdrawing character of the pyridine group Such effects are usually only observed in

tetrapyridyl porphyrins where the infleunce of the pynidine group are amphified '

Fluorescence quantum yield was measured at Aexc = 512 The fluorescence quantum yield
of MPyTPP has been reported previously at this wavelength 32 A series of solutions were
made which had 1identical absorbences (Abs = 021) at the A = 532 nm Using
1soabsorptive samples 1s a standard way of determiming changes 1n fluorescence yield **
There 1s a reduction 1n the fluorescence yield of the complexes compared to the

uncomplexed free base porphyrnin (see Figure 3 11) This was calculated using equation
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34 and the values obtained are for relative yields only The reduction 1n @4 1s a real
change These reductions are because of the mefficient non-planar interaction of the
porphine ring m system with the orthogonal pyridyl group to which the metal moiety 1s
attached ** The heavy atom effect has previously been proposed as the reason for the
reduction 1n the quantum yield of the fluorescence in Ru(Il) and Pd porphyrin arrays,3l
however Cr 1s not considered a heavy atom, as the atomic mass 1s too low Figure 3 26
(Section 3 9) explains how this reduction came about There 1s also a reduction in the
relative intensities of the emission peaks (Table 3 4) with the greatest decrease seen 1n the
intensity of the Q(0,0) band of the W complex The intensity of the Q(0,0) band falls in
the order MPyTPP > MPyTPPCr(CO)s> MPyTPPW(CQ)s

Egn 34
D Al L
LI A 1,
@, = Fluorescence Quantum yield of @, = Fluorescence Quantum yield of
complexed porphyrin uncomplexed porphyrin
A. = Absorbance of complex at Aexc A = Absorbance of porphyrin at A,

I. = Area under the peak of the complex [. = Area under the peak of the porphyrin

MPyTPP
MPyTPPW (CO),
MPyTPPCr(CO),
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Figure 3 11 Enussion spectra of isoabsorptive samples of MPyTPP, MPyTPPW(CO);
and MPyTPPCr(CO)s at 293 K (Aexc 532 nm) 1n dichloromethane
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3.72 Fluorescence lifetimes of MPYTPPW(CO)s and MPyTPPCr(CO)s

The fluorescence lifettmes were measured for the MPyTPP uncomplexed free base
porphyrin, MPyTPPW(CO)s and MPyTPPCr(CO)s complexes From Table 3 § 1t 1s clear
that the decrease 1n the singlet state lifetimes correlates to the difference in emission
intensities The decrease in hfetimes 1s in the order MPyTPP > MPyTPPW(CO)s >
MPyTPPCr(CQ)s The heavy atom effect 1s unlikely to explain the results obtained i this
study as the hifeime of the W complex should be less than that of the Cr complex

Table 3 5

Porphyrin | (DCM) ta(ns) | RAL (DCM) tyfns)* | RAL (EtOH) t(ns)*

MPyTPP 10 06

MPyTPPCr(CO)s 613 539 5 86

MPyTPPW(CO)s 838 6 70 736

* Results obtained at RAL (Rutherford Appleton Laboratories) which were carried

out by Jonathon Rochford using the expertmental procedure referenced.”

Figure 3 26 (Section 3 9) 1s used to explam the differences observed in the free base
porphyrins, MPYyTPPCr(CO)s and MPyTPPW(CO)s complexes Upon complexation the
ground state absorbance and emission spectra are shifted to lower energy There 1s a shift
in energy of the order MPyTPP > MPyTPPW(CQ)s > MPyTPPCr(CO)s and this follows
the same order as the reduction 1n lifetimes observed Complexation therefore has caused
a reordering of the energy levels of the subumits of the complex compared to the
individual component This 1s contrary to the formation of a supramolecular system
whose energy levels are simply the addition of the unperturbed energy levels of each
molecular component (Figure 3 25, Section 3 9) The tungsten complex 1s longer lived
than the chromium analogue Even though the trend 1n hfetimes 1s the same the hifetimes
daffer but this could be explained by differences 1n equipment sensitivity and condition
From the results obtained 1t can be seen changing the solvent does not greatly affect the

lifetimes
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Shown in Figure 3.12 is a typical transient signal observed following 438 nm excitation
of MPyTPPCr(CO)s and represents a typical lifetime measurement. All samples were
monitored at 655 nm as this is the Xax of the emission spectrum. Samples were prepared
as described in Section 6.1. It is clear from the transient signal that the instrument
response function is shorter than the timescale of the lifetime of the complex and does not

interfere in the measurement.

0 10 20 30 40 50 60
Time/ns

Figure 3.12 A typical trace obtained at 655 nm following excitation of
MPYTPPCr(CO)s at 293 K (Xexc438 nm) in dichloromethane
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3.73 Discussion of results

Porphyrins emit from the lowest excited singlet state (S'>S° relaxation), which 1s 7'~ 1n
character The dual emission of porphyrins 1s due to excitation centred on the lowest
singlet excited state transition (0-0 and 0-1 transitions) and emts at 650 (Q(0,0)) and 715
nm (Q(0,1) This type of emission 1s typical for all free base tetra aryl porphyrins and 1s
independent of the substituent at the meso position Changing the excitation wavelength
from higher to lower energy leads only to a change in the relative intensity of the bands
and does not affect the overall position of the Anmax or lead to the formation of new bands
The emusston 1s also oxygen independent as oxygen exists 1n the triplet ground state and
1s a triplet state quencher The singlet excited state of MPyTPP has a lifetime 10 06 ns
(see Figure 3 13)

The quantum y1eld for fluorescence of MPyTPP 1s approximately 10% and varies slightly
by changing the number of pyndine ligands in the meso position of the porphyrnn The
decrease 1 quantum yield with extra pyndyl units 1s thought to be the result of
interaction of the N on the pyridyl umt and the solvent *° As the complexed porphynns do
not have a free pyndyl unit (a metal unit 1s co-ordinated to the N) the quantum yield

should increase relative to the uncomplexed porphyrin, which has a free pynidyl unit

Upon complexation of the porphyrins with a W(CO)s moiety little change 1s observed 1n
the overall profile of the emission spectra of the complexes studied compared to the
uncomplexed porphynn (Section 3 7 1) The maxima of the complexes are consistently
shifted by 2-4 nm to lower energy There 1s however a reduction in the intensity of the
emission Again there 1s a reduction 1n the lifetime of the singlet excited state This
reduction 1s 1n the region of 4 ns (40% of lifetime of uncomplexed free base porphyrin),
but 1t 1s outside experimental error of the equipment used It has also been shown that
temperature does not affect the lifetime of the excited state of the porphyrin At 295 K
hfetimes of uncomplexed free base porphyrin were 11 3 ns and at 77 K the lifetime was

reported to be 11 8 ns %’ Although the profile of the fluorescence spectra 1s typical of the
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porphyrin the changes observed are evidence that the metal orbitals do interact with those

of the porphyrin.

The decrease in emission intensity and accompanying decrease in fluorescence lifetime
has previously been reported in porphyrin dyads and arrays containing heavy atoms and
has been attributed, by some workers, to interporphyrin electron transfer processes.83240
However this is unlikely as in most cases it is energetically unallowed (the energy levels
of the individual components are arranged in such a way that inhibits electron transfer
between them) and the most probable cause of this reduced fluorescence is spin orbit
perturbation caused by the metal.3L This is known as the heavy atom effect. In other Ru-
porphyrin systems, Prodi et al. have shown that an increase in the number of metal atoms
leads to an equal reduction in the emission lifetimes, with the emission lifetime linearly
dependent upon the number of metal atoms present and so agreeing with the heavy atom
effect.41,4243

Time/ns

Figure 3.13 A typical signal obtained at 655 nm following excitation of MPyTPP in
dichloromethane at 293 K ( * ¢438 nm)
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A smmular argument cannot be used to explain the observed lifetimes for the chromum
complex as the Cr lifetimes are shorter than that of the W complex The fact that the
spectrum of the complexes are shifted to longer wavelengths mn both the emission
spectrum and the absorbance spectrum suggests that there 1s interaction between the
porphyrin macrocycle and the Cr(CO)s or W(CO)s moieties This orbital interaction
could lead to the formation of new orbitals at lower energy (see Scheme 3 1) and would
therefore explain the spectral changes of the complexes Previously 1n all pubhshed work
a reduction in the singlet hifetimes and emission intensity of porphyrins upon
complexation by peripheral fragments (different to dyads and arrays) has been attributed

to the heavy atom effect

Figure 3 25 suggests the reasoning proposed 1n Section 3 S where population of S; on the
porphyrin leads to population, via singlet-triplet energy transfer (STEN) to the ’LF level
on M(CO)s(CsHaN) 1f energetically favourable This argument would seem logical given

that cleavage of N-M bonds accompanies the reduction 1n hfetime and emission intensity
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3.8  Laser Flash Photolysis of MPYyTPP and its M(CO)5complexes M =W or Cr

3.8.1 Laser flash photolysis of MPYyTPPW(CQO)5at 532 nm under 1 atmosphere of
CO

The transient absorption spectrum of MPyTPPW(CO)s (Figure 3.14) was obtained
between 430 and 800 nm. The transient absorption difference spectra obtained have
similar characteristics to those assigned to the J7i-7t*) excited state relaxation of the
uncomplexed free base porphyrin. Similarly to the uncomplexed free base porphyrin,
MPYTPPW(CO)s absorbs strongly between 440 nm and 490 nm with a maximum at
approximately 450 nm. Uncomplexed and complexed systems contributed bleaching at

ca. 520 nm and less intense transient absorption in the Q-band region.

Wavelength (nm)

Figure 3.14 Transient absorption spectra of MPyTPPW(CO)s at kexc = 532 nm under 1

atmosphere of CO in dichloromethane at 293 K
When the transient absorption spectrum of MPyTPPW(CO)s was directly compared with

that of the uncomplexed free base porphyrin in the 430-490 nm region some differences
were evident. The samples had identical absorbance at the excitation wavelength. The
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complexed porphyrin exhibits a red shift of the Apax of ca 10 nm n addition to a

reduction n intensity of this maximum (Figure 3 15)
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Figure 3 15 Transient absorption spectra of MPyTPP and MPyTPPW(CO); (1dentical
absorbance at A...= 532 nm at 293 K)

There are a number of possibilities to explain what could be involved upon excitation of
the complex (see Figure 3 25 and 3 26, Section 3 9) It has been suggested that with the
W(CO)s moiety co-ordinated 1n the meso position, an mternal heavy atom effect could be
expected This should lead to a substantial decrease in the hifetime of the singlet and
triplet states In the complex being discussed the heavy atoms are remote from the
porphyrin and would not readily affect mtersystem crossing (ISC), as the W(CQ)s unit 1s
complexed to a pyndine nng which 1s orthogonal to the porphyrin ring The reduced
interaction caused by the onentation of the pyridyl ring 1s shown by the similanty of the

triplet hfetimes between the complex and the uncomplexed porphyrin

In Figure 3 26 1t 1s suggested that the W(CO)s component 1s lost through population of
the *LF state of the W(CO)s(CsH4N) entity Population of this energy state should lead to
a reduction 1n intensity of the transient absorption spectrum of the ground state complex
The spin forbidden process of smglet to triplet intersystem crossing 1s the predominant

route for radiationless deactivation of S; mn porphyrins with S5T formation 1s about
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90% 2° This would make 1t difficult to observe any reduction or mncrease n intensity 16
There should be an accompanying reduction in the intensity of the transient of the
compiex compared to that of the porphyrin when measured at the same wavelength
Figure 3 16 shows no appreciable differences in the transient signals for the triplet
excited state of both the complex and the uncomplexed free base porphyrin The hifetime
of both the complex and the uncomplexed free base porphyrin are similar (see Table 3 6)
The trniplet state decays with mixed first/second order kinetics (Figure 3 16), and this 1s

attnbuted to competition between ummolecular decay and tniplet-triplet anmhilation

processes and 1s typical for all porphyrins 1012
1
08
1
06 — MPyTPP
. W ——— MPyTPPW (CO),
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Figure 3.16 Transient of MPyTPP compared to that of MPyTPPW(CO)s Agxc = 532nm

monitored at 440 nm tn dichloromethane solution at 293 K

Scheme 3 1 suggests a different reaction mechamsm for the formation of the triplet
excited state in the complex The fact that there 1s little change in the lifetime of the
complex compared to that of the uncomplexed free base porphyrin suggests that the metal
carbonyl mozety has no effect on the porphyrin excited state dynamics However changes

were detected 1n the emission spectra and the fluorescence hifetime of the complexes

Table 3 6
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450 nm

Porphyrin Trp(14S) Kobs (s™)
MPyTPP 30 32748 + 3275
MPyTPPW(CO)s 26 37989 + 3799

Figure 3 26 and Scheme 3 2 suggest that the interaction of the metal carbonyl fragment
and the porphyrin reduces the energy of the lowest energy singlet state of the metal
carbonyl fragment From the reaction Scheme, population of these singlet state orbitals
results 1 loss of the M(CO)s fragment Therefore excitation of the porphyrin complex
leads to formation of the triplet state of the uncomplexed free base porphyrin This
explamns why no sigmficant changes n the triplet lifetimes during laser flash photolysis

are observed

Absorbance (AU)

T T T v Y
300 400 500 600 700
Wavelength (nm)

Figure 3 17 UV-vis spectra of MPyTPPW(CO);s recorded during a laser flash

Photolysis experiment (A.x. = 532 nm) in dichloromethane under 1 atmosphere of CO
Throughout each flash photolysis experiment, the UV-vis spectrum of the sample was

continuously recorded, so as to monitor any changes As the experiment progressed a

grow 1n at 290 nm was assigned mn the UV-vis spectrum to the formation of W(CO); (see

94




Figure 3 17) An IR spectrum of the photolysed solution indicated the formation of a
band at 1981 cm ' which 1s assigned to W(CO)s Once more the pentacarbonyl bands of
the complex are present and have been accompanied by a grow 1n of the hexacarbonyl
peak (see Figure 3 18) These changes have been attnibuted to the formation of the singlet
excited state of the porphyrin pentacarbonyl complex which leads to cleavage of the N-M
bond Figure 3 18 shows an IR of MPYTPPW(CO)s after laser flash photolysis
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Figure 3 18 IR of MPyTPPW(CO);s after laser flash photolysis (Aex. = 532 nm) in

dichloromethane under 1 atmosphere of CO
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3.8.2 Laser flash photolysis of MPYyTPPCr(CO)s at 532 nm under 1 atmosphere of
CO

The transient absorption spectrum of MPyTPPCr(CO)s (Figure 3.19) was recorded
between 430 and 800 nm, and as was found with MPyTPPW(CO)s had characteristics
similar to the “(-171 ") excited state of the uncomplexed free base porphyrin. Both the free
base porphyrin and MPyTPPCr(CO)s absorbs strongly between 440 and 490 nm with the
maxima again at ca. 460 nm for the latter. MPYyTPPCr(CO)s showed bleaching at 520 nm
and less intense absorption in the Q-band region which is typical of MPyTPP.

W avelength (nm)

Figure 3.19 Transient absorption spectrum ofMPyTPPCr(CO)s at Aexc =532 nm

under 1 atmosphere of CO in dichloromethane at 293 K

Although the transient absorption spectrum of MPyTPPCr(CO)s had the same overall
profile of the uncomplexed free base porphyrin, changes were evident when they were
compared by studying solutions with identical absorbances at * x= 532 nm (Figure 3.20).
A reduction in the intensity of the spectrum from 430-450 nm is apparent. This reduction
is similar to that observed for MPYTPPW(CO)s and the red shift in the AnaXs ~ 10 nm.
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As outlined in Scheme 3 1, the formation of Cr(CO)s 1s due to population of the
energetically favourable 3LF state on CsHyNM(CO)s This could lead to a reduction in the
lifetime of the triplet state of the complex as it could be a competing process with
mtersystem crossing Although the transient absorption intensity was reduced for the Cr
complex, 90% conversion from the S—T usually recorded for the uncomplexed free base
porphyrin 1s too large to allow detection of the small effect of the population of the *LF
state of the CsHyNM(CO)s umit '

Table3 7
450 nm
P opr hyr n Ttnp(/‘ls) knbs (s-l)
MPyTPP 30 32748 £ 3275
MPyTPPCr(CO)s 27 36797 + 3680
;
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Figure 3 20 Transient absorption spectrum (20 us) of 1soabsorptive samples of

MPyTPP and MPyTPPCr(CO)s at Aex.= 532 nm at 293 K
For MPyTPPW(CO)s imtersystem crossing due to the heavy atom effect was used to try

and explain the reduction in the ntensity of the emission spectra (see Section 3 8 1) and

to predict changes that would have been expected 1n the transient absorption spectra1e a
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similar reduction in the lifetime of the triplet state and a reduction in the intensity of the
transient signals. 1f the system was affected by intersystem crossing changes due to the W
atom would have been greater. They were not the case and Figure 3.26 was used to
demonstrate what is happening.

Time (us)

Figure 3.21 Transient signals obtained at 440 nmfollowing laserflash photolysis of
both MPyTPP and MPYyTPPCr(CO)sat 532nnt dichloromethane at 293 K

If intersystem crossing was involved in these porphyrin complexes a greater change
would have been expected for the triplet lifetimes of the W complex compared to that of
the uncomplexed porphyrin. This is not the case and as Cr is not a heavy atom the spin
orbit coupling is very small. The lifetimes of the triplet states were similar for both the
chromium complex and the uncomplexed free base porphyrin (see Table 3.7). As can be
seen, no changes in the triplet lifetime of the complex compared to the uncomplexed free
base porphyrin the theory behind Scheme 3.2 can also be applied to the Cr complex. The
triplet state decays with mixed first/second order kinetics (Figure 3.21). As previously
stated this is attributed to competition between unimolecular decay and triplet-triplet

annihilation processes and is typical for all porphyrins.10,2
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Figure 3.22 UV-vis spectra of MPyTPPCr(CO);s recorded during laser flash photolysis
(Aexe = 532 nm) in dichloromethane under 1 atmosphere of CO

However formation of Cr(CO)s 1s evident at 290 nm from the UV (see Figure 3 22)
which suggests that loss of the Cr(CO)s unit occurs
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Figure 3 23 IR of MPyTPPCr(CO); after laser flash photolysis (Aexc. = 532 nm) in

dichloromethane under 1 atmosphere of CO
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The IR spectrum of the sample solution was measured after the transient absorption
spectrum had been obtained Once more the pentacarbonyl bands of the complex were
depleted and the formation of Cr(CO)s 1s evident from the vco band at 1991 cm' (see
Figure 3 23)
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3.8.3 Discussion of results

Laser flash photolysis was carried out on the uncomplexed free base aryl porphyrin
(MPyTPP) and its metal carbonyl complexes (MPyTPP)M(CO)s in deoxygenated
dichloromethane under one atmosphere of CO and also under one atmosphere of Ar (M =
W or Cr).

The time-resolved absorbance of the triplet state of a typical tetraphenyl or tetrapyridyl
porphyrins have a lifetime of ca. 29 jis at room temperature.4 Free base porphyrins
exhibit strong transient signals from 430 nm to 480 nm and there is also bleaching at 520
nm with less intense absorption in the Q-band region extending into the IR region. The
transient signals obtained in this study were typical of 37i-7t*) excited states of aryl

porphyrins (see Figure 3.24).4445

W avelength (nm)

Figure 3.24 Transient absorption spectrum of MPyTPP obtainedfollowing laserflash

photolysis at 532 nm under 1 atmosphere of CO in dichloromethane at 293 K

These systems discussed here were chosen, with the aim of investigating the efficiency at
which the electron or energy transfer process can occur across orthogonal 7r-substituents

on the meso position of porphyrins. The UV-vis spectrum of W(CO)s(CsHsN) was
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discussed 1n Section 32 and 1t was shown that this compound has no sigmficant
absorbance at wavelengths longer than 430 nm M(CO)s(CsH4sN) experiences pyridine

ligand loss with a quantum yield approaching 1 0 from the population of a metal centred

LF excited state > #

Laser flash photolysis (Aexe = 532 nm) of MPYTPPM(CO)s 1n deoxygenated
dichloromethane populates the excited states associated with the porphyrin moiety rather
than the M(CO)s pyndyl unit as the latter does not absorb at 532 nm The transient
absorption spectra for both metal carbonyl porphyrin complexes have similar features to
that of tniplet states of the uncoordinated porphyrin (see Figure 3 24), with strong
absorbances from 430 nm to 480 nm and also bleaching at 520 nm Less mntense

absorptions are observed 1n the Q-band region

Scheme 3 1

o S
° \ T Mo, s —M(CO),
% N\ /
I

N M =W orCr
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For the complexed porphyrin the lifetimes of the triplet excited state were also similar to
that of the uncoordinated porphyrin with differences of only 4 ps between all three
porphyrins However the triplet state lifetimes of both complexes are less than that of the
free base porphyrin Measurements using different concentrations of CO and Ar
confirmed that neither affects the hifetime of the triplet state Throughout the laser flash
photolysis the UV-vis spectra were continually recorded A grow in of a new band at
approximately 290 nm 1ndicated the formation of M(CQO)s as the experiment proceeded
This was confirmed by obtaining an IR spectrum at the end of the experiment (see Figure
3 18 and 3 23)
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¢ =~ —_—
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\ V4 T1
L = M(CO),
Y r; SO

MPyTPP PyW(CO),

Figure 3.25 Diagrammatical representation of the deactivation pathway following

population of the singlet excited state in MP yTPPM(CO)5 (Aexc= 532 nm)

The spectroscopic changes 1n the UV-vis were consistent with the formation of the free
porphyrin and the metal hexacarbonyl (see Scheme 3 1 and 3 2) The heavy atom effect
has been ruled out due to similanty of the triplet lifetimes of the complexed and
uncomplexed porphyrins One possible explanation of the observed photochemustry 1s as

follows, although other pathways are possible Formation of a new band due to the
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hexacarbonyl 1s observed The cause of this could be due to loss of the carbonyl moiety
from the tnplet excited state of the porphyrin carbonyl complex Scheme 3 1 shows
formation of a triplet state associated with the complex and loss of the M(CO)s moiety
from this excited state However, loss of this moiety should lead to a sigmficant change

in the hifetime of the triplet state of the complex relative to that of the uncomplexed

porphyrin

This 1s not the case and an alternative reaction mechanism 1s proposed in Scheme 3 2
Another possibility for explaining the photochemistry observed 1s given 1n the following

Scheme

Scheme 3 2

Sl
N—M(CO)s—hL> .——@N-M(Coﬂ

lscl M(CO)
— -— N +  M(CO),
O,
COl
M(CO),

N M=WorCr

In this process, excitation of the complex causes population of the singlet state Loss of
the M(CO)s component occurs from this excited state and ISC leads to population of the
excited triplet state of the uncomplexed free base porphyrin (See figure 3 26) The
transient absorption spectra of the W and Cr porphyrin complexes have the characteristics

of the uncomplexed free base porphyrin In Section 3 8 1t was observed that the shift to
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lower energy of the various transient absorption spectra of the complexes could be due to
the formation of singlet energy levels, which are lower 1n energy than that of the

uncomplexed free base porphyrn

Sl
A S -M(CO
I5C I (CO), _
-M(CO); T
hv T T, - !
10 06 ns hv 1838 ns
26 -27 us
29 us
So , S0y
Y \J i
MPyTPP MPyTPPM(CO),

Figure 3 26 Diagrammatical representation of the deactivation pathway from the

singlet excited state in MPyTPPM(CO)s. (Aexc= 532 nm)

Even when the photolysis was conducted 1n the absence of CO 1n a carefully deaerated
solution of MPyTPPM(CO)s in dichloromethane and placed under an atmosphere of Ar,
formation of the tnplet state due to the free base porphyrin was observed as indicated by
the hfetimes of the transient signals Under this 1nert atmosphere, recombination of the
pentacarbonyl and the porphyrin was not evident from the IR spectra When the solutton
was analysed i the IR depletion formation of the hexacarbonyl was evident For pyridine
metal pentacarbonyl photodissociation of the hgand and not CO 1s the most efficient

photochemical process over the excitation region '**’

It could be stated that irradiation of the porphyrin metal carbonyl complex leads to
population of the tnplet excited state on the porphyrin ring yet loss of the metal carbonyl
motety anchored orthogonal to the ning in the meso position 1s observed The loss of the

M(CO);s from pyndine complexes has only been observed photochemically (Aexc = 355
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nm) following population of the ’LF of the M(CO)s(CsH4N) umit Therefore direct
photolysis of the porphyrin leads to indirect population of this pyridyl umt and loss of the
M(CO)s moiety Electron/energy transfer from the porphyrin to the metal moiety results
in cleavage of N-W bond The photochemical product M(CO)s mtermediate 1s then
efficiently scavenged by CO to yield M(CO)s and uncoordinated porphyrin
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39 Conclusion

Synthesis of the uncomplexed free base porphyrins (mono-pyndyl triphenyl porphyrin)
and two metal adduct complexes have been carmed out Investigation into the electronic
communication (due to electron/energy transfer processes) between the porphyrin
chromophore and the metal carbonyl moiety was carmed out using an extensive array of
techmiques including photophysical (emission spectra and singlet hifetimes) and
photochemical (ime resolved and steady state spectroscopies) Complexation of a metal
carbonyl group to the porphyrin macrocycle provides an extra means of characterisation,
through the structure sensitive M-CO stretching mode Furthermore metal carbonyl
groups have their own characteristic signatures 1n the IR, which are highly sensitive to
electron density at the metal centre Given what 1s known of the photochemistry and
photophysical properties of tetra aryl uncomplexed free base porphyrins, two possible
reaction schemes have been proposed for the cleavage of the M(CQO)s fragment

In Scheme 3 1 because the metal carbonyl unit 1s linked to the porphyrin ring via a
pyndyl linker which 1s orthogonal to the ring, and because the UV-vis spectrum of the
porphyrin ligand changes on complexation, 1t can be assumed that the energy levels of
each molecular component (free base porphyrin and M(CO)s(CsHsN) are relatively
unperturbed by intercomponent 1nteraction '> Therefore energy level diagrams of the
separate components can be added to obtain an overall energy level diagram for the
complex system (figure 3 25) The porphyrin metal carbonyl complex may then be

treated as a supramolecular species

This excited state diagram forms the basis of the proposed energy pathway following
excitation of the porphyrin centre at 532 nm At this excitation wavelength the
M(CO)s(CsHsN) mozety does not absorb, and only the porphyrin unit 1s therefore excited
In the UV-vis spectra we observe consistent shifts of 2-4 nm upon complexation The
fluorescence spectra of the complexed porphynns are also typical of the free porphyrin
origiating from the lowest excited singlet state on the porphyrin Some factors are

available to support the theory behind Figure 3 25, firstly the reduction m the singlet
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hifetime of the W complex compared to the uncomplexed porphyrin supports the proposal
that intersystem crossing has been enhanced by the presence of the heavy atom
Secondly, the loss of the M(CO)s component supports the suggestion of singlet-triplet
energy transfer from the S; on the porphynn to the *LF on the CsHNM(CO)s umt
During laser flash photolysis 1t was clear that cleavage of the M-N bond occurred even 1f
the sample was photolysed at 532 nm At this wavelength only population of the excited
states on the porphyrin occurs, 1 ¢ M(CO)s(CsHsN) does not absorb at this wavelength so
all lhight 1s absorbed by the porphyrin macrocycle Loss of the pyndyl ligand from
M(CO)s(CsHasN) occurs following population of the ’LF of this compound According to
Scheme 3 1 this energy level 1s populated following laser flash photolysis at 532 nm
From Figure 3 25 population of the *LF energy level of M(CO)s(CsHaN) would lead to a
reduction n the singlet state lifetime This would explain both the reduction in the
lifetime of the singlet of the complex and the formation of M(CO)s due to cleavage of the
M-N bond However, this interpretation fails for a number of reasons Firstly the
reduction 1n hifetime has previously been put down to the heavy atom effect, which has
been discussed 1n Section 3 7 In the case of tungsten this explanation 1s acceptable,
however this cannot be so for the chromium analogue The heavy atom effect enhances
ISC due to the spin orbit coupling effect, which 1s responsible for singlet to triplet
transitions With increasing atomic number the effect enhances Therefore as tungsten 1s a
heavier atom than chromium 1t would be expected that the singlet lifetime of the tungsten
complex would be shorter lived than the chromium complex This 1s not the case and
even though the differences are small they are real and consistent Secondly there 1s no
significant reduction 1n the hifetime of the triplet state for either complex (see Section
3 8) The heavy atom effect would also have a major consequence on the triplet hfetime
of the complex The heavy atom effect reduces the value of the triplet lifetime of a ligand
contaiming a heavy metal by causing the triplet to obtain some singlet character and

reduce the amount of pure triplet present

Another possible pathway, to explain the reduction 1n the singlet lifetimes other than that

just described for the heavy atom effect, 1s shown 1n Figure 3 26
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Figure 3 26 indicates that the energy levels of the porphyrin and the M(CO)s entity do
not act as they should in a supramolecular system and the mtercomponent interactions
cannot be treated as negligible although an interaction 1n the triplet state 1s not apparent
This model helps to explain why we do not see a change 1n the triplet lifetime of the
complex In the ground state electronic absorbance spectra of the porphyrin complexes
are shifted to lower energy when compared to the uncomplexed porphyrin It has been
reported that metallation of the porphyrin decreases the fluorescence quantum yield and
hifeime of the porphyrin to a greater extent than that of substitution at the meso
position *® The singlet lifetime of a porphyrin with Zn at the centre 1s ~ 2 0 ns while that
of the W complexes studied was 8 4 ns The pyridine and phenyl rings of the porphyrin
are twisted out of the molecular plane so that they are isolated from the conjugated
system of the macro ring (see Figure 3 1) The reduction in singlet lifetime can be
explained by the formation of a lower energy singlet state relative to the free porphyrin
This can be clanfied by the red shift of the emission spectra and ground state spectra of
the complexes relative to the uncomplexed free base porphyrin From Figure 3 26, loss of
the carbonyl moiety occurs from this excited state When measuring the triplet excited
state there are no substanttal changes 1n the lifetimes related to population of a complex
based triplet excited state, the hifetimes are very similar for all porphyrins, complexed or

uncomplexed

In conclusion two mechamisms were proposed, one which assumed the formation of a
supramolecular complex upon complexatton of the porphyrin with M(CO)s This allowed
the separate entities of the molecule to be treated individually This Scheme failed for a
number of reasons (1) the Iifetime of the triplet state of the complex was similar to that of
the uncomplexed porphyrin, (11) the reduction 1n the lifetime of the W complex was less
than that of the Cr complex even though W was a heavier atom

The other Scheme assumes that the separate entities nteract to an extent that the energy
levels are rearranged This 1s supported by the fact that (1) the complexes show ground
state absorption spectra and emussion spectra at lower energy than the uncomplexed

porphyrin, (1) these lower energy spectra are accompanied by a reduction in hifetimes of
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the complexes (m) The tnplet state of the complex shows no relanve reduction in

mntensities and 1s stnkingly similar to that of the uncomplexed free base porphyrin
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Chapter 4

(S-Mono 4-pyridyl 10, 15, 20- triphenyl
porphyrinato) zinc(II) and its tungsten and
chromium pentacarbonyl complexes - Results

and discussion
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4.1 Introduction

Metalloporphyrins have been widely investigated for their potential application 1n
artificial biological systems Many metalloporphyrins have been synthesised and studied
as models for hght harvesting and reaction centre complexes found in green plants and
photosynthetic bacteria ' Such species also occupy a relevant position in the rapidly
developing field of supramolecular chemustry,” since they are also used as building
blocks for the construction of supramolecular artificial systems with special built n

properties and functions to carry out light induced reactions 3

This chapter expands on the work discussed 1n chapter three, on free base porphyrins and
metal carbonyl complexes The work descnbed in this chapter concemns the
photochemustry and photophysical properties of metalloporphyrins peripherally
coordinated to a metal centre These systems are models for electron/energy transfer
process There are many examples of metalloporphyrins hinked to peripheral reaction
centres, but very few of these show any physical interaction between the electron donor
chromophore and the penipheral unit In this work metal carbonyl moieties are attached to
the penpheral of the metalloporphyrin 1n order to investigate the communication between
the two umits Metal carbonyl metalloporphyrin complexes are an area that 1s largely
unexplored In contrast the photochemistry of M(CO)s(CsHsN) complexes (M = Cr or
W) has been extensively researched ° Another important feature of the metal carbonyl
porphyrin system 1s the availability of intense vco absorptions 1n the IR spectrum that can
provide useful spectroscopic information The metal carbonyl moiety 1s attached to the
porphyrin via a pynidyl linker and 1t 1s these pynidyl links that make pyridyl porphyrins

useful 1n the synthesis of these complexes

In addition 1nsertion of the metal (zinc) into tetra phenyl porphyrin alters the emission
and absorbance charactenstics of the porphyrin as described 1n the following sections
Insertion of the metal induces change n the physical conformation of the porphyrin nng
The plane of the porphyrin displays some twisting of the pyrrole carbons with deviations
1n the plane of the central mtrogen atoms ranging from 0 0028 to 0 2273 A ¢ In addition
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the zinc atom is 0.2849 A out of the plane of the porphyrin ring for ZnTPP.6 This is
comparable to other zinc porphyrins derivatives where the metal atom sits -0.2 - 0.3 A
out of the plane of the porphyrin ring.78The phenyl and pyridyl rings in the meso position
of the porphyrin remain orthogonal to the porphyrin ring after coordination of the metal.

Figure 4.1 A molecular model representation of5-mono 4-pyridyl 10,15,20- triphenyl

porphyrinato zinc(ll) (ZnMPyTPP) which shows the plane ofthe aryl groups in the

meso position are orthogonal to the plane ofthe porphyrin ring (dark blue atoms are
nitrogen atoms while the white atoms are hydrogen and the central zinc atom)

In this study the interaction between the porphyrin chromophore and the metal carbonyl
moiety was investigated in the ground state using UV-vis, NMR and IR spectroscopy.
The excited states of these systems was probed using a combination of laser flash

photolysis, fluorescence spectroscopy and single photon-counting techniques.
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4.2 Electronic absorption spectra of (S5-mono-4-pynidyl 10,15,20-triphenyl
porphyrinato) zinc(II) and 1ts metal pentacarbonyl complexes M(CO)s (M =

Cror W)

Table 4 1 UV bands of metalloporphyrin and pentacarbonyl complexes (nm)

A[Q(0,0))/
Porphyrin B0,0)  Q(1L0) 0(0,0)
A[Q(1,0)]
ZnMPyTPP polymer 418 562(1 0) 604(0 55) 055
ZnMPyTPPCH(CO)s 420  548(1 0) 588(0 24) 024
ZnMPyTPPWCO)s 422 548(10) 588(0 29) 029

Table 4 1 contamns the electronic absorption spectral features of the para substituted
mono-4-pyndyl 10,15,20-tnphenyl porphyrinato zinc(1l) polymer (ZnMPyTPP) and the
metal carbonyl containing dentvatives, ZnMPyTPPW(CQO)s and ZnMPyTPPCr(CO)s The
absorption spectrum of the uncomplexed zinc porphyrin (ZnMPyTPP) has been reported
previously * The electronic absorption profile of both the chromium and tungsten
pentacarbonyl complexes 1s stmilar to those of the uncomplexed zinc porphyrin The UV-
vis absorption spectrum of the uncomplexed zinc porphynn 1s charactenised by a strong
Soret band at 420 nm and two Q bands of decreasing intensity at 562 nm and 606 nm (see
Figure 4 2) ° A substantial shift occurs upon complexation of the zinc porphyrins with the
metal pentacarbonyl moiety Unhike the shifts of 2 - 4 nm observed for the free base
porphynin (Section 3 2) the shifts for the zinc porphyrins are 14 - 16 nm n range The
reason for this large shift in the absorbance bands of the UV-vis spectrum 1s because the
electronic environment of the pyridine n the meso position of the zinc porphyrin
(metalloporphyrin) has changed more dramatically from that of the free base porphyrin
(see Section 3 2) The pyridme ligand of the metalloporphyrin 1s now coordinated to the
zinc atom at the centre of the porphynn ring

The Zn (II) 10n has a strong affimity for a five coordinate environment, which favours

axial igation m the metalloporphyrin In a zinc porphyrin, the zinc atom 1s co-ordinated
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to four nitrogens at the centre of the porphyrin ring The zinc atom will easily co-ordinate
to a fifth ligand 1f one 1s available It has been previously demonstrated that pyridine will
bind to the metal centre of metalloporphyrins using zinc tetra phenyl porphyrin and
pyndme '° Upon co-ordination of pyndine to the centre of a metalloporphyrin the Q(0,0)
and Q(1,0) bands undergo a red shift In the case of ZnMPyTPP the pyridine in the meso
position 1s incorporated into the macrocycle and not present as a free reagent 1n solution
The N atom of the pyridine unit of the porphyrin co-ordinates to the Zn atom of another
and thus leads to the formation of a polymer linked through the N atom and the zinc atom
(see Figure 4 3) Increasing the concentration of ZnMPyTPP 1n solution increased the red

shift of the Q bands, which has been attributed to the formation of higher molar mass

1
polymers .
ZnMPyTPP polymer
14 ZnMPyTPPW (CO),
o IaMPy i PPCr(CO),
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Figure 4 2 UV-wis spectra of ZnMPyTPP polymer, ZnMPyTPPW(CO); and
ZnMPyTPPCr(CO)s(1.0 x10°° mol dm™ at 532 nm) showing strong Soret bands and Q

bands (% 10) in dichloromethane

There 1s also a change i the absorption mtensities of the Q bands normalised with
respect to the Q(1,0) band The intensity of the Q(1,0) band 1s insensitive to the electronic

effects that the substituents in the meso position have on the porphyrin macrocycle
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Therefore the absorbance ratio of the Q(0,0) band (this band 1s sensitive to substituents in
the meso position) with respect to the Q(1,0) band can be shown to determine the
interaction between zinc and the porphyrm (see Table 4 1) '2 The ntensity of the Q(0,0)
band relative to the Q(1,0) band in the porphyrin metal carbonyl complexes 1s
significantly lower than for the uncomplexed metalloporphyrin, ZnMPyTPP It has been
shown that the electron donating character of a substituent m meso-tetraphenyl
porphyrins 1ncreases the absorption intensities of the Q(0,0) transitions while the
presence of electron withdrawing substituents results i a decrease in the absorption
intensities of the Q(0,0) transitions 13 From Table 4 1 the mtensity of the Q(0,0) band
relative to the Q(1,0) band of the polymer 1s greater than that of the pentacarbonyl
metalloporphyrin complex

The dramatic changes 1n the UV-vis spectrum of the porphyrins are brought about by
cleavage of the N-Zn bond, which occurs upon formation of the pentacarbonyl complex
The N-Zn 1s mtrinsically weak and a complexing ligand such as M(CQO)s will break this
bond However, as was described in Section 4 5 the polymer can reform after the
pentacarbonyl moiety has been removed Once the polymer 1s formed the pyndine
protons and pyrrole 8-hydrogens of one porphyrin are inside the ring current of the
porphyrin macrocycle to which 1t 1s bound (Figure 4 3) and this causes a large high field
shift of these protons The electron density at the meso position of the ring also increases
hence the large shift in the UV-vis spectrum Once the polymer chain 1s ruptured upon
complexation with the pentacarbonyl fragment, the electron density at the meso position
of the nng 1s reduced and the ntensity of the Q(0,0) band relative to the Q(1,0) band 1s
also reduced This 1s 1n contrast to the effect described previously where there was no
additional electron density at the meso position of the free base porphynn before
complexation with the pentacarbonyl moiety (Section 3 2) In this case the addition of the
pentacarbonyl moiety tends to increase electron density at the porphyrin ring with respect

to the free base porphyrin

Another major difference 1n the UV-vis spectra of the metalloporphyrins with respect to
the free base porphynn 1s the change in the Q band region Insertion of a metal nto the
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centre of the porphyrin reduces the symmetry of the macrocycle from Dy, to D4y and as a
consequence two of the bands (Qy(0,0) and Q.(0,0)) are unresolved (see Section 12 1)
This band has only one vibrational satellite at higher energy and hence only two Q bands

are seen for the metalloporphyrin

Figure 4.3 Structure of ZnMPyTPP polymer

The pentacarbonyl moiety 1s linked to the porphyrin via a pyridyl linker and as observed
m Section 32, pyndyl metal carbonyl complexes usually have a MLCT band at
approximately 340 nm (see Figure 3 4) However, the complexes synthesised in this
study gave no evidence for such a transition Furthermore, the LF transition for
M(CO)s(CsH4N) has been reported to occur at 382 nm,'*'* but no evidence was obtained
n this study from UV-vis spectra of the porphyrin complexes of such a transition The
absorbance of the metalloporphyrin at this wavelength 1s as intense as the free base
porphyrin with extinction coefficients in the region 40 000 to 80 000 dm® mol' cm'
compared to just 7000 dm’ mol ' cm ! for the W(CO)s(CsH4N) complex at 1ts Amay (~ 400
nm) It s possible that the strongly absorbing Soret band of the porphyrin masks the weak

absorption features of the W(CO)s(CsH4N) unit (see Figure 4 2) e
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4.3 Infrared spectra of (5-mono-4-pyndyl 10,15,20-triphenyl porphyrinato) °
zinc(IT) and 1ts metal pentacarbonyl complexes M(CO)s (M = Cr or W)

The spectroscopic IR data (in the vco) for the two substituted ZnMPyTPP complexes are
presented i Table 42 Three carbonyl absorptions were observed for each metal

carbonyl complex in the IR spectrum, which 1s consistent with the local Cy, symmetry of

the metal carbonyl centre (see Figure 4 3) v

Table 4.2
Porphynin IR Bands (cm™)
ZnMPyTPPW(CQ)s 2070 1931 1916
ZnMPyTPPCr(CO)s 2067 1937 1917

ZnMPyTPPW(CO),
T LZnMPyTPPCr(CO),

Absorbance (au)
-
1
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Figure 4 3 IR spectra of ZnMPyTPPW(CO)s and ZnMPyTPPCr(CO)srecorded in

dichloromethane

Both complexes were formed by reacting ZnMPyTPP polymer with the photochemically
produced M(CO)sTHF (M = W or Cr) as described 1in Section 6 5 Removal of the
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unreacted porphynn was achieved by column chromatography as outhned in Section 6 3
Unreacted W(CO)s or Cr(CO)s (hexacarbonyl was in excess) was removed by

sublimation under reduced pressure

Synthesis of the metalloporphyrin metal pentacarbonyl complexes proceeds via the

following reaction pathway 18

Reaction. 4.1
M(CO), ‘rhTm_’ M(CO),THF + CO

Reaction 42

M(CO)STHF + (ZnMPyTPP)n —— ZnMPyTPPW(CO)5+THF
M=CrorW
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4.4 'HNMR studies of 5-mono-4-pynidyl 10, 15, 20-triphenyl porphyriato)
zinc(1I) and its pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 4.3
4 H, 3,5 dipyridyl, &
Porphyrin 4 H, 2, 6 dipyridyl, b PYHOS B-pyrrole, 6 ppm
ppm ppm
ZnTPP - - 8 86
ZnMPyTPP 2 60 623 8 86, 8 51, 7 41
ZnMPyTPPCI(CO);s 920 8 19 8 85
ZnMPyTPPW(CO)s 922 8 18 8 86

The 'H NMR data for ZnTPP, ZnMPyTPP polymer, ZnMPyTPPCr(CO)s and
ZnMPyTPPW(CO)s are presented 1n Table 4 3 The absence of a singlet at =-2 83 ppm
ansing from the internal pyrrole protons distinguishes metalloporphyrins from free base
porphyrins The removal of this singlet from the '"H NMR and the formation of two Q
bands 1n the UV-vis spectrum confirm that insertion of the zinc at the porphyrin centre

has taken place

Following formation of the zinc porphyrins and prior to formation of the metal
pentacarbonyl analogues, the porphyrin forms a polymer, via linkages of the zinc atom
with the mitrogen 1 the pyrnidine This causes significant changes 1n the 'H NMR besides
the removal of the signal at =-2 83 ppm The bound pyrrole protons and pyndine
protons are now 1n the porphyrin nng current and this causes them to experience a ring
current effect and they are shifted up field Complexation of the porphyrin with the
pentacarbonyl moiety removes the ring current effect and the protons shift down field to

their onginal position

Formation of the polymer causes the pyrrole §-hydrogens to shift from a multiplet
centred at 8 86 ppm for the free base porphynn to a series of muliplets at 7 41, 8 51 and
886 ppm for the metalloporphyrin polymer Formation of the pentacarbonyl
metalloporphyrin complex results 1n the protons reforming a multiplet at =8 9 ppm The
pyndine protons shift upfield from 9 05 and 8 22 ppm for the free base porphyrmn to 6 23
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and 260 ppm for the metalloporphyrin polymer Formation of the pentacarbonyl
metalloporphyrin causes the protons to shift back to =9 2 and 8 22 ppm

Complexation of the pentacarbonyl moiety to the metalloporphynn shifts the 2,6 pyndyl
protons relative to the free base porphyrin by =& 04 ppm The protons are shifted
downfield because of the donation of electron density from the pyndine nitrogen lone

patr to the metal centre ' The remaining resonances are unaffected by complexation
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45  Steady state photolysis experiments monitored with UV-vis spectroscopy

45.1 Steady state photolysis of ZNnMPyTPPW(CQO)s under 1 atmosphere of CO

Solutions of ZnMPyTPPW(CO)s in dichloromethane (6.7 x 105 mol dm'3 were
subjected to steady state photolysis ( Xec > 500 nm or 400 nm) (Figure 4.5). Samples
were degassed using the freeze pump thaw method before being placed under 1
atmosphere of CO. Irradiation of the sample at Xec> 500 nm resulted in very little change
in the UV-vis spectrum, other than a small grow-in at 290 nm (Figure 4.6) attributed to
the formation of W(CQO)s. More noticeable was the shift of the Q bands to lower energy,

together with a change in their relative intensities.

Wavelength (nm)

Figure 4.5 Changes observed in the UV-vis spectrum ofZnMPyTPPW(CO)s (6.7 *10 5
mol dm'3 following steady statephotolysis (\> 400 nm and 500 nm) in

dichloromethane under 1 atmosphere of CO

When the irradiation wavelength was increased to Xc > 400 nm the effects of photolysis
were more obvious. The grow in at 290 nm due to the formation of W(CO)s was larger

and the Q bands were shifted towards the red. The red shift in the Q band was assigned to



the formation of the ZnMPyTPP polymer formed as a result of the cleavage of the N-
W(CO)s bond
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Figure 4 6 Changes observed between 275 — 310 nm n the UV-vis spectrum following
steady state photolysis (\> 400 nm and 500 nm) of ZuMPyTPPW(CO)s (6 7 x 107 mol

dm?) i dichloromethane under 1 atmosphere of CO

Photolysis of ZnMPyTPPW(CO)s resulted in loss of the W(CO)s morety which allowed
formation of the polymer As the experiment progressed the Q bands shifted further
towards the red due to the increasing concentration of the porphyrin polymer in solution
It has been previously observed that increasing the concentrations of a solution of
ZnMPyTPP also shifts the Q bands in the same way, this was attributed to increasing
polymer Icngth6 The intensity of the Q(0,0) band relative to the Q(1,0) band 1n the

porphyrin metal carbonyl complexes 1s significantly lower than for the uncomplexed

metalloporphyrin, ZnMPyTPP
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45.2 Steady state photolysis of ZnMPyTPPW(CO)s under 1 atmosphere of Ar

Steady state photolysis of ZnMPyTPPW(CO)s in dichloromethane (5.2 x 10's mol dm'3),
under an atmosphere of argon was also carried out at both XC> 400 nm and 500 nm.
Samples were initially irradiated at XC> 500 nm. The changes observed in the UV-vis
spectrum for the same photolysis time were not as significant as those observed under 1
atmosphere of CO. Under these conditions formation of W(COys is less efficient than
when experiments are conducted in CO saturated solution (see Figure 4.6 and Figure 4.8).
The yield of W(COye is limited by the ability of the “W(CO)s” fragment to co-ordinate

CO via bimolecular reactions.

—I [ 1 L2 1 + i 1

300 400 500 600 700
Wavelength (nm)

Figure 4.7 Changes observed in the UV-vis spectrumfollowing irradiation of
ZnMPyTPPW(CO)s (5.2 x Iffsmol dm'3 (\> 400 nm or 500 nm) in dichloromethane
under 1 atmosphere ofargon

When the irradiation wavelength was increased to Xec> 400 nm there was some evidence
for the formation of W(COys at 290 nm (see Figure 4.8). Tungsten hexacarbonyl
continued to form and the reaction was stopped when no further changes were observed

in the UV-vis spectrum.
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W avenumber (nm)

Figure 4.8 Changes observed between 275 - 310 nm in the UV-vis spectrumfollowing
steady state photolysis (X> 400 nm and 500 nm) ofZnMPyTPPW(CO)s (5.2 *1 Osmol

dm'3 in dichloromethane under 1 atmosphere ofArgon

A red shift in the Q bands was noted as the experiment progressed which indicated
formation of ZnMPyTPP polymer. No isosbestic points were observed under these

conditions for the formation of tungsten hexacarbonyl.



453 Steady state photolysis of ZNMPyTPPCr(CO)s under 1 atmosphere of CO

Solutions of ZNMPyTPPCr(CO)s in CO saturated dichloromethane (conc. s.0 x 105 mol
dm'3) were subjected to steady state photolysis (xexc> 400 nm or 500 nm) and monitored
in the UV-vis spectrum as before (see Figure 4.9). Samples were initially irradiated at XC
> 500 nm and the only noticeable feature in the UV-vis spectrum was a slight increase in
absorbance at 290 nm. This increase in absorbance was attributed to the formation of the
Cr(COys (see Figure 4.10). A red shift in the Q bands along with a reduction in their

relative intensity was also evident and indicative of N-Cr bond cleavage.

Wavelength (nm)

Figure 4.9 Changes observed in the UV-vis spectrumfollowing irradiation of
ZnMPyTPPCr(CO)s ((5.0 x Iff5mol dm'3) in dichloromethane under 1 atmosphere of
CoO

When the irradiation wavelength was increased to higher energy (%ec > 400 nm) the

changes in the UV-vis spectrum became more pronounced. Photolysis was continued

until such a point that no further changes were evident.
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Photolysis of ZNMPyTPPCr(COys results in the loss of the Cr(CO)s moiety and formation
of uncomplexed metalloporphyrin. The presence of this metalloporphyrin results in the
formation of the polymer in low concentrations. As photolysis time increased the bands
shifted further towards the red because of the increasing concentration of polymer present
in solution. Previously it has been reported that as the concentration of ZnMPyTPP
polymer in solution increases the same effect on the Q bands was reported as is observed
in this study.u Additionally a change in absorbance of the Q bands was observed as the
photolysis progressed. The relative intensity of the Q(0,0) band relative to the Q(1,0)
band in the zinc porphyrin metal carbonyl complexes is significantly lower than for the
uncomplexed metalloporphyrin, ZnMPyTPP. This has again been attributed to the

polymer formation. 11

W avelength (nm)

Figure 4.10 Changes observed between 275 - 350 nm in the UV-vis spectrum of
ZnMPyTPPCr(CO)s (5.0 x Iffsmol dm'3 following steady state photolysis (X> 400 nm
or 500 nm) under 1 atm of CO in dichloromethane
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45.4 Steady state photolysis of ZNnMPyTPPCr(CO)s under 1 atmosphere of Ar

Steady state photolysis (\>> 400 nm or 500 nm) of a solution of ZnMPyTPPCr(CO)s in
dichloromethane (4.9 x 10smol dm’3) produced the UV-vis spectral changes presented in
Figure 4.11. Initially the sample was irradiated at Xoc> 500 nm and the changes observed
during photolysis were not as noticeable as those discussed previously under 1
atmosphere of CO (see Figure 4.9). This difference in the UV-vis absorption is because
of the absence of added CO, therefore the formation of Cr(CO)0 is not quantitative, and
relies on the ability of the photogenerated Cr(CO)s unit to scavenge CO from the parent
molecules or another photogenerated metal pentacarbonyl fragment (see Figure 4.12). A
red shift in the Q bands together with a reduction in their relative intensity was also

evident, using this irradiation wavelength.

Wavelength (nm)

Figure 4.11 Changes observed in the UV-vis spectrumfollowing irradiation of
ZnMPyTPPCr(CO)s (4.9 x 10 smol dm'3) (\ > 400 nm or 500 nm) in dichloromethane

under 1 atmosphere ofAr

When the irradiation wavelength was increased (Xc > 400 nm) the changes in the UV-

vis spectrum became much more obvious as there was an increase in absorbance at 290
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nm and a red shift in the Q bands, together with a reduction in their relative intensity.

Photolysis was continued until no further changes were evident.

As in the previous experiment conducted in the presence of CO, photolysis of
ZnMPyYTPPCr(COys results in the loss of Cr(CO)s and this allows the formation of the
porphyrin polymer. As the length of photolysis progressed, the Q bands were further red
shifted due to the increasing concentration of polymer. Additionally a change in
absorbance of the Q bands was observed during photolysis. The intensity of the Q(0,0)
band relative to the Q(1,0) band in the porphyrin metal carbonyl complexes is
significantly lower than for the uncomplexed metalloporphyrin, ZnMPyTPP, which is

typical of polymer formation.n

W avelength (nm)

Figure 4.12 Changes observed between 275 - 350 nmfollowing irradiation of
ZnMPyTPPCr(CO)s (4.9 x Iff5mol dm'3 at Kxc > 400 nm or 500 nm in
dichloromethane



4.5 5 Discussion of results

Steady state photolysis of the zinc metalloporphyrin metal pentacarbonyl complexes was
carried out 1n dichloromethane solution due to the limited solubility of these complexes
i hydrocarbon solvents such as cyclohexane (all samples were prepared as described 1n
Section 6 5 1) Photolysis of the zinc polymer did not cause any changes in the UV-vis
spectrum

The metal carbonyl metalloporphyrin complexes were 1rradiated using two cut off filters,
Aexc > 400 nm or Aexc > 500 nm, and 1n the presence and absence of CO (see Section 6 5 2
for details) When the samples were 1rradiated mitially with Aexc > S00 nm, the changes
observed in the UV-vis spectra were small However, a slight increase 1n absorbance was
observed at 290 nm for both the Cr and W pentacarbony! metalloporphyrin complexes
following 1rradiation This was indicative of the formation of M(CO)s for each complex
and was confirmed by IR spectroscopy In addition a red shift of 2-3 nm of the Q bands
was also observed This shift was relatively small when compared to that observed at Ay
> 400 nm The Q bands also underwent a change 1n their relative absorbances (see Table
4 4) When the samples are irradiated at Aexe > 500 nm most of the light 1s absorbed by
the Q bands of the complex (see Figure 4 2) The Q bands are less intense than the Soret
band (extinction coefficient for the Soret band 1s 1n the region of 100 times higher than
that of the Q bands at the same concentration) >° When the filter was changed and the
sample was irradiated (Aexc > 400 nm the changes 1n the absorption spectrum became
much more pronounced At this wavelength the Soret band of the porphyrin 1s absorbing
strongly (Soret Amax = 420 nm) The increase 1n absorbed light should lead to an increase

1n the rate of spectral changes previously monitored at Aexc > 500 nm

When monitored under an atmosphere of Ar the spectral changes were small, even at Aexc
> 400 nm However the process 1s still occurring This was because the formation of
M(CO)s was not the only significant process occurring Cleavage of the M-N bond to
form M(CO)s does occur but so does the formation of ZnMPyTPP polymer Formation of
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the polymer occurs mrespective of the environment of the sample and 1s further evidence

that the N-M bond breaks during photolysis

As the N-M bond 1s broken the ZnMPyTPP polymer forms The UV-vis spectrum of this
polymer 1s different to that of the metalloporphyrin complex The difference 1n the UV-
vis spectrum, 1n particular the Q bands are brought about by a change 1n electron density
at the meso position of the porphyrin as discussed in Section 4 2 The relative intensity
and position of the Q(1,0) and Q(0,0) band are also affected by this change 1n electron
density The Q bands of the polymer appear at 562 and 604 nm while the corresponding
bands of the complexes appear at 548 and 588 nm 1n the UV-vis spectrum This 1s a shift
of 14 nm and 16 nm to lower energy respectively for these Q bands The relative intensity
of these bands 1s 0 55 for the polymer but decreases to 0 24 for the complex (see Table
4 1 and Table 4 4 pg 134) As the photolysis continues the maximum of the Q bands are
continually shifting towards the Apx of the polymer The final position of the bands and
their relative intensity does not correspond to the polymer exactly This 1s because the
concentration of the starting matenals was very low (between 4 9 x 107 - 67 x 10° mol
dm ) hence the concentration of polymer (higher the concentration of the polymer leads
to an increase i the polymer chain length) will also be low ?' Figure 4 24 shows a UV-
vis spectrum of ZnMPyTPPCr(CO)s at high molar mass and concentration (2 0 x 10 mol
dm*) and the Q bands have shifted to the position of the polymer after extensive laser
flash photolysis The increase in intensity and shift in Q bands 1s greater for the
expeniments carried out under CO although this should not really matter as the formation

of the polymer 1s independent of CO unlike the formation of M(CO)s

To summanse, the main photochemical process taking place in the metalloporphyrin
pentacarbonyl complex during photolysis is the cleavage of the N-M bond This occurred
dunng irradiation at both Aexc > 500 nm and Aex. > 400 nm The photosensitivity of these
compounds 1s unusual as almost all the light 1s being absorbed by the porphyrin moiety at
these wavelengths Aspley et al obtained similar results during photolysis of a
metalloporphynn system and their results were tentatively explained by population of

tungsten excited states by energy transfer from the porphynn'® The presence of a
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pyndine ligand 1n the meso position of the porphyrin and its use as a linker between the
porphyrin and metal pentacarbonyl allows companson of the porphyrin complex with
M(CO)sCsH4N As was the case with the free base porphyrin complex there 1s no
evidence of the MLCT band or LF band due to M{CO)sCsHsN as the UV-vis spectrum 1s
dominated by metalloporphyrin absorptions As M(CO)sCsH4N only absorbs out as far as
440 nm, excitation at A > 500 nm cannot lead to photosubstitution caused by population
of energy levels on this moiety 22 However hexacarbonyl and the ZnMPyTPP polymer
are observed following 1rradiation Once more cleavage of the N-M bond occurs because
of electronic communication between the porphyrin and M(CO)s Loss of the M(CO)s
moiety anses from population of LF which could occur from singlet to triplet energy
transfer from the porphyrin singlet excited state ** Figure 4 26 (see Section 4 7) describes
a potential energy pathway for the loss of M(CO)s from a metalloporphyrin Previous
work on rhenium metalloporphyrin carbonyl complexes showed no evidence of light

sensitivity %

Table 4 4 UV bands (nm) and relative intensities following photolysis
Wavelength of Q bands | Relative intensity of Q bands
Before After Before After

Porphyrin
Photolysis | Photolysis | Photolysis Photolysis

ZnMPyTPPW(CO)s under 1

548/588 550/600 023 028
atmosphere of CO
ZnMPyTPPCr(CO)s under 1
548/588 551/604 023 031
atmosphere of CO
ZnMPyTPPW(CO)s under 1
548/588 550/590 024 025
atmosphere of Ar
ZnMPyTPPCr(CO)s under 1
548/588 551/603 024 027
atmosphere of Ar

Further photophysical and photochemical measurements were carried out 1n order to fully

understand the mechanism 1nvolved 1n the loss of the M(CO)s moiety from the porphyrin
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4.6  Fluorescence studies of (5-mono-4-pyridyl 10, 15, 20-triphenyl porphyrinato)

zinc(Il) and 1ts metal pentacarbonyl complexes (M = Cr or W)

4.6.1 Emussion spectra and quantum yields for ZnMPyTPP polymer,
ZnMPyTPPW(CO)sand ZnMPyTPPCr(CO)s

Fluorescence spectra were obtained for both metal carbonyl metalloporphyrin complexes
and the uncomplexed metalloporphyrin polymer, ZnMPyTPP The fluorescence spectrum
of ZnTPP was also compared to that of the pentacarbonyl complexes (as the fluorescence
spectrum of the ZnMPyTPP polymer 1s very different to that of the pentacarbonyl
complexes) as 1s shown 1n Figure 4 13 The difference 1s once again due to the different

electronic environment at the meso position of the porphyrin in the polymer

Table 4.5 Emussion bands of Zinc polymer compared to the pentacarbonyl complexes

Porphyrin Emission Maxima (nm) Relative ¢q
ZnMPyTPP polymer 619 (1 0) 647 (0 86) 100
ZnMPyTPPCr(CO)s 608 (1 0) 648 (1 01) 084
ZnMPyTPPW(CO)s 609 (1 0) 648 (1 11) 099

Table 4.6 Emission bands of ZnTPP compared to the pentacarbonyl complexes

Porphyrin Emission Maxima (nm) Relative ¢q
ZnTPP 600 (1 0) 645 (1 49) 100
ZnMPyTPPCr(CO)s 608 (1 0) 648 (1 01) 069
ZnMPyTPPW(CO)s 609 (1 0) 648 (1 11) 081

Table 4 5 and 4 6 above presents the emission maxima and relative intensity of the Q
bands of the complexes with respect to ZnMPyTPP polymer and ZnTPP The maxima in
the fluorescence spectrum of ZnMPyTPP are red shifted compared to that of the free base
porphyrin 26 This observation 1s as expected for metal insertion into free base porphyrins
Another notable feature n the fluorescence spectra on metallation of porphyrins 1s the

change m the relative mntensities of the Q bands ?’ The relative ntensity of the emission
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bands for free base porphyrins (discussed in Section 3.7) are all less than one. For
metalloporphyrins the relative intensity of the emission bands has increased to over one
(see Table 4.5 and 4.6). These results are consistent with those in the literature.u It has
been shown that at low concentration, solutions of the ZnMPyTPP polymer have
emission spectra similar to that of ZnTPP. However at higher concentrations the emission
spectrum is similar to ZnTPP-pyridine (pyridine coordinates to the zinc through the N
atom). The ligation of pyridine to ZnTPP produces a red shift in the emission spectrum

similar to that caused by ZnMPyTPP polymer formation. 11

Figure 4.13 Emission spectra ofisoabsorptive samples ofZnTPP, ZnMPyTPP polymer,
ZnMPyTPPW(CO)5and ZnMPyTPPCr(CO)s at 293 K OW 532 nm) in
dichloromethane

A series of solutions were made up which had identical absorbances at the excitation
wavelength (X>XC= 532 nm), so as to determine the fluorescence quantum yields.s A
reduction in the fluorescence yield of the pentacarbonyl complexes was observed when
compared to the uncomplexed metalloporphyrin (see Figure 4.13, Table 4.5 and 4.6).
Equation 3.4 was used to calculate the relative yield values for all solutions. While the
value of Or for the ZnMPyTPP polymer is similar to that of the pentacarbonyl

complexes, the profile and position of the bands has changed to such an extent that
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comparisons are difficult What 1s obvious from this set of data 1s that the fluorescence
quantum yield of the Cr complex 1s reduced to a greater extent than that of the W
complex When comparing the data for ZnTPP with that of the pentacarbonyl complexes
other factors have to be taken into account ZnTPP does not contain a pyndine ring and
also 1t has been shown that the presence of an N atom affects the fluorescence quantum
yield of porphyrins ¥ However, the fluorescence quantum yield of both complexes 1s
reduced when compared to ZnTPP The reductions in the quantum yields of the
complexes are of the order ZnMPyTPP > ZnMPyTPPW(COQ)s > ZnMPyTPPCr(CO)s and
ZnTPP > ZnMPyTPPW(CO)s > ZnMPyTPPCr(CO)s Previously, fluorescence quenching
m Ru porphyrin systems has been attnbuted to the heavy atom effect,*® however 1t 1s not
possible 1n this instance as Cr 1s not a heavy atom therefore the heavy atom effect cannot
be responsible for any reductions in the fluorescence quantum yield of the pentacarbonyl

analogues
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4.6 2 Fluorescence hifetimes of ZnMPyTPPW(CO)sand ZnMPyTPPCr(CO)s

The fluorescence lifetimes were obtained for the following porphyrins ZnTPP,
ZnMPyTPP, ZnMPyTPPW(CO)s and ZnMPyTPPCr(CO)s From Table 4 7 1t 1s apparent
that the decrease 1n the relative quantum yields discussed previously 1s accompanied by a
slight decrease in the singlet state lifetimes which 1s consistent 1n all solvents The
decrease 1n lifetimes 1s in the order ZnTPP > ZnMPyTPP > ZnMPyTPP(WCQ)s >
ZnMPyTPPCr(CO)s This decrease in lifetimes cannot be attributed to the heavy atom
effect, as Cr 1s a lighter element than W If the heavy atom effect was a factor 1n the
reduction 1n the singlet lifetimes of the complexes, the W complex would be expected to
be shorter lived than the Cr analogue However, the hifetime obtained for the Cr(CO)s

denvatives 1s marginally shorter than the W analogues

Table 4 7 Singlet state lifetime values of metallated porphyrins and pentacarbonyl

complexes
Porphynin RAL (DCM) 1a(ns) | RAL (EtOH) 1p(ns) | RAL (Pentane) 1a(ns)
ZnTPP 221 - -
ZnMPyTPP 148 - -
ZnMPyTPPCr(CO)s 142 189 173
ZnMPyTPPW(CO)s 144 191 179

* Results obtained at RAL (Rutherford Appleton Laboratories) which were carried

out by Jonathon Rochford using the experimental method referenced.”

ZnTPP was used as the standard for comparing singlet state lifetimes of the complexes
because ZnMPyTPP forms a polymer and 1s structurally very different to that of the
pentacarbonyl complexes The value for the singlet state lifetime of ZnTPP determined in
this study agrees well with that quoted 1n the literature 1¢ 2 3 ns *? In Section 4 8 two
schemes have been proposed to explain the process occurring during excitation of the
metalloporphyrin complex In Figure 426 population of °LF state from the
metalloporphyrin S, state results in loss of the M(CQ)s moiety and a reduction 1n the
singlet lifetime of the metalloporphynn complex However Figure 4 27 shows that a
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reordering of the energy levels has occurred. This is possible, as upon complexation the
fluorescence maxima of the pentacarbonyl complexes have shifted to lower energy
relative to ZnTPP. The change in lifetimes is therefore caused by a reduction of the
energy of the singlet state. As with the free base porphyrin complexes, the
metalloporphyrins follow the same order in the lifetime of the excited state. The tungsten
complex is longer lived than the chromium complex and this follows for all solvents
used. The lifetime of the complexes differ little from one solvent to the next showing that

the formation of the excited states are not solvent dependent.

Figure 4.13 represents a typical trace obtained following excitation of

ZnMPYTPPW(CO)s at 438 nm. All samples were monitored at 605 nm.
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Figure 4.14 A typical trace obtaained at 605 nmfollowing excitation of
MPyTPPW(CO, 5 (\xc 438 nm) in dichloromethane at 293 K
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463 Diascussion of results

As with free base porphyrins, zinc metalloporphyrins also emit from the lower excited
singlet state (S' = S° relaxation), which 1s T - 7 1n character Similarly to free base
porphyrins, metalloporphynns exhibit dual emisston due to excitation centred on the
lowest singlet excited state transition (0-0 and 0-1 transitions) and emit at ~ 605 (Q(0,0))
and 655 nm (Q(0,1)) ' The profile of the fluorescent emission spectra of
metalloporphynins 1s somewhat different from free base porphyrins with the Q(0,1) band
being more ntense than the Q(0,0) band The lifetimes of metalloporphyrins are shorter
than those of free base porphyrins due to the internal heavy atom effect of the metal In
this study the metalloporphyrins studied are all zinc denivatives Changing the excitation
wavelength from higher to lower energy or vice versa leads only to a change in the
relative intensity of the bands and does not affect the overall position of the Ay, or lead
to the formation of new emission bands The quantum yield of fluorescence formation for

zinc porphyrin 1s similar 1 all solvents at 4% '°

When the emission spectra of the porphyrin metal carbonyl complexes are compared to
those of ZnTPP and the ZnMPyTPP polymer some differences are evident (see Table 4 5
and 4 6) The electron environment at the meso position of the ZnMPyTPP polymer 1s
very different from that of ZnTPP Thus difference 1s responsible for the shifts i the UV-
vis spectra (see Section 4 2) and the differences in the emission spectra The polymer has
emussion bands at 619 and 647 nm while the ZnTPP has emission bands at 600 and 645
nm Upon complexation to a metal pentacarbonyl unit the emission bands of ZnMPyTPP
polymer shift to 608 and 648 nm as ZnMPyTPPM(CO)s 1s formed (M= Cr or W) These
are more like ZnTPP, which suggests the environment of the meso position of the
porphyrin ning of the pentacarbonyl complex, 1s more like that of ZnTPP A change 1s
expected as a M(CO)s moiety 1s now at this position but the electronic effect of these

metal centres does not radically effect the structure of the porphyrin ring

There 15 also a change 1n the relative intensity of the Q(0,0) band compared to the Q(0,1)

band in the UV-vis spectrum when comparing the pentacarbonyl complexes to both
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ZnTPP and the ZnMPyTPP polymer This 1s also an indicator that the electronic
conditions experienced at the meso position of ZnMPyYTPP polymer differ from that of
ZnTPP and the ZnMPyTPPM(CQ)s complexes The relative intensity of the Q(0,0) band
compared to the Q(0,1) band for the polymer 1s less than one while the relative intensity
of ZnTPP and both the pentacarbonyl complexes are greater than one The profile of the
polymer differs from the other zinc porphyrin complexes where the 0-1 transition 1s
stronger than the 0-0 transition Also the emission bands of the ZnMPyTPP polymer are

not fully resolved as 1s the case for the other zinc porphyrins

Singlet hfetimes of the pentacarbonyl complexes were compared with that of ZnTPP
This was because the singlet lifetime of the polymer could not be determined due to
limitations of the equipment A lifetime of 2 3 ns for the singlet excited state of ZnTPP
was obtained 1n this study, which 1s m good agreement with the hterature ' A reduction
in hfetime upon formation of the pentacarbonyl complex was observed for both
pentacarbonyl free base porphyrin complexes (see Section 3 72) Previously this
reduction 1n singlet state ifetimes was attributed to the heavy atom effect 33 As Cr1s one
of the metals involved i the formation of the complexes the heavy atom effect 1s
excluded In Figure 4 26 (Section 4 8) 1t 1s shown that population of the ’LF state of
M(CO)sCsHsN may result from singlet to triplet intercomponent energy transfer, from the
singlet excited state of the porphyrin Again this would make sense as cleavage of the N-
M bond occurs from population of the °LF m pyridyl pentacarbonyl complexes
However there 1s no evidence of a MLCT band or a ’LF band 1n the UV-vis spectra,
however such bands could be masked by the intensity of the porphyrin bands Reduction
of the singlet hifetime could occur through another process (see Figure 4 27) The
enussion studies shown 1n this section suggest that upon complexation a red shift in the

ermussion bands of the pentacarbonyl complexes compared to ZnTPP occurs
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4.7  Laser Flash Photolysis of ZnMPyTPP M(CO)s complexes (M = Cr or W)

4.7.1 Laser flash photolysis of ZnMPyTPPW (CO)s at 532 nm excitation under 1
atmosphere of CO

The transient absorption difference spectrum for ZnMPyTPPW(CO)s (Figure 4.15) was
collected between 430 and 800 nm following excitation at 532 nm in dichloromethane.
The transient absorption difference spectra for this organometallic porphyrin also has
similar characteristics to those previously assigned to the 37r-7r+) excited state of the
uncomplexed metalloporphyrin. Similarly to ZnTPP, the transient absorption difference
spectrum for ZnMPyTPPW(CO)s absorbs strongly between 440 nm and 500 nm having a
maximum at approximately 465 nm. Bleaching was observed at 530 nm following flash

photolysis for this complex, and less intense transient absorptions in the Q-band region.

Wavelength (nm)

Figure 4.15 Transient absorption difference spectra obtainedfollowing =532 nm
ofZnMPyTPPW(CO)sin dichloromethane under 1 atmosphere of CO at 293 K

There is no significant difference in the overall profile of the transient absorption

difference spectra of ZnMPyTPPW(CO)s once complexation with the carbonyl moiety

has occurred. However when the transient absorption difference spectra of ZnTPP and
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ZnMPyTPPW(CO)s are directly compared in the region of 440 to 500 nm, small
differences can be observed (see Figure 4 16) The samples had 1dentical absorbance at
the excitation wavelength yet two absorbance maxima are clearly evident for
ZnMPyTPPW(CO)s but in the case of ZnTPP there 1s only one Both do show
absorbance maxima at ~ 460 nm which 1s a shorter wavelength maximum than that of

free base porphyrins
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Figure 4 16 Transient absorption difference specta obtained following laser flash
photolysis at 532 nm for solutions of ZnTPP and ZnMPyTPPW(CO)swith identical
absorbance at Nxc= 532 nm at 293 K

Metalloporphyrins absorb intensely m the region of 400 - 500 nm and because of this
ZnMPyTPPW(CO)s 1s prone to photodissociation when irradiated 1n this region In these
expeniments laser flash photolysis leads to rapid dissoctation of the W(CO)s moiety
Trnplet lifeime measurements were recorded at 490 nm (see Table 4 8), because these

systems are prone to photodissociation upon excitation n the Soret band regton large
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amounts of photosubstitution would take place The triplet lifetime of the pentacarbonyl
complex differs little from that of ZnTPP

Table 4 8
490 nm
Poprhyrin Tinp(145) Kobs (5™
ZnTPP 14 70782 £ 7078
ZaMPyTPPW(CO)s 19 50574 + 5057

The difference 1s not as significant as would have been expected for the heavy atom
effect associated with the W atom This would suggest that the W(CO)s has little effect
upon the triplet excited state of the metalloporphyrin Given that there was a sigmficant
reduction m the quantum yield for the fluorescence emission of the pentacarbonyl
complex when compared to the metalloporphyrin some significant changes would have
been expected 1n the triplet lifetimes Some authors have suggested a heavy atom effect
caused the reduction 1n the singlet lifetimes and fluorescence quantum yields,*® but the
heavy atom effect would have made a considerable difference to the transient absorption

spectrum of the pentacarbonyl complex compared to ZnTPP
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Figure 4.17 Transient signals obtained at 490 nm following laser flash photolysis of
ZnTPP and ZnMPyTPPW(CO)s at 532nm n dichloromethane at 293 K
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Figures 4.26 and 4.27 are used to help explain the results obtained in this study (see
Section 4.8). Outlined in Figure 4.26 is the suggestion that population of the 3LF state of
W(CO)XCH4IN competes with ISC from the singlet excited state to the triplet excited
state. As with free base porphyrins, the predominant route for radiationless deactivation
of metalloporphyrins is population of 3n,3 which has a quantum yield of 90%. A
reduction in the 1ISC would be noticeable with a reduction in the intensity of the transient
absorption spectrum and transients, as the heavy atom effect causes a mixing of the
singlet and triplet states. This should cause an overall reduction in the population of the

triplet state.

W avelength (nm)

Figure 4.18 UV-vis spectra of ZnMPyTPPW(CO)s recorded during a laserflash
photolysis experiment (\x C= 532 nm) in dichloromethane under 1 atmosphere of CO

Figure 4.27 (see Section 4.8) is an alternative explanation of the process. In this diagram
loss of the M(CO)5 unit follows population of the singlet state. Hence the triplet excited
state produced is actually the triplet excited state of the uncoordinated porphyrin.

When the UV-vis spectra are monitored during laser flash photolysis experiments an
increase in the absorbance at 290 nm suggests formation of W(CO)6 (see Figure 4.18). In
addition there is also a shift in the Q bands, which is attributed to formation of the

ZnMPyTPP polymer. When an IR spectrum of this sample solution was obtained, in
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addition to the parent bands of the complex at 2070, 1930 and 1916 cm ' an additional
band at 1975 cm™ 1s obtained 1n dichloromethane, indicating the presence of W(CO)s (see
Figure 4 19) It 1s undoubtedly the case that photolysis of the ZnMPyTPPW(CQ)s
complex mn the presence of CO ultimately produces W(CO)
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Figure 4.19 Spectrum obtained following a laser flash photolysis of
ZnMPyTPPW(CO)s (\xc = 532 nm) n dichloromethane under 1 atmosphere of CO
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4.7.2 Laser flash photolysis of ZnMPyTPPCr(CO)s at 532 nm under 1 atmosphere
of CO

The transient absorption difference spectrum of ZnMPyTPPCr(CO)s (Figure 4.20) was
also measured between 430 and 800 nm in the presence of CO. The spectrum was found
to have similar characteristics to those previously assigned to the s¢r-7t ) excited state
relaxation of the uncomplexed metalloporphyrin. Similarly to ZnTPP, the difference
spectrum of ZnMPyTPPCr(CO)s obtained following laser flash photolysis absorbs
strongly between 440 nm and 500 nm. Once again the maximum of the complexed
metalloporphyrin occurred at approximately 465 nm but the transient absorption
spectrum of the complex has a sharper profile than that of ZnTPP. Both systems exhibit
bleaching at ca. *550 nm and less intense transient absorption in the Q-band region,

which extends into the near infrared.

Wavelength (nm)
Figure 4.20 Transient absorption difference spectra ofZnMPyTPPCr(CO)s obtained

following laserflash photolysis (\xc = 532 nm) under 1 atmosphere of COin
dichloromethane at 293 K
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However, upon closer 1nspection of the transient absorption spectra of
ZnMPyTPPCr(CO)s and ZnTPP 1n the region 430 — 500 nm changes in the Anax were
apparent Both samples had the same absorbance at the excitation wavelength, 532 nm

There 1s a shift of ~ 10 nm to lower energy in the maxima of both

060
055 -
050
045
5 040 —
< o035
z ]
< 0304 ZnTPP
< s ZnM Pyl PPCI(CO),
020
015 -
010 T T - | T R 1

T T T
440 450 460 470 480 490 500

Wavelength (nm)

Figure 4 2] Transient absorption dijference spectra collected following laser flash
photolysis of solutions of ZnTPP and ZnMPyTPPCr(CO)swith identical absorbance at
Aexe=3532nm at 293 K

Since there are changes n the singlet excited state lifetimes and emission spectra the
changes 1n the triplet excited state lifetimes and transient absorption spectrum should be

greater

This 1s not the case In Scheme 4 2 population of the singlet excited state of the
pentacarbonyl complex causes cleavage of the N-Cr bond Therefore, excitation of the
pentacarbonyl metalloporphyrin cleaves the N-Cr bond and this leads to the formation of
the triplet excited state of the uncomplexed metalloporphyrin This explains why the
differences 1 the lhifetimes (see Figure 4 22) or the transient absorption spectrum of the
pentacarbonyl complex compared to the uncomplexed metalloporphyrin are not as

prominent as would have been expected
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Table 4 9

490 nm
Porphyrin Tinp(HS) Koss (5)
ZnTPP 14 70782 £ 7078
ZnMPyTPPCHCO)s 19 51004 + 5100

Figure 4 26 proposes that the metalloporphyrin and the Cr(CO)sCsH4sN moiety can be
treated as a supramolecular molecule 1 € they are weakly interacting and that the energy
levels of each molecular component are substantially unperturbed As can be seen from
the diagram once the singlet excited state of the porphyrin has been populated three
pathways are possible Radrationless deactivation back to the ground state 1s known to
have 4% efficiency for the uncomplexed porphyrin * ISC to the triplet state has a 90%
quantum yield 12 Population of the ’LF state must compete with these pathways Changes
m the population of the triplet state would have to be dramatic to observe an

increase/decrease 1n the quantum yield as 1t 1s already 90%
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Figure 4 22 Transient signals at 490 nm following laser flash photolysis of solutions
of ZnTPP and ZnMPyTPPCr(CO)s with identical absorbance at ox.= 532 nm at 293 K
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Wavenumber (cm 1l

Figure 4.23 IR spectrum collectedfollowing laserflash photolysis of a solution of
ZnMPyTPPCr(CO)sat /W =532 nm at 293 K under 1 atmosphere of CO

IR spectra were recorded for all samples following laser flash photolysis. Shown in
Figure 4.23 is the IR spectrum obtained following laser flash photolysis of
ZnMPyTPPCr(CO)s. In addition to the pentacarbonyl peaks an additional band is
observed at 1980 cm'], indicating the formation of Cr(CO)s.

W avelength (nm)

Figure 4.24 Changes observed in the UV-vis spectrum during laserflash photolysis of
a solution ofZnMPyTPPCr(CO)5at =532 nm, at 293 K



The UV-vis spectral changes are shown 1 Figure 4 24 The Q bands of the complex are
red shifted as the expeniment proceeds and their relative intensity changed to that
expected for the formation of the polymer, ZnMPyTPP At the end of the experiment the
relative intensity of the Q bands has increased to 041 Ths is indicative that the N-Cr

bond has been cleaved and ZnMPyTPP has undergone self-coordination to form the

polymeric porphyrin
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4 7.3 Discussion of results

Laser flash photolysis (Aexe = 532 nm) was cammed out on the uncomplexed
metalloporphyrin (ZnTPP) and the metal carbonyl complexes ZnMPyTPPW(CO)s and
ZnMPyTPPCr(CO)s in deoxygenated dichloromethane under one atmosphere of CO

The time-resolved absorbance of the triplet state of a typical metalloporphyrin has a
hfetime of ca 20 ps at room temperature ' Metalloporphyrins exhibit strong transient
signals from 440 nm to 510 nm, with fewer absorbances in the Q band region when
compared to the free base porphyrins The transient signals observed 1n these experiments
are typical of *(77") excited states of metalloporphyrins (see Figure 4 25) 3336 previous
attempts to obtain transient absorption spectra of a pentacarbonyl metalloporphyrin were
unsuccessful as the complex was too photosensitive ‘¢ In this study a number of samples
were required to obtain transient absorption difference spectra for both pentacarbonyl

complexes

The systems n this study were chosen to investigate the efficiency at which a porphyrin
and a metal molety can commumcate across orthogonal n-substituents on the meso
position of a metalloporphyrin for comparison to free base porphyrins The features of the
UV-vis spectrum of M(CO)s(CsH4N) were discussed 1n Section 4 2 and 1t was shown that
this compound has no significant absorbances at wavelengths longer than 420 nm The
photochemustry of M(CO)s(CsH4N) has been discussed in Section 3 2 and Section 3 8
This complex undergoes higand loss with a quantum yield approaching 10 from the
population of a metal-centred LF excited state >’ Like the free base porphyrin laser flash
photolysis (Acxe = 532 nm) of ZnMPyTPPM(CO)s in deoxygenated dichloromethane
populates the excited states associated with the metalloporphyrin moiety rather than the
M(CO)s pyridyl umit as the porphyrin 1s the only species with strong absorbances at this
wavelength The transient absorption difference spectrum has similar spectral features to
that of triplet states of the uncoordinated metalloporphynn, ZnTPP (see Figure 4 25) with
strong absorbances from 440 nm to 510 nm For the metal carbonyl metalloporphyrin the

lifetimes of the triplet excited state were slightly shorter than that of the uncoordinated
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metalloporphyrin with lifetimes of approximately ~ 15 |is. Measurements using various

concentrations of CO confirmed that the lifetime of the triplet state is unaffected.

W avelength (nm)

Figure 4.25 Transient absorption difference spectra collectedfollowing laserflash
photolysis (Aec= 532 nm) ofZnTPP in dichloromethane at 293 K

The changes that occurred during laser flash photolysis were monitored in the UV-vis
with the formation of M(CO)6 confirmed by IR spectroscopy (see Figure 4.19 and 4.23).
In each case formation of the hexacarbonyl species is the end result. Formation of the
metal hexacarbonyl at 290 nm was not as obvious using UV-vis spectroscopy because the
concentration of the metalloporphyrin complexes used in the experiments masked this
region to a certain degree. The major changes in the UV-vis spectra occurred in the Q
band region. As the sample undergoes loss of M(CO)s during the experiment the Q bands
shift in intensity and position. This is indicative of the formation of ZnMPyTPP polymer.
In Figure 4.24 the sample was extensively photolysised after the experiment had been
completed. It is possible to see that the relative intensity of the Q bands and their position
have changed dramatically as the experiment proceeds. This is because as the N-M bond
breaks, and results in the formation of the polymer. As the sample is photolysed the

concentration of the polymer increases as is evident from Figure 4.19 and 4.23.



Two possible suggestions for the observed photochemustry are outlined in the following

schemes

Scheme 4 1
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(€O ©0)s \

@——@N = ZoMPYTPP  M=W or Cr

In the above scheme loss of the M(CO)s moiety and formation of the polymer 1s a

consequence of the pnimary reaction This involves the mitial formation of the singlet
excited state of the porphynn following photolysis followed by mntersystem crossing to
the tnplet state of the complex Loss of M(CO)s occurs from this excited state to leave
the free base porphynn and the carbonyl moiety Formation of both the polymer and
M(CO)s can be 1dentified from UV-vis spectra with the changes 1n intensity and position
of the Q bands (Figure 4 18 and 4 24) The IR spectra in Figure 4 19 and 4 23 show the
formation of W(CO)s and Cr(CO)s, with a M-CO absorption at 1975 and 1980 c¢m
respectively If the N-M bond 1s broken from population of the triplet excited state on the
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complex a more significant change in the lifetime and transient absorption spectra of the
complexed metalloporphynins as expected, 1n companson to the uncomplexed
metalloporphyrin The fact that ZnTPP was used instead of ZnMPyTPP could account for

any small changes observed Another pathway 1s postulated (see Scheme 4 2)

MLCT
1*Zn S, — LF
A .
\ STEN
ISC ILF -W(CO),
| = W(CO),

ZnMPyTPP PyM(CO),
Figure 4.26 Diagrammatnical representation of the deactivation pathway following

population of the singlet excited state in ZnMP yTPPM(CO);s (Aexc= 532 nm)

In the process proposed in Scheme 4 2, excitation of the complex causes population of
the singlet state of ZnMPyTPPM(CO)s Loss of the M(CO)s component, subsequently
occurs from this excited smglet state and ISC leads to population of an excited triplet
state of the uncomplexed metalloporphyrin (see Figure 4 27) The transient absorption
difference spectra of both the W and Cr porphyrin complexes have the charactenstics of a

metalloporphyrin

Even when the photolysis was conducted 1n the absence of CO 1n a carefully deaerated
solution of ZnMPyTPPM(CO)s 1n dichloromethane and placed under an atmosphere of
Ar, formation of the triplet state due to the metalloporphyrin was observed as indicated

by the lifetmes of the transient signals For pyndine metal pentacarbonyl
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photodissociation of the pyndine ligand and not CO 1s the most efficient photochemical

process **

Scheme 4.2

S1
— . —
\ N TMCO,—— [@'—@N-M(COEI

lSCl -M(CO),

M(CO)6
@-—@N= ZuMPyTPP M=W or Cr

Figure 4 27 gives a representation of the hifetimes and energy levels involved 1f Scheme
4 2 1s followed In Figure 4 27 the hifetimes of the triplet state are similar only differing
by 5 pus while the singlet hfetimes of the complexes are almost half that of the
uncomplexed porphyrin Scheme 42 best descnbes this as 1t shows loss of the
pentacarbonyl motety from the singlet excited state of the metalloporphyrin complex
Laser flash photolysis of the metalloporphyrin pentacarbonyl complex causes the
cleavage of the N-M bond leaving M(CO)s which 1s scavenged by CO to form M(CO)s
The metalloporphyrin 1s now 1n the triplet state but as there 1s no pentacarbonyl unit
attached 1t 1s simply the tnplet state of the uncomplexed porphyrin Following relaxation
to the ground state self co-ordination of the metalioporphyrin takes place to give the
polymer Hence we see the shift in the UV-vis spectra during laser flash photolysis
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Figure 4.27 Diagrammatical representation of the deactivation pathway from the

singlet excited state in ZnMPyTPPM(CO)s (Aexc= 532 nm)
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48 Conclusion

The photochemustry and photophysics of metalloporphyrin metal carbonyl adducts have
been discussed 1n this chapter Both tungsten and chromium analogues (M(CO)sL) have
been synthesised and charactenised (L = pyndyl porphyrin and M = W or Cr) The
spectroscopic data of both complexes were compared to those of the porphyrin polymer
{MPyTPP) and a model compound (ZnTPP) Investigation into the electron transfer or
energy transfer processes between the metal moiety and the porphynn chromophore was
undertaken using a number of photochemical (time resolved and steady state
spectroscopy) and photophysical (emission spectra and singlet state ifetimes) techmques

Given what 1s known of the photochemustry and photophysical properties of
metalloporphyrins, two possible reaction schemes have been proposed for the cleavage of
the M(CO)s fragment (see Figure 4 26 and 4 27)

A possible consequence of complexation of M(CO)s at the N atom 1n the pynidyl moiety
of the porphyrn, 1s the heavy atom effect, which has been extensively used to explain
changes in lifetimes and shifts 1n spectral bands of porphyrns ***° However as Cr 1s one
of the metals used 1t 1s unlikely that the heavy atom effect is causing the changes Overall
there 1s complexation of a pentacarbonyl umt to the metalloporphyrin which caused a
reduction 1n the hfetimes of the singlet state together with a shift in the emission bands
and a reduction 1n the fluorescence intensity The overall profile of the transient
absorption spectra and hfetimes obtained for the complexes showed no sigmficant
changes when compared to both the transient absorption difference spectrum and the

Irfetimes of the uncomplexed metalloporphyrin 1216

The most important observation from these experiments 1s that by using excitation
wavelengths where only the porphyrin absorbs, loss of the M(CO)s moiety from the
porphyrin complex results As has been discussed, loss of M(CO)s from the pyndyl umt
occurs following population of the °LF of the M(CO)s(CsHsN) In the porphyrin systems
electron/energy transfer from the porphyrin to the metal moiety must result in cleavage of

the N-M bond The photochemical product, M(CO)s, 1s then efficiently scavenged by CO
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to yield M(CO)s and the metalloporphyrin polymer (see Figure 4 26) This scheme
implies that the heavy atom quenches the singlet excited state and enhances two spin
forbidden processes **? The first 1s ISC within the porphynn chromophore to the
porphyrin triplet excited state and the second is singlet — triplet energy transfer (STEy) to
the attached unit ISC caused by an external tungsten metal could be competing with the
internal zinc atom, which has reduced fluorescence formation from 10% to 4% upon co-
ordmation ' The znc atom does not appreciably change the quantum yield of triplet
formation, which remamns at ca 90% However 1if the STEn process was the pathway
followed the reduction n triplet formation would be substantial This 1s not the case as
the hifetimes and transient absorption spectra (except for the shift of 10 nm) of the
complexes are like that of the uncomplexed metalloporphyrin This explanation also fails

on the grounds that Cr 1s not a heavy atom and will not affect ISC

In Section 4 5 1t was observed that the shift to lower energy of the various electronic
absorption spectra of the complexes could lead to the formation of singlet energy levels,
which are lower 1n energy than that of the uncomplexed free base porphyrin Figure 4 27
1s used to diagrammatically represent this In this diagram the metalloporphyrin and the
M(CO)sCsHsN umit cannot be treated as a supramolecular system The components of the
system are nteracting to such an extent that their energy levels are substantially changed

by their mtercomponent 1nteraction (see Figure 4 27)

Upon co-ordination of the metal moiety to the porphyrin a shift in energy levels takes
place The fluorescence spectra of the complexes are shifted when compared to both
ZnTPP and ZnMPyTPP polymer (see Figure 4 13) As ZnMPyTPP has a tendency to
self-associate, ZnTPP 1s used as the model for companison In both cases the emission
maxima have shifted to lower energy with respect to the free base porphyrin The relative
quantum yield of the metal carbonyl complexes (see Table 4 5 and 4 6) and the lifetimes
of the complexes have also been reduced from 2 4 ns to 1 6 ns If the heavy atom effect
were responsible for causing these changes the reductions 1n hfetimes expected would be
far greater as was the case of the reduction in hifetimes when a metal (zinc) 1s nserted

mto the centre of a free base porphynn (~ 10 ns to ~ 2 0 ns) Upon complexation of a
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tungsten pentacarbonyl moiety to the periphery of the porphyrin the reduction 1s only ~
10 ns to ~ 8 6 ns Therefore the heavy atom effect can be ruled out Complexation might
have caused a change in the energy levels of the new complex in comparison to the
uncomplexed metalloporphyrin This would seem to be the most logical explanation of
the two In Figure 4 27 1t can be seen that once the new metal pentacarbonyl complex has
been excited into the singlet excited state the N-M bond 1s broken and the metal
pentacarbonyl motety 1s lost Therefore when measuring the triplet state lifetimes there
are only mior changes when compared to an uncomplexed metalloporphyrin Once the
pentacarbonyl umit 1s lost the energy levels return to that of the uncomplexed

metalloporphyrin

In conclusion two possible mechanisms were proposed following excitation of the
metalloporphyrin pentacarbonyl complexes The first scheme mvolved the heavy atom
effect, which could have worked well when discussing the W analogue However while
the singlet hfetime was reduced the presence of the carbonyl moiety had no effect on the
triplet lifetimes and therefore did not affect intersystem crossing It was also nadequate

n explaining the same changes observed for the Cr analogue

In the other scheme 1t was assumed that the energy levels of the components of the
porphyrin pentacarbonyl complex interact to such an extent that the energy levels of the
new molecule are changed This 1s confirmed by red shifts in the UV-vis absorption
spectra and emussion spectra of the complexes compared to the uncomplexed
metalloporphyrin  Also a change 1n lifetimes of the singlet state of the pentacarbonyl
complexes compared to the uncomplexed metalloporphyrin while the similanty of the
tniplet lifetime of the both the uncomplexed metalloporphyrin and the pentacarbonyl
complexes shows that the pentacarbonyl moiety does not affect the triplet state of the
complex Therefore the pentacarbonyl moiety must be removed prior to the formation of

the triplet state hence this 1s the most likely scheme 1n the excitation of the complexes
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Chapter 5
S, 10 - cis 4 — Dipyridyl - 15, 20 -
diphenylporphyrin and its tungsten and
chromium pentacarbonyl complexes -

Results and discussion
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5.1 Introduction

Multicomponent systems tnvolving porphyrins are similar in structure to the natural
occurring photosynthetic reaction centre and therefore would make the most useful
artificial hght harvesting molecular modules ' For the light harvesting function carned
out by a large number of chlorophyll (porphyrin) molecules 1n the antenna system of the
reaction centre several models have been developed > These include several types of
covalently liked donor — acceptor systems, including dyads and triads and more complex
systems which have been designed to mimic the photoinduced charge separation of the

reaction centre 3

Having carned out work on the mono-substituted porphyrin hgand and the mono-
substituted metalloporphyrin the next step in this study involved examining the
communication process between the porphyrin and the metal moiety attached to the
penpheral of the chromophore, i a multicomplexed porphyrnin system Pyndyl
porphynins are considered an attractive building block for the synthesis of these
supramolecular systems as they provide a convenient method for the coordination of
various metal centres Adducts formed by the coordination pyridyl porphyrins to these
metal centres have shown new and interesting photophysical and photochemical
properties * Any changes to the excited state spectra of porphyrins, reductions 1n
fluorescence quantum yzeld and singlet excited state lifetimes, have been attributed to the
heavy atom effect induced by the metal centre > But the use of Cr metal in this work has

suggested something other than the heavy atom effect 1s influencing these changes

The use of 5, 15 — dipynidyl 10, 20 — diphenylporphyrin (cis-DiPyDiPP) was an obvious
choice because of the fact that it provides two available donor mtrogen for complexation
and allows direct companson with MPyTPP complexes previously studied The
photochemustry and photophysical properties of cis-DiPyDiPP, should be typical of tetra
aryl free base porphyrins, which have been extensively researched ¢ Trans- D1iPyD1PP

was also synthesised, but 1t was not possible to 1solate the metal pentacarbonyl complex
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Figure 5.1 Molecular model representation of cis 5,10-di- 4-pyridyl - 15,20-
diphenylporphyrin (cis-DiPyDiPP) showing the plane ofthe aryl groups in the meso
position are orthogonal to the plane ofthe porphyrin ring and the two sites ofmetal

coordination(dark blue atoms are nitrogen atoms while the lightest are hydrogen)

Like all porphyrin pentacarbonyl complexes studied the presence of intense \co
absorptions in the IR spectrum provides a useful additional spectroscopic handle. The
interaction between the porphyrin chromophore and the metal carbonyl moiety was also
investigated in the ground state by UV-vis and 'H NMR spectroscopies as well as in the
excited state by using photochemical studies, fluorescence spectroscopy, singlet and

triplet lifetimes and quantum yield determinations.



52  UV-vis studies of cis 5, 10—d:-4, pyridyl-15, 20-diphenyl porphyrin and its
pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 5.1 UV bands of free base porphyrin and di- pentacarbonyl complexes (nm)

Porphyrin B(0,0) Oy1,0) Oy0,0) Ox(1,0) 0x(0,0) L0000
A[Q(1,0)]
cis-DiPyD1PP 416 513 547 588 643 041
c1s-DIPyDIPP(Cr(CO)s); 420 516 552 590 646 059
as-DIPyDIPP(W(CO)s), 421 517 553 590 646 053

Table 51 summanses the important features of the electronic spectra of cis
dipyndyldiphenylporphyrin  (cis-DiIPyDIPP),  cis-DiPyDiIPP(W(CO)s), and cis-
D1PyD1PP(Cr(CO)s), complexes The absorption spectrum of the uncomplexed free base
porphyrin (cis-DiPyDiPP) has previously been reported i the literature’ and 1t 1s typical
of tetra-aryl free base porphyrins® The absorption spectra of these metal carbonyl
complexes have a similar profile to that of the uncomplexed free base porphynn The
spectra of free base porphyrins are characterised by a strong Soret band at 420 nm and
four Q bands of decreasing intensity between 510 nm and 650 nm (see Figure 5 2)

However the spectra of the adducts differ slhightly in that their band maxima are red
shifted by 3 — 6 nm compared to those of the parent pyridyl porphynin These shifts are
greater than those observed for the mono substituted series This has been observed
previously for pyndyl porphyrins when complexed to Ru centres ° As the number of Ru
centres attached to the porphyrin 1s increased so to 1s the extent of the observed shift As
previously mentioned this was attributed to the heavy atom effect throughout most of the
hterature '° The case could be applhied here but for the fact that the shifts are observed 1n
the Cr based analogues Cr does not induce the heavy atom effect in complexes so 1t
cannot be responsible for the changes Although the shifts are small they are indicative of

an interaction of the metal carbonyl moieties with the porphyrin macrocycle

Complexation of the metal carbonyl moieties to the porphyrin macrocycle also causes a

change 1n the relative intensities of the Q bands The Q bands of a free base porphyrin are
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divided nto two sets Q(0,0) and Q(1,0) Q(0,0) 1s the electronic origin of the lowest
excited singlet state and Q(1,0) 1s its vibrational satellite Due to the symmetry of the free
base porphyrin Q(0,0) 1s split into Qx and Qy, both with their own vibrational satellite
The relative intensity of the Q(0,0) bands to the Q(1,0) bands shows the extent of the

interaction of the porphyrin and the peripheral component ®

cis DiPyD1PP
cis DiPyDIPP(W(CO),)
cis DIPyD1PP(Cr(CO),)

§ Q bands (x 10)
N’
m
o
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Figure 5 2 UV-wis spectra of cis-DiPyDiPP (2.2 x 10°° mol dm™ at 532 nm), cis-
DiPyDiPP(W(CO)s); and cis-DiPyDiPP(Cr(CO)s); (8.2 % 107 mol dm™ at 532 nm)

An ncrease 1n this ratio 1s observed after complexation to the peripheral position of the
porphyrnin It has been shown that the electron donating character of a substituent n
meso-tetra phenyl porphyrins increases the absorption intensities of the Qy(0,0)
transitions while the presence of electron withdrawing substituents results in a decrease in
the absorption intensities of the Q,(0,0) transitions 12 Both the Cr(CO)s and W(CO)s
moieties should have the effect of decreasing the intensities of Q,(0,0) band relative to

the Qy(1,0) band but the opposite 1s observed
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53  Infrared studies of cis 5, 10-di-4, pyridyl 15, 20-dsphenyl porphyrin and its
metal pentacarbonyl complexes M(CO)s (M = Cr or W)

The spectroscopic IR data (1n the vco) region for the cis-DiPyDiPP complexes are
presented in Table 5 2 The three carbonyl absorptions observed for each metal carbonyl
complex are consistent with the local Cy, symmetry of each metal pentacarbonyl centre
(see Figure 5 3) According to Kolodzie) et al ,' the spectral data in Figure 5 3 confirm

that the metal atom 1s bound to the mitrogen atom 1n the porphyrin macrocycle

Table 5 2

Porphyrin IR Bands (cm™)
c1s-DIPyDIPP(Cr(CO)s); 2069 1936 1899
cis-DiPyDiPP(W(CO)s), 2073 1929 1897

o
o

cis DleDlPP(W(CO)5)2
cts D1PyDIPP(Cr(CO),),

Absorbance (AU)
S
s
!
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o
w
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Wavelength {cm ')

Figure 5 3 IR spectra of cis-DiPyDiPP(W(CO);s); and cis-DiPyDiPP(Cr(CO);s);

(recorded in dichloromethane
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54 'HNMR spectrum of 5, 10—d:-4, pyridyl 15, 20-diphenyl porphyrin and its
pentacarbonyl complexes M(CO)s (M = Cr or W)

Table 5 3
Porphynin 4 H, 2, 6 dipyridyl, Sppm 2 H, internal pyrrole, 6 ppm
cis-DiPyD1PP 906 -284
c1s-DiPyD1PP(Cr(CO)s)2 922 -284
cis-DiPyD1PP(W(CO)s)2 920 -2 86

The 'H NMR data for cis-DiIPyD1PP,  cis-DiIPyDIPP(Cr(CO)s); and cis-
D1PyD1PP(W(CO)s) are presented 1n Table 5 3 The presence of a singlet at = -2 84 ppm
anising from the internal pyrrole protons at the centre of the porphyrin molecule are
exclusive to free base porphynns and are absent in metalloporphyrins (see Table 4 3) As
in the mono pyndyl porphyrins the nternal protons experience this high field shift
because of the mternal ning current of the porphyrin molecule '° The presence of this

proton signal confirms the absence of a metal at the centre of the porphyrin ring

When comparing the 'H NMR spectra of the free base porphyrin to either the Cr or W
adducts a small shift of ~ 8 0 15 ppm 1n the position of the 2,6 pyridyl proton resonance
1s observed This shift confirms that the metal pentacarbonyl unit 1s co-ordinated through
the N of the pyndine site The fact that only one set of proton signals 1s present confirms
that both pyndine sites have undergone coordination to the metal pentacarbonyl moiety
The protons are shifted downfield because of the donation of electron density from the
pyndine mitrogen lone pair to the metal centre '® The shufts are shghtly greater than that
of the MPyTPP complexes due to the double effect of two pentacarbonyl moieties The

remaimng resonances are unaffected by complexation and are omnmtted in the above table

171



55  Steady state photolysis experiments monitored in the UV-vis

55.1 Steady state photolysis of cjs-DiPyDiPP(W(CO)s)2 under 1 atmosphere of CO

A solution of cw-DiPyDiPP(W(CO)s)2 in dichloromethane (conc. 5.8 x 10's mol dm'3)
was exposed to steady state photolysis ( Ayc> 400 nm or 500 nm). Initially the sample
was irradiated at X©XC> 500 nm, and was previously described for the mono pyridyl
system. Very little change was observed in the UV-vis spectrum other than a small grow-
in at 290 nm (see Figure 5.4). This was attributed to the formation of W(COQ)s. Isosbestic
points were apparent at 305 and 270 nm. As the process was inefficient and the changes

were small, the radiation energy was increased to X> 400 nm.

Wavelength(nm)

Figure 5.4 UV-vis spectral changes observedfollowing steady state photolysis (A > 400
nm and 500 nm) of cis-DiIPyDIPP(W(CO)s)2 (5.8 x Iff5mol dm'3 in dichloromethane
under 1 atmosphere of CO

When the irradiation wavelength was increased to Aec> 400 nm there was an increase in
formation of W(CO)aat 290 nm (see Figure 5.4) due to the increased rate of N-W bond

cleavage. The photolysis was stopped when no further changes were observed in the UV-
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vis spectrum Again a shift of 4 - 6 nm 1n the Q bands was noted, indicating the formation
of the uncomplexed porphyrin It was shown earlier that the presence of a metal carbonyl
unit at the peripheral region of a porphyrin causes a red shift i the UV-vis spectrum '’
The formation of the 1sosbestic points indicates that the formation of W(CQO)¢ was a

concerted process under these conditions
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5.5.2 Steady state photolysis of c¢/s-DiPyDiPP(W/(CO)s)2 under 1 atmosphere of Ar

A solution of cw-DiPyDiPP(W(CO)52 in dichloromethane (conc. 3.5 x 105mol dm'3)
was subjected to steady state photolysis ( Ayc> 400 nm or 500 nm) under an atmosphere
of argon. Samples were initially irradiated at A%> 500 nm. The changes observed in the
UV-vis spectrum for the same photolysis time were not as significant as those observed
under 1 atmosphere of CO. Obviously under these conditions formation of W(CO)6 is
less efficient (see Figure 5.5). The yield of W(CO)6 is limited by the ability of the
“W(CO)5” fragment to coordinate CO via bimolecular reactions.

Wavelength (nm)

Figure 5.5 UV-vis spectr of cis-DiPyDIPP(W(CO)s)2 (3.5 x10 smol dm'3) observed
following steady state photolysis (A > 400 nm or 500 nm) in dichloromethane under 1

atmosphere ofAr

When the irradiation wavelength was decreased to Xec > 400 nm there was some
evidence for the formation of W(CO)0 at 290 nm (see Figure 5.5). After prolonged
photolysis (~ 20 mins) the photolysis was stopped as no further changes were observed in
the UV-vis spectrum. Again a red shift in the Q bands was observed indicating the

formation of free porphyrin.
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5.5.3 Steady state photolysis of cis-DiPyDiPP(Cr(CO)s)2 under 1 atmosphere of
CO

A solution of ds-DiPyDiPP(Cr(CO)s)2 in dichloromethane (conc. 3.9 x 105 mol dm-3
was subjected to steady state photolysis ( X>> 400 nm or 500 nm) under 1 atm of CO.
The same conditions were employed as in the case of the tungsten analogue. The sample
was initially irradiated at Xec> 500 nm, where a slight increase in absorbance at 290 nm
was observed (see Figure 5.6). This was attributed to the formation of Cr(CQO)&. This was

subsequently confirmed by IR spectroscopy at the end of the photolysis experiment.

Wavelength (nm)

Figure 5.6 UV-vis spectral changes observedfollowing steady state photolysis (A > 400
nm and 500 nm) of cis-DiPyDiPPfCr(CO)5)2 (3.9 x 105mol dn3) in dichloromethane
under 1 atmosphere of CO

When the irradiation wavelength was changed to (“eXC> 400 nm) the changes in the UV-

vis spectrum became more pronounced. Photolysis was continued until such a point that

no further changes were evident.
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5.5.4 Steady state photolysis of cis-DiPyDiPP(Cr(CO)s)2 under 1 atmosphere of Ar

Steady state photolysis (A > 400 nm or 500 nm) of a solution of cis-
DiPyDiPP(Cr(CO)s)2 in dichloromethane (1.5 x 10's mol dm'3) under 1 atm of argon
produced the spectral changes presented in Figure 5.7. Initially the sample was irradiated
at XeX> 500 nm and the changes observed during photolysis were not as noticeable as
those discussed previously under 1 atmosphere of CO (see Figure 5.6). This is because of
the formation of Cr(COys is not quantitative, and relies on the ability of the
photogenerated Cr(CO)s unit to scavenge CO from the parent molecules or another
photogenerated metal pentacarbonyl fragment. A red shift in the Q bands together with a

change in their relative intensity was also evident.

W avelength (nm)

Figure 5.7 UV-vis spectra of cis-DiPyDiPP(Cr(CO)s)2 (1-5 * 105mol dm'3) recorded
following steady state photolysis (X > 400 nm or 500 nm) in dichloromethane under 1

atmosphere of argon
When the irradiation wavelength was decreased (Xec> 400 nm) the changes in the UV-

vis spectrum, became much more obvious. Photolysis was again continued until such a

stage that no further changes were observed
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5.5.5 Discussion of results

Steady state photolysis was carned out in dichloromethane, as opposed to a hydrocarbon
solution because of the limited solubility of the free base porphyrin and 1ts metal carbonyl

complexes (all samples were prepared as described 1n Section 6 S 1)

Photolysis carried out on the uncomplexed free base porphyrin yielded no changes 1n the
UV-vis spectrum For all systems studied steady state photolysis was carried out using
two cut off filters with a Aexc > 500 nm followed by a Aexc > 400 nm Imtially samples
were 1rradiated using an Aexc > 500 nm As described 1n the previous sections only small
changes were observed 1n the UV-vis spectra of the complexes following wrradiation at
this wavelength As for all free base porphynns the Q bands are the only bands absorbing
at > 500 nm (see Figure 5 8) As the Q bands are less intense than the Soret band and
changes brought about here are less than those brought about by excitation into the Soret
band Although reduced considerably, some cleavage of the N-M bond takes place A
grow 1n at 290 nm 1s evident for all the spectrum due to the formation of the

corresponding M(CO)s

When the irradiation wavelength was increased to Aexc > 400 nm the changes in the UV-
vis spectrum became much more pronounced At this irradiating wavelength the Light 1s
absorbed by the highly intense Soret band of the porphyrin, and the changes 1n the UV-
vis spectrum were more obvious The increase in absorbance at 290 nm became much
more noticeable Thts was due to the increased rate of N-M bond cleavage and formation
of M(CO)s Such porphyrin to metal interaction had only been observed once before by
Aspley et al and 1t was attributed to population of tungsten based excited states by energy
transfer from the porphyrin '* Along with the increase 1n the absorbance at 290 nm there
18 also a blue shift in the Q bands After complexation took place the Q bands of the cis-
DiPyDiPP were absorbing 3 - 6 nm lower 1n energy than the uncomplexed porphyrin As
the N-M bond 1s broken the Q bands shift back towards the hmgher energy of the
uncomplexed porphyrin
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Figure 5 8 UV-wis absorption spectra of cis-DiPyDiPP(W(CO)s) (3 76 x 107 mol dm™)
and CsH: NW(CO)s(1 0 x 10 * mol dm'3) wtn dichloromethane

Despite the intense porphyrn bands dominating the spectra there 1s loss of the carbonyl
moiety Communication between the porphyrin and the metal carbonyl unit 1s obviously
taking place through excitation of the porphyrtn The extinction coefficient of cis-
D1PyD1PP 1s much greater than that of CsH{NM(CO)s and any MLCT or LF bands due to
this component would be masked As was the case with MPyTPP free base porphyrin,

this can occur through electron/energy transfer from the porphyrin 18 19

The argument can
again be put forward that population of the 3LF state 1s required for the cleavage of N-M
bond on a pyndyl entity (discussed in Section 3 5 5) but in this case 1t must occur through

interaction with the porphyrin

Further photophysical and photochemical measurements were carried out n order to fully

understand the mechanism involved 1n the loss of the M(CO)s moiety from the porphyrin
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56 Fluorescence studies of S, 10 cis-4-dipyndyl-15, 20-diphenylporphyrin and its
di-M(CO)s complexes (M =W or Cr)

5.6.1 Emussion spectra and quantum yields of 5, 10 cis 4-dipyridyl 15, 20-diphenyl
porphyrin and its M(CO)s complexes (M = W or Cr)

Fluorescence spectra were obtamned for both metal carbonyl complexes and the
uncomplexed free base porphynin ligand The spectra are similar as can be seen from
Figure 5 9, these porphyrins emt from the porphynn unit of the molecule The overall
fluorescence profiles of the free base porphyrin and the metal carbonyl complexes are
essentially the same but with shght shifts in the maxima of the complexes The most
significant difference between the complexes and the free base porphynn 1s the dramatic

decrease in emission lifetimes

Table 54 Emission maxima and relative intensities of free base porphyrin and

pentacarbonyl complexes

Porphyrin Emission Maxima ( nm) Relative ¢
cis-DiPyDiPP 652 715 (0 51) 10
cis-DiIPyD1PP(Cr(CO)s), 656 717 (0 36) 034
cis-DiIPyD1PP(W(CO)s); 656 718 (0 41) 057

The 2-4 nm red shift of the bands 1s indicative of a metal entity attached to the periphery
of the porphynin ning (see Table 5 4) *° The shifts 1n the emission maxima are greater than
those of the mono substituted complexes due to the presence of two metal moieties, now

attached to the macrocycle

There 1s a clear reduction 1n the intensity of the emission maxima of the complexes
compared to that of the uncomplexed free base porphyrin (see Figure 59) This reduction
1s accompanied by a reduction in the fluorescence yield, which was calculated n the
same way as that for the MPyTPP (using Equation 3 4) Again these are relative yields A

senes of solutions were made that had 1dentical absorbances at the excitation wavelength,
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Aexe = 532 nm The reduction 1n the fluorescence yield has mcreased sigmficantly when
compared to the MPyTPP porphyrin and pentacarbonyl analogues The overall reduction
in the fluorescence yield 1s over twice that expenienced for the MPyTPP complexes but

the difference between the Cr and W complexes 1s still the same

As outhned 1n the previous chapters the reduction m emission quantum yield cannot be
attnbuted to the heavy atom effect as the reduction 1s observed for both the chromium
and tungsten analogues *° There 1s also a small reduction i the relative mtensities of the
emission peaks (Table 5 4) with the greatest decrease seen 1n the intensity of the band of
the W complex The ntensity of the fluorescence bands falls with the relative order cis-

D1PyD1PP > cis-DiPyD1PP(W(CO)s); > cis-D1iPyD1PP(Cr(CO)s):

300
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cis DIPyDIPP
cis D]PyDlPP(W(CO)X)’
eis DiPyDIPP(Cr(CO),),
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Figure 5 9 Emusston spectra of i1soabsorptive samples of cis-DiPyDiPP, cis-
DiPyDiPP(W(CO)s); and cis-DiPyDiPP(Cr(CO);s)z at 293 K (Aexc 532 nm) in

dichloromethane
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5.6.2 Fluorescence hfetimes of cis-DiPyDiPP(W(CO)s); and cts-
DiPyDiPP(Cr(CO)s),

The fluorescence lifetimes were measured for the cis-DiPyD1PP uncomplexed free base
porphyrin, cis-DiPyDiPP(W(CO)s); and cts-D1PyD1PP(Cr(CO)s), complexes From Table
5 51t s clear that the decrease 1n the singlet state lifetimes corresponds to the difference
m emussion intensities The larger decrease 1n the fluorescence yield observed in the
previous section compared to the MPyTPP complexes are accompanied by an equally
larger decrease n singlet state lifetimes The decrease in hifetimes 1s in the order cis-

D1PyD1PP > cis-DiPyDiPP(W(CO)s), > cis-DiPyDiPP(Cr(CO)s);

Table 5 5
Porphyrin Tn(ns)
cis-D1PyD1PP 992
cis-DIPyD1PP(Cr(CO)s), 432
c1s-D1PyD1PP(W(CO)s)2 582

Reductions n hifetimes are not double those of the MPYyTPP complexes (Table 3 §) but
they do show a significant decrease This adds to the theory proposed by previous authors
that the number of units attached to the porphyrin increase the reduction 1n hfetimes on
the chromophore 2' The lifetime of the c1s-D1PyDi1PP 1s less than that of MPyTPP due to
the fact that pyridyl porphynins are more acidic than the tetra phenyl porphyrins and some
reports have shown that as the number of pyridine groups increases, the lifetimes of the

porphyrin decrease 2

Shown 1n Figure 5 10 1s a typical transient signal obtained for cis-DiPyDiPP(Cr(CO)s),
monitored at 655 nm and 1s representative of a typical signal obtained for hfetime
measurements All samples were monitored at 655 nm, as thts is the maximum
absorbance of the emussion spectrum Samples were prepared as described in section

651
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5.10 Singlephoton counting signal of cis-DiPyDiPP(Cr(CO)s)2 at 293 K (Kxc 438 nm)
in dichloromethane

Upon complexation the ground state absorbance and emission spectrum of the complexes
are shifted to lower energy when compared to the uncomplexed free base porphyrin.
There is a shift in energy of the order ds-DiPyDiPP > cw-DiPyDiPP(W(CQO)s)2 > cis-
DiPyDiPP(Cr(CO)s)2 which is the same as the reduction in lifetimes observed.
Complexation therefore has caused a reordering of the energy levels of the subunits of the
complex compared to the individual component. This was explained in section 5.8 using
Figure 5.20 and will be discussed in relation to the disubstituted complexes in the next

section.



56.3 Discussion of results

As for all tetra aryl free base porphyrins, cis-DiIPyD1PP emits from the lowest excited
singlet state (S'>S° relaxation), which 1s 7 -n 1n character and 1s independent of the
substituent 1n the meso position The emission maxima for these disubstituted porphyrins
occurs at 652 and 715 nm and are centred on the lowest singlet excited state transition (0-
0 and 0-1 transitions) There 1s a slight change between the relative intensities of the
Q(1,0), (652 nm) band and the Q(0,0), (715 nm) band For cis-DiPyD1PP the intensity of
Q(0,0) band has increased relative to Q(1,0) band when compared to MPyTPP, the
intensity changes from 0 41 to 0 51 (see Table 3 4 and S 4) This 1s a trend followed for
all pyndyl porphyrins As the number of pyndyl groups on a porphyrin increases the
intensity of Q(1,0) band increases relative to the Q(0,0) band 2 The quantum yield for
fluorescence 1s approximately 10% for TPP and varies slightly by changing the number
of pyndine hgands n the meso position of the porphyrin The fluorescence quantum yield
for cis-DiIPyD1PP 1s about 1% less than that for TPP ?? The decrease 1n quantum yteld
with extra pyndyl units 1s thought to be the result of interaction of the N on the pyndyl

and the solvents **

Upon complexation of the porphyrins with a M(CO)s moiety there 1s a significant change
in the emission spectra of the complexes studied compared to the uncomplexed
porphyrin  Although the emission maxima are shifted by 2 — 4 nm, the intensity of the
spectra 1s reduced dramatically The shifts in the emission maxima of the complexes are
approximately double that of the mono substituted complexes where a red shift to the red
of 1 — 2 nm was observed for the complexes versus the free base porphyrin The drop n
¢n of the organometallic porphyrin compared to the free base porphyrins, 1s greater in the
di-substiuted complexes than the mono substituted analogues This reduction 1s also
accompanied by a decrease 1n the singlet excited state hifetimes of the complexes This 1s
in good agreement with work carred out previously on ruthemum porphyrin complexes
were there was a correlation between the hifetime shorteming and the number of metal
centres attached to the porphyrin %' In other work carried out on Pd/Re based porphyrin

systems the change 1n emission intensity and reduction 1n lifetimes was attributed to the
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25:26 Thys argument cannot be used to explain the reduction in

presence of heavy atoms
the lifetimes for both disubstituted porphyrin pentacarbonyl complexes, as the
photophysics for both the Cr and W adducts probed were similar The observed red shifts
m the UV-vis absorption spectra and the emission spectra of the metal carbonyl
porphyrins compared to the uncomplexed porphyrn indicate intramoleculer interactions
between the two chromophores These shifts are larger than those of the mono substituted
complexes and would therefore explain why the changes are also greater This 1s the
theory that was put forward using Figure 5 20 in section S 8 The only differences are that
the changes 1n the energy levels would be larger than those of the mono substituted

complexes
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5.7  Laser Flash Photolysis of cis-DiPyDiPP(M(CO)s). complexes (M = Cr or W)

5.7.1 Laser flash photolysis of c/s-DiPyDiPP(W(CO)s)2 at 532 nm under 1
atmosphere of CO

The transient absorption spectrum of ds-DiPyDiPP(W(CO)s)2 (Figure 5.11) was
measured in the 430 to 800 nm range, and was found to have similar characteristics to
those assigned to the 3(n-n) excited state relaxation of the uncomplexed free base
porphyrin. Similarly to the uncomplexed free porphyrin d5-DiPyDiPP(W(CQO)s)2 absorbs
strongly between 440 nm and 490 nm, with a maximum at approximately 450 nm. Both
systems contributed bleaching at ca. 520 nm and less intense transient absorption in the
Q-band region. The difference spectrum of the complex rises sharply to a maximum peak
while the uncomplexed free base porphyrin increases gradually to a maximum before

decreasing in intensity slowly (see Figure 5.19).

W avelength (nm)

Figure 5.11 Transient absorption spectrum o f cis-DiPyDIPP(W(CO)s)2 at AexC= 532
nm under 1 atmosphere of CO in dichloromethane at 293 K

When the transient absorption spectrum of c/s-DiPyDiPP is directly compared to the

transient absorption spectrum of cw-DiPyDiPP(W(CO)s)2 in the 450 - 530 nm region,
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there is little evidence that complexation has changed the triplet excited state profile of
the system (see Figure 5.12). The samples used in this experiment had identical
absorbance at the excitation wavelength. The maximum of the complexed porphyrin does
occur at approximately 10 nm lower in energy than the free base porphyrin. This was also

the case for the mono substituted derivatives.

Wavelength(nm)

Figure 5.12 Transient absorption spectrum ofsolutions of cis-DiPyDiPP and cis-
DiPyDIPP(W(CO)s)2 with identical absorbance at XC= 532 nm at 293 K

The heavy atom effect can be ruled out, as this would have a dramatic effect on the
lifetime of the triplet state, the intensity of the signals and profile of the transient
absorption spectrum, despite the fact that S — T formation is 90% for tetra aryl
porphyrins.27 The lifetime of both the tungsten complex and the uncomplexed free base
porphyrins are similar (see Table 5.6) and the intensity of the transient signals are
marginally different (see Figure 5.13). This suggests that coordination of the metal
moiety to the porphyrin chromophore has no effect on the triplet state properties. Given

that the fluorescence measurements were changed so dramatically and the triplet state



measurements are similar, loss of the metal moiety from the singlet excited state would
seem a logical explanation to the similarities between the triplet charactenstics of the free
base porphyrin and the complexed analogue Scheme 3 2 (Section 3 8) has been used to
explain the possible cause of this in the mono substituted derivatives and the same

reasoning could apply for the disubstituted analogues (see Figure 5 20, section 5 8)

08 -
07
osl

05—

cis DiPyDIPP
cis DIPyD1PP(W (CO),),

04

03

Absorbance (AU)

0 2

MMMM

OOL‘MJ
| U A S R |

~—t —y——
0 000000 004020 000040 000060 000080 000100 000120 000140 000160 000180 00020

Time (us)

Figure 5.13 Transient signals obtained at 490 nm following excitation of cis-DiPyDiPP
and cis-DiPyDiPP(W(CO)s); Aexc = 532nm 1n dichloromethane solution at 293 K

As for all porphyrins the triplet state decays with mixed first/second order kinetics
(Figure 5 13), this 1s attributed to competition between umimolecular decay and triplet-
triplet annthilation processes and 1s typical for all porphyrins ¢ The hifettme obtained for
the free base porphyrin, cis-DiPyD1PP 1s 1in good agreement for those obtained for tetra
aryl free base porphynins n the literature ® The hifetime of cis-D1IPyD1PP(W(CO)s), was
also found to be in the range of the tetra aryl free base porphyrin (see Table 5 6) This
indicates that the metal umts had no mfluence over the triplet state of the porphyrin even

though there are two units present
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Table 5 6

450 nm
Porphyrin Tinp(145) Kobs(s™)
cis-DiPyD1PP 30 32748 £ 3275
c1s-DIPyDIPP(W(CO)s), 26 37989 + 3799

An IR spectrum of the photolysised solution indicated the formation of a band at 1981
cm ' which 1s assigned as W(CO)s Once more the pentacarbonyl bands of the complex
had are joined by the hexacarbonyl peak (see Figure S 14) These changes have been
attnbuted to the formation of the singlet excited state of the porphyrin pentacarbonyl
complex which leads to cleavage of the N-M bond
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Figure 5.14 IR spectrum of cis-DiPyDiPP(W(CO)s); after laser flash photolysis (Zexc =
532 nm) in dichloromethane under 1 atmosphere of CO

188



5.7.2 Laser flash photolysis of ds-DiPyDiPP(Cr(CO)s)2 at 532 nm under 1
atmosphere of CO

The transient absorption spectrum of ds-DiPyDiPP(Cr(CO)s)2 (Figure 3.19) was
recorded between 430 nm and 800 nm and as was found with cw-DiPyDiPP(W(CO)s)2
had similar characteristics of the J7i-7*) excited states of the uncomplexed free base
porphyrin. Both the free base porphyrin and ds-DiPyDiPP(Cr(CO)s)2 absorbs strongly
between 440 and 490 nm with the maxima again at ~ 440-460 nm. ds-
DiPyDiPP(Cr(CO)s)2 showed bleaching at 520 nm and less intense absorption in the Q-
band region which is typical of tetra aryl porphyrins such as ds-DiPyDiPP. The
difference spectrum of the complex has a rises sharply to maximum peak while the
uncomplexed free base porphyrin increases gradually to a maximum before decreasing in

intensity slowly.

Wavelength (nm)

Figure 5.15 Transient absorption spectrum of cis-DiPyDIPP(Cr(CO)s)2 at A'ac= 532
nm under 1 atmosphere of CO in dichloromethane at 293 K

The transient absorbance spectrum of the disubstituted Cr(CO)s porphyrin is typical of a

transient absorption spectrum of a tetra aryl free base pophyrin and there is little

difference between the spectrum of uncomplexed ds-DiPyDiPP and the complexed
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porphynin A direct companson was made between the transient absorption spectrum of
the uncomplexed porphyrin and the pentacarbonyl complex (see Figure 5 16} in the
region 450 to 530 nm The samples had 1dentical absorbance at the excitation wavelength
yet the profile of both spectra was noticeably similar apart from a red shift of 10 nm 1n
the Amax Of the complex compared to the free base porphynin This was also the case for
the mono substituted Cr(CO)s complex The zinc derivative has a maxima at ~ 460 nm

which 1s a shorter wavelength maximum than that of free base porphyrins
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Figure 5 16 Transient absorption spectrum of solutions of cis-DiPyDi1PP and cis-

DiPyDiPP(W(CO)s)> with identical absorbance at Ao..= 532 nm at 293 K

Once again the fact that there 1s no great change in the spectrum of the complex
compared the free base porphyrin suggests that the coordination of the metal
pentacarbonyl units to the porphyrin has no effect on the triplet state As mentioned for
the W analogue the changes observed for the fluorescence work and the reduction 1n
hfetimes of the singlet excited state suggest that the N-M bond could be cleaved before

the triplet excited state 1s formed
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Lifetime measurements for the Cr pentacarbonyl porphyrin complex and the
uncomplexed porphyrin were recorded at 450 nm using samples with the same
absorbance at the excitation wavelength, 532 nm The transient signals for both are
shghtly different (see Figure 5 17) but have lifetimes, which occur, 1n the same region
providing further evidence that the pentacarbonyl moiety does not affect the triplet
excited state of the porphyrin Previously 1t was thought that a metal coordinated to a

porphyrin would induce the heavy atom effect Given that Cr 1s not a heavy atom this can

be ruled out
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Figure 5 17 Transient signals obtained at 490 nm following excitation of cis-DiPyDiPP
and cis-DiPyDiPP(Cr(CO)s); at Aexc = 532nm in dichloromethane solution at 293 K

The tniplet state decays with mixed first/second order kinetics (Figure 321) As
previously stated this 1s attnibuted to competition between unimolecular decay and triplet-

triplet annihilation processes and 1s typical for all porphyrins 6

Table5 7
450 nm
Poprhyrin Tirp( 11S) Kobs(s™)
MPyTPP 30 32748 + 3275
MPyTPPCHCO)s 27 36797 3680
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Figure 5.18 IR spectrum of cis-DiPyDiPP(Cr(CO)s); after laser flash photolysis (Aex. =

532 nm) in dichloromethane under 1 atmosphere of CO

Figure 5 18 shows the IR spectrum of cis-DiPyDiPP(Cr(CO)s); measured after the
transient absorption spectrum had been obtained As the N-Cr bond was cleaved and a
grow 1n due to the formation of Cr(CO)s 1s seen at 1980 cm ' It 1s undoubtedly the case
that 1irradiation at 532 nm of the cizs-DiIPyDiPP(Cr(CQO)s); complex 1n the presence of CO
produces the Cr(CO)g species
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5.7.3 Discussion of results

Laser flash photolysis was carried out on the uncomplexed free base aryl porphyrin (cis-
DiPyDiPP) and its metal carbonyl complexes (cw-DiPyDiPP(M(CQO)s)2 where M = W or
Cr) in deoxygenated dichloromethane under one atmosphere of CO. The solutions were
degassed using the freeze pump thaw method. All the transient absorption difference

spectra were recorded using pulsed laser excitation at 532 nm.

The time-resolved absorbance of the triplet state of a typical tetraphenyl or tetrapyridyl
porphyrins have a lifetime of ca. 30 |as at room temperature.6 Free base porphyrins
exhibit strong transient signals from 430 nm to 480 nm and there is also bleaching at 520
nm with less intense absorption in the Q-band region extending into the IR region. The
transient signals obtained were typical of 3#-7r*) excited states of aryl porphyrins (see
Figure 5.19).282 Like all free base porphyrins the triplet excited state was efficiently
quenched by the addition of0 2

W avelength (nm)

Figure 5.19 Transient absorption spectrum of cis-DiPyDiPP at Aec= 532 nm under 1

atmosphere of CO in dichloromethane at 293 K
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Two metal carbonyl moieties were attached to the porphyrin via pyndyl linkers in a
method described in see Section 6 6 These disubstituted systems were chosen to
investigate the efficiency at which electron transfer or energy transfer process can occur
across orthogonal n-substituents on the meso position of the porphynin for comparison

with the mono substituted free base porphyrin analogues

The UV-vis spectrum of M(CO)s(CsHsN) has been discussed previously and 1t was
shown that this compound has no significant absorbances at wavelengths longer than 420
nm *° Therefore any excitation of the complex above 420 nm would populate triplet
excited state associated with the porphyrin only This 1s shown in the transient absorption
difference spectra 1n Figure 5 11 and 5 15 The formation of a new band in the UV-vis
spectrum at 290 nm represents the formation of M(CO)¢ This was confirmed by IR

analysis of the sample after photolysis was complete (see Figure 5 18)
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Figure 5 20. Schematic representation of the deactivation pathway from

DiPyDiPP(M(CO)s); singlet excited state. (Aoxec= 532 nm)
Based on evidence from the mono substituted and zinc analogues 1n chapter 3 and 4 a

figure representing the deactivation pathway from the singlet excited state was proposed

(see Figure 520) As the electronic communication 1s like that observed m chapter three
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and four a diagram based on Figure 3 26, Chapter 3 and Figure 4 27 Chapter 4 1s
presented here The theories put forward in the previous chapters can be used again to
explain the results for the di substituted complexes In Figure 5 20 the cis complexes are
not treated as a supramolecular molecule but the components of the molecule act on their
own In the ground state absorbance spectra of the porphyrin complexes the complexes
are shifted to lower energy compared to the uncomplexed porphyrin The reduction 1n
singlet hfetime can be explained by the formation of a lower energy singlet state of the
complex relative to the singlet state of the free base porphyrin This can be clanified by
the red shift of the emission spectra and ground state spectra of the complexes relative to
the uncomplexed chromophore In the tnplet excited state there are no changes related to
population of a complex based triplet excited state, the lifetimes are very similar for both

the free base porphyrin and the metal complexes

This shows that upon formation of the singlet excited state of the complexes the carbonyl
moiety 1s lost and the triplet state of the free base porphyrin 1s fonped The spin
forbidden process of singlet to triplet mtersystem crossing is the predominant route for
radiationless deactivation of S; in porphynins with ST formation about 90% ' With
little room for increase 1n triplet formation 1t 1s unlikely that the metal fragment affects
the triplet state of the complex greatly This would make 1t difficult to observe any
reduction or increase 1n intensity of the transient absorption spectra The pyndine and
phenyl nngs of the porphynn are twisted out of the molecular plane so that they are
1solated from the conjugated system of the macro ring (see Figure 5 1) Therefore the
interaction of the metal entity and the porphyrin are not as strong as would be expected

but the presence of two of these umits does enhance the effects
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5.8 Conclusion

Cis-DiPyD1PP, c1s-DiPyD1IPP(W(CO)s); and cis-DiPyD1PP(Cr(CO)s), were prepared as
discussed in chapter six The metal complexes were used to investigate the electronic
properties of the porphyrin and to compare these with the free base porphyrin and the
mono substituted species discussed in chapter three The techmques used were similar to
those used previously such as photophysical (emission spectra and singlet lifetimes) and

photochemical (time resolved and steady state spectroscopy)

The UV-vis spectra of the complexes were shifted to lower energy by 2 - 6 nm compared
to the free base porphyrin The increased red shift 1s due to the presence of the two metals
at the peniphery of the porphyrin and the net removal of electron density from the
porphyrin 7 system upon metal-pyndine bond formation 2 For both complexes laser flash
photolysis resulted in the loss of the M(CO)s moiety from the porphyrin macrocycle This
was confirmed by the IR and UV-wvis spectra obtained following photolysis experiments
(see Section 57) As photolysts was carried out at A > 500 or > 400 nm the porphyrin
chromophore was the dominant absorbing species Therefore there 1s the same electronic
communication between the chromophore and the metal moiety as discussed for the

mono substituted complex and the zinc analogue

As with the previous systems the interaction of the metal moiety and the porphyrin only
appears to take place in the singlet state There 1s a shift in the transient absoption
maxima for the two complexes when compared to the free base porphyrin but the
lifetimes remain 1n the same region Without any real change n the lifetimes of the triplet
excited state of the porphyrin complexes compared to the free base porphyrin it was
concluded that the metal motety did not affect the electronic make up of the porphyrin in
the tniplet state In the singlet excited state, lifetimes are reduced by almost 50% showing
that the metal moiety had a substanmal effect on the porphynin Therefore like the
complexes discussed 1n previous chapters the results would indicate that the electrome

communication takes place n the singlet excited state of the complexes
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Figure 5.21 Comparison of the transient absorption spectrum of MPyTPP,
MPyTPPW(CO)s and cis-DiPyDiPP(W(CQ)s); after 20 us

An overlap of the transient absorption spectra of MPyTPP, MPyTPPW(CO)s and cis-
DiPyDiPP(W(CO)s); are given in Figure 521 The differences between the triplet
excited state of the three compounds 1s shown and confirms the shght differences
between the complexes and the free base porphyrin i the triplet state The shift of ~ 10

nm 1s obvious from this spectrum as 1s the reduction 1n ntensity
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61  Reagents
All solvents used 1n laser flash photolysis and steady state photolysis expenments were of
spectroscopic  grade (Aldnch Chemical Company) and these solvents included

dichloromethane, toluene and cyclohexane (alt were used without further purification )

Tetrahydrofuran (THF) was dried over sodium metal using benzophenone as an indicator,

prior to use

All gases used (Argon and CO) were supplied by Air products and IIG respectively

All organic synthetic reagents were of commercial grade and used without further

purification unless otherwise stated

Pyrolle (Aldnch Chemical Company) was distilled over KOH under reduced pressure It
was stored over KOH under Argon and kept in the fndge at 4 °C

The hexacarbonyls, W(CO)¢ and Cr(CO)s (Aldrich Chemical Company) were used
without further punfication

Silica Gel used for column chromatography was used as received All solvents used for

chromatography were bench top solvents and dried using MgSO,
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6.2 Equipment
6.2.1 Infrared spectroscopy

Infrared spectra were carried out on a Perkin Elmer 2000 FT-IR spectrometer using

0 1mm sodium chlonde liquid solution cells

6 2.2 Absorption spectroscopy

UV-vis spectra were recorded on a Hewlett Packard 8452A photodiode Array

spectrometer Samples were held m a 1 cm pathlength quartz cell

623 Nuclear Magnetic Resonance spectroscopy

'H NMR spectroscopy was the main tool used in the identification of compounds

throughout this thesis

All 'H (400 MHz) experiments were recorded on a Bruker Avance AC 400 NMR
spectrometer and the free induction decay (FID) profiles processed using a XWIN-NMR
software package All measurements for both the ligands and the pentacarbonyl
complexes were carnied out in CD3;Cl Peak positions are relative to the residual peak

position or TMS
624 Emssion spectroscopy

Emission spectra were obtained at room temperature using a Perkin-Elmer LSS50 or
LS50-B luminescence spectrophotometer equipped with a red sensitive Hamamatsu R928
detector, interfaced to an Elonex PC466 personal computer employing Perkin-Elmer FL
WinLab custom built software Emussion and excitation shit widths of 10 nm were used

for all the measurements The spectra were corrected for the photomultiplier response
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Emission quantum yield measurements were carried out by using the optically dilute
method ' The quantum yield of each complex 1s determined relative to the uncomplexed
porphyrin Emission spectra were obtained at a wavelength where the absorbance of the
uncomplexed porphyrin and the pentacarbonyl complexes bemng examined were 1dentical
The area under the emussion spectrum of each sample was calculated using the
spectrometer software supplied and the quantum yield was calculated using Equation 3 4

All measurements were carried out in dichloromethane

Equation 3.4
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6 3 Determination of extinction coefficients

Extinction coefficients were calculated for each compound at the laser excitation
wavelength (532 nm) These values were used to determine the concentration of the
samples Using the Beer-Lambert law (see equation 6 1) and knowing the absorbance at a
particular wavelength the concentration of the sample can be determined The Beer-

Lambert law 1s given by the equation

Equation 6.1

A=Ecl

Where A = absorbance at a particular wavelength
¢ = concentration of sample (moles dm 3)
1 = pathlength of cell (1 cm)

£ = molar extinction coefficient of the sample (dm’ moles cm "
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6.4 Time Correlated Single Photon counting (TCSPC) technigues — nanosecond

time resolved emission spectroscopy

All singlet state lifetimes measurements were obtained using TCSPC (an Edinburgh
Instruments nf900 ns flashlamp and CD900 time to amplitude converter (TAC))
Lifetimes were measured using spectroscopic grade solvents Samples were degassed by
three cycles of the freeze thaw procedure to 10 torr using specially designed degassing
bulb attached to a fluorescence cell Deconvolution of the lamp profile was camed out
for each sample, as emission lifetimes were < 11 ns The lamp profile was obtained using

a colloidal suspension of silica 1n water as a scattering agent
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Figureure 6 1 A schematic diagram of the TCSCP apparatus

When the Start photomultiplier detects a photon of emitted light 1t tnggers the TAC to
mmitiate a voltage ramp The ramp 1s halted when the STOP photomultiplier detects a
photon from the reference beam (1 e the nanosecond flashlamp pulse) The multi channel
analyser (MCA) records the number of times a specific voltage 1s obtained depending on

the settings used A spectrum of voltages, and hence time differences, 1s produced by the
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MCA memory and the experiment 1s terminated when a sufficient number of counts are
collected (typically 1000 in the peak channel) The spectrum of voltages 1s directly
related to the emssion decay allowing for the measurement of the emission The quality

of the lifetime data obtained 1s judged primanly by two criteria the xz, and the random

nature of the residuals plot A %’ as close to one but not below 1t 1s 1deal
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65  Laser flash photolysis

6 5.1 Preparation of degassed samples for laser flash photolysis

Samples were prepared 1n a specially designed degassing bulb attached to a fluorescence
cell This cell was cleaned thoroughly by steeping n base for 24 hours prior to use All
samples were prepared n the dark room to ensure decomposition did not take place They
were prepared using only spectroscopic grade solvent Absorbance of the samples at the
desired wavelength (532 nm) was between 065 and 10 AU The samples were then
degassed by three cycles of the freeze thaw procedure to 107 torr Liquid pump phase

was then carried out to remove any trace impurities such as water if necessary

An atmosphere of CO or argon was then placed over the sample to prevent boiling of the
solvent or investigate different properties of the process The pressure of CO admitted to
the cell after degassing process determined the concentration of CO The solubility of the
CO 1 cyclohexane was taken to be 90 x 10° M under 1 atmosphere of CO Spectral
changes were monitored at regular intervals 1n the UV-vis or IR spectroscopy during the

photolysis experiment
652 Laser Flash Photolysis with UV-Vis Detector Apparatus

The excitation source was a neodylum yttrium alumimum garnet (Nd-YAG) laser, which
operates at 1064 nm Nd atoms are implanted in the host YAG crystals of approximately
one per hundred The YAG host material has the advantage of having a relatively high
thermal conductivity to remove the wasted heat, thus allowing these crystals to operate at
high repetitions rates of the order of many pulses per second The frequency can be
doubled, tripled or quadrupled with non-linear optical techmques to generate a second,
third or forth-harmontc frequency at 532, 355 or 266 nm respectively This allows certain
atomic processes to be preferentially selected The power of the laser can be amplhified by
applying different voltages across the amplifier flash tube The pulse time 1s
approximately 10 ns, the energy generated for 266, 355 and 532 nm frequencies 1s
typically 25, 45 and 55 mJ per pulse respectively
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Laser

Figureure 6.2 A schematic diagram ofthe instrumentation used in the laserflash

photolysis experiments

The circular laser pulse is diverted via a Pellin Broca prism onto the sample cuvette.
When the pulse passes through the power meter situated after the prism, but before the
sample cuvette, the oscilloscope is triggered. The monitoring light source is an air-cooled
275-watt xenon arc lamp arranged at right angles to the laser beam. The monitoring beam
passes through the sample and is directed to the entrance slit of an Applied Photophysics
/3 monochromator via a circular lens. UV-vis filters were employed between monitoring
source and sample to prevent excessive sample photo-degradation. A hamatsu 5 stage
photomultliplier operating at 850 V was placed at the exit slit of the monochromator. The
absorbance changes were measured by a transient digitiser (oscilloscope) via a variable
load resistor. The digitiser, a Hewlett Packard HP 54510A oscilloscope was interfaced to

a PC. All signals were recorded on floppy discs.
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A typical transient signal was obtained as follows the amount of momtoring hight being
transmutted through the solution before the laser flash, Iy, 1s recorded imitially This 1s the
voltage corresponding to the amount of light detected by the photomultiphier tube when
the source (Xe arc lamp) shutter opens, less the voltage generated by stray light When
the monitoring source 1s opened while simultaneously firing the laser pulse through the
sample cuvette and the amount of hight transmtted through 1s recorded (I;) Since ly/I; =
absorbance, the change in intensity of the probe beam transmmtted 1s measured as a

function of time and/or wavelength

By recording transient signals sequentially over a range of wavelengths, absorbance
readings can be calculated at any time after the flash to generate a difference absorption
spectrum of the transient species Spectra are obtamned as a result of point by point build-
up by optically changing the wavelength of the monochromator It 1s necessary that the
solution 1s optically transparent for the monitoring light beam and hence solvents of
spectroscopic transparency are required A schematic diagram of the laser flash

photolysis instrumentation 1s presented 1n Figure 6 2

209



6.6

Structures of compounds synthesised i this study

MPyTPP

cis DIPyD1PP trans-D1IPyDIPP

3 py TnPP monofer-MPyDiPP

Figure 6 3 Free base porphyrins higands
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N—Cr(CO),

MPyTPP W(CO), MPyTPPCr(CO),

wico), Cr(CO),

N—Cr(CO),

cis DiIPyDiPP(W(CO),), c1s DIPyDiPP(Cr(CO),),
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ZnMPyTPPW(CO), ZoMPyTPPCr(CO);

Cr(CO),

trans DiIPyDIPP(W(CO),) TPPCKCO) ,

Figure 6.4 Free base and metalloporphyrin complexes
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Table 6.1

Abbreviation Full Name
TPP 5, 10, 15, 20—tetra phenyl porphyrin
MPyTPP 5-Mono 4-pyridyl 10, 15, 20-triphenyl

cis-DiPyD1PP

trans-D1PyD1PP

3-Py-TnPP

Monofer-MPyD1PP

MPyTPPW(CO)s

MPyTPPCr(CO)s

cis-DiPyDiPP(W(CO)s);

c1s-DiIPyD1PP(Cr(CO)s),

porphyrin

5,10 - cis 4 - Dipynidyl 15,20 - Diphenyl
porphyrin

5,15 - trans 4 - Dipyndyl 10,20 - Dipheny!
porphyrn

5-Mono 4-pyndyl 10, 15, 20-tnphenyl
porphyrin

5-Mono ferrocene 15-mono 4-pynidyl 10,
20-triphenyl porphyrin

5-Mono 4-pyndyl 10, 15, 20-tnphenyl
porphyrin tungsten pentacarbonyl

5-Mono 4-pyndyl 10, 15, 20-triphenyl
porphyrin chromium pentacarbonyl

5,10 - cis 4 - Dipyndyl 15,20 - Diphenyl
porphyrin ditungsten pentacarbonyl

5, 10 - cis 4 - Dipyndyl 15, 20 - Diphenyl
porphyrin dichromium pentacarbonyl
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Abbreviation Full Name

ZnMPyTPPW(CO)s 5-Mono 4-pyndyl 10, 15, 20-tniphenyl
porphyrnato zinc(Il) tungsten
pentacarbonyl

ZnMPyTPPCr(CO)s 5-Mono 4-pyndyl 10, 15, 20-triphenyl

trans-DiPyD1PP(W(CO)s),

TPPCK(CO);

porphyrinato zinc(II) chromum
pentacarbonyl

5, 15 - trans 4-Dipynidyl 10, 20 - Diphenyl
porphyrin ditungsten pentacarbonyl

5, 10, 15, 20-tetra phenyl porphynn

chromium tricarbonyl

While the synthesis of these compounds was carried out not all complexes were

successfully 1solated and characterised
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661 Synthesis of free base tetra aryl porphyrins

All synthesis was carried out using conventional glassware under a mitrogen or argon
atmosphere All samples used for laser flash photolysis and steady state photolysis were

degassed for 15 — 20 mins prior to measurements
All free base porphyrins were synthesised by a method described by Alder et al 2

7 0 mL (100 mmol) of freshly distilled pyrolle, 7 5 mL (74 mmol) of benzaldehyde and
5 0 mL (52mmol) of 4-pyridine carboxaldehyde were added to 250 mL of 99% propiomc
acid and brought to reflux temperature The acidic solution gradually turned black on
addition of the reagents The muixture was left at reflux temperature for 2hrs, allowed to
cool and left to stand overnight at room temperature The black solution was filtered and
the purple crystals formed were collected and washed several times with methanol to give
a bnght purple crystalline sohid This method typically gives a yield of 2 5Sg (15%) of
crude porphyrin

TLC using chloromform ethanol (98 2) indicated the presence of a muxture of six
products which formed during the reachon The six compounds formed were 5, 10, 15,
20-tetraphenylporphyrin (TPP), 5-pyndyl-10, 15, 20-triphenylporphyrin (MPyTPP), cis-
5,-10-dipynidyl-15,-20-diphenylporphyrin  (cis-DPyDPP),  5,-15-dipynidyl-10,  20-
diphenylporphyrin  (trans-DPyDPP), 5,-10,-15-pyridyl-20-phenylporphyrin (TPyMPP)
and 5-10-15-20-tetrapyridylporphyrin

The crude porphyrin was punfied on a sihica gel column The mitial eluent was 98%
chloroform and 2% ethanol which elutes the TPP Subsequent columns of increasing
polarity (chloromform ethanol (97 3) and chloromform ethanol (96 4)) separated out the
remaining porphyrins

Porphyrin Spectroscopy.
TPP UV-vis spectrum [A, nm, CH,;Cl,] 418, 516, 550, 590, 648
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'H NMR [400MHz CDCl3] & 8 86 (8 H, m, pyrrole B), 8 22 (8 H, m, o-
phenyl), 7 77 (12 H m, m- and p- phenyl), -2 95 (2 H, s, internal pyrrole)

MPyTPP UV-vis spectrum [A, nm, CH2Cl,] 418, 514, 548, 588, 644
'H NMR [400MHz CDCl3] &9 04 (2 H, d, 2,6-pynidyl), 8 86 (8 H,
m, pyrrole B), 8 22 (8 H, m, o-phenyl and 3,5 pyndyl), 777 (9 H
m, m- and p- phenyl), -2 83 (2 H, s, internal pyrrole)

cis-DiPyDiPP UV-wvis spectrum [A, nm, CH,Cl;] 416, 513, 547, 588, 643
'H NMR [400MHz CDCls] &9 06 (4 H, d, 2,6-pynidyl), 8 86 (8 H,
h, pyrrole B), 8 20 (8 H, m, o-phenyl and 3,5 pynidyl), 7 77 (6 Hm,
m- and p- phenyl), -2 84 (2 H, s, internal pyrrole)

trans-DiPyD1PP UV-vis spectrum [A, nm, CH,Cl;] 416, 514, 548, 588, 643
'H NMR [400MHz CDCI3] & 9 06 (4 H, d, 2,6-pyndyl), 8 90 (8 H,
d, pyrrole 3), 8 18 (8 H, m, o-phenyl and 3,5 pyndyl), 779 (6 Hm,
m- and p- phenyl), -2 86 (2 H, s, internal pyrrole)

6.6.2 Synthesis of ZnTPP

The following 1s the procedure for metaliation of all porphyrins n this study Zinc was
inserted mnto the porphyrin using a standard method ** An excess of zmc acetate (0 03 g)
m 5 mL of methanol was added to a deep purple solution of the free base porphyrin for
example, TPP (0 05 g) in 50 mL of chloroform, The chloroform had previously been
dned over MgSOs The reaction mixture was allowed to stir overmight at room

temperature under a N, atmosphere

UV-vis spectroscopy was used to measure the completion of the reaction Metal insertion

was confirmed by the collapse of the four Q bands of TPP free base porphyrin (A = 516,
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550, 590 and 646 nm) and the formatton of two peaks (A = 543 and 578 nm) of the zinc

metalloporphyrin monomer

The solvents were removed by rotary evaporation at room temperature and the crude
ZnTPP was purified using a silica column and chloroform to give a bright pink crystalline
product Yield 47mg (86% yield)

ZnTPP UV-vis spectrum [A, nm, CH,Cl] 418, 543,578
'H NMR [400MHz CDCl;] & 8 86 (8 H, m, pyrrole B), 822 (8 H,
m, o-phenyl), 7 77 (12 H m, m- and p- phenyl)

Note Zinc pynidyl porphyrins aggregate in non-co-ordinating solvents and are a darker
blue colour compared to the bright pick colour of ZnTPP *° The '"H NMR gives evidence
for this aggregation Yield 50 mg (83% yield)

ZnMPyTPP UV-vis spectrum [A, nm, CH,Cl;] 418, 562, 604
'"H NMR [400MHz CDCl3] & 8 86 (m, pyrrole B), 8 51 (m, pyrrole
B), 810 (m, o-phenyl), 767 (m, m- and p- phenyl), 741 (m,
pyrrole), 6 23 (3,5 pyndyl), 2 60 (2,6-pyridyl)
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6 63 Synthesis of 5-(4-pyridyl)-10,15,20 triphenyl porphyrin tungsten

pentacarbonyl
All pentacarbonyl complexes were synthesised usmg a method described by Strohmeter ’

015 g (043 mmol) of W(CO)s was dissolved in 150 mLs of dry THF which was
previously degassed for 15 minutes with mtrogen The solution was photolysed with a
200 W medium pressure Hg lamp n a photolysis well The solution was continually
purged with nitrogen After about 60 minutes the solution had turned a strong yellow
colour Completion of photolysis and the formation of W(CO)sTHF was determined by
IR spectroscopy Depletion of the hexacarbonyl peak at 1891 cm ' and the grow 1n of the

pentacarbonyl peaks indicated completion of the reaction

The W(CO)sTHF solution was then stirred overnight with 02 g (0 33 mmol) of 5- (4 -
pyndyl)-10, 15, 20 — tnphenyl porphyrin under a mtrogen atmosphere THF was removed
under reduced pressure on the rotary evaporator The complex was redissolved n
chloroform and punfied on a silica column using a chloroform pentane (90 10) solvent
system Most of the unreacted hexacarbonyl was eluted mnitially on the column with any
further hexacarbonyl impunties removed by sublimation under reduced pressure The
complex was recrystallised from cold pentane to yield pure MPyTPPW(CO)s which was
an appreciably browner colour than the parent porphyrin The yield was 246 mg (78%)

MPyTPPW(CO)s UV-vis spectrum [A, nm, CH2Cl] 422, 516, 552, 590, 646
IR (CH,Clz) vco 2072, 1929 and 1895 cm !
'H NMR [400 MHz CDCl;] § 913 (2 H, d, 2,6-pyridyl), 8 86 (8
H, m, pyrrole B), 8 22 (8 H, m, o-phenyl and 3,5 pynidyl), 7 77 (9
H m, m- and p- phenyl), -2 83 (2 H, s, internal pyrrole)
FAB 938 (C4gH29NsOsW), 617 (-W(CO)s)
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6 6.4 Synthes;s of S5-(4-pyndyl)-10,15,20 triphenylporphyrin  chromium

pentacarbonyl

The chromium pentacarbonyl analogue was synthesised by the method described

previously ’

015 g (068 mmol) of the Cr(CO)s was photolysed in 150 mLs of dry THF that was
previously degassed for 15 minutes with nitrogen The solution was photolysed with a
200 W medium pressure Hg lamp 1 a photolysis well The solution was continually
purged with mitrogen and after about 60 minutes the solution had turned a strong orange
colour Completion of photolysis and the formation of Cr(CO)sTHF was determined by
IR spectroscopy Depletion of the hexacarbonyl peak at 1971 cm™ and the grow 1 of the

pentacarbonyl peaks indicated completion of the reaction

02 g (032 mmol) of 5 - (4 - pyndyl)- 10, 15, 20 — triphenyl porphyrin was stirred with
the THFCr(CO)s under an atmosphere of mtrogen overmght THF was then removed
under reduced pressure on the rotary evaporator The complex was then redissolved in
chloroform and punified on a silica column using a chloroform pentane (90 10) solvent
system Unreacted hexacarbonyl was eluted mmitially on the column with any further
hexacarbonyl impurities removed by sublimation under reduced pressure The complex
was recrystallised from cold pentane to yield pure MPyTPPCr(CO)s which was had a
strong orange tinge compared to the parent The yield was 165 mg (64%)

MPyTPPCr(CO)s UV-wis spectrum [A, nm, CH,Cl;] 420, 516, 552, 590, 646
IR (CH,Cly) veo 2069, 1935 and 1899 cm '
'H NMR [400 MHz CDCl3] & 917 (2 H, d, 2,6-pyndyl), 8 81 (8
H, m, pyrrole B), 8 20 (8 H, m, o-phenyl and 3,5 pyndyl), 7 75 (9
H m, m- and p- phenyl), -2 83 (2 H, s, internal pyrrole)
FAB 806 (C4sH29NsO5Cr), 617 (-Cr(CO)s)
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6.6.5 Synthesis of cis5-5,10-(4-dipyridyl)-15,20 diphenylporphyrin  ditungsten

pentacarbonyl
The di-tungsten pentacarbonyl complex was synthesised as described previously 2

030 g (0 85mmol) of the W(CO)s was photolysed in 200 mLs of dry THF which had
been previously purged with mitrogen for 15 minutes The solution was continually
purged with nitrogen to avoid any oxidation effects After about 60 mnutes the solution
had turned a strong yellow colour Completion of photolysis and the formation of
W(CO)sTHF was determined by IR spectroscopy The solution was photolysed with a
200-W medium pressure Hg lamp 1n a photolysis well A two fold excess of
hexacarbonyl was needed because there were now two sites on the porphynin for the
pentacarbonyl moiety to bind The depletion of the hexacarbonyl peak at 1971 cm "and

the grow 1n of the pentacarbonyl peaks indicated that the reaction was finished

02 g (032 mmol) of 5,10-d1-(4-pyndyl)-15,20-diphenylporphyrin was stirred with the
THFW(CO)s under an atmosphere of mtrogen overmght THF was then removed under
reduced pressure on the rotary evaporator The complex was then redissolved 1n
chloroform and purified on a silica column using a chloroform pentane (90 10) solvent
system Most of the unreacted hexacarbonyl was eluted imitially on the column with any
further hexacarbonyl impurities removed by sublimation under reduced pressure The
complex was recrystallised from cold pentane to yield pure cis-DiPyDiPP(W(CO)s),
which was an appreciably browner colour than the parent porphyrin and the mono-
substituted porphyrin due to the presence of two metal units The yield was 215 mg
(53%)

cis-DiPyDIPP(W(CO)s),  UV-wis spectrum [A, nm, CH,Cl,] 421, 517, 552, 590, 646
IR (CH,Cly) veo 2073, 1929 and 1897 cm '
'H NMR [400MHz CDCl3] 8 920 (4 H, d, 2,6-pyndyl),
8 82 (8 h, m, pyrrole B), 8 10 (8 H, m, o-phenyl and 3,5
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pyridyl), 773 (6 H m, m- and p- phenyl), -2 86 (2 H, s,
mnternal pyrrole)
FAB 1263 (Cs;H2sN6010W2), 617 ((-W(CO)s)2)

6.6.6 Synthesis of cis-5,10-(4-dipyridyl)-15,20 diphenylporphyrin dichromium

pentacarbonyl
The di-chromium pentacarbonyl complex was synthesised as outlined before 2

030 g (136 mmol) of the Cr(CO)s was photolysed in 200 mLs of dry THF having
previously been degassed for 15 minutes with mtrogen The solution was photolysed with
a 200-W medium pressure Hg lamp 1n a photolysis well The solution was continually
purged with nitrogen After about 60 minutes the solution had turned a strong orange
colour Completion of photolysis and the formation of Cr(CO)sTHF was determined by
IR spectroscopy The depletion of the hexacarbonyl peak at 1971 cm "and the grow 1 of
the pentacarbonyl peaks indicated completion of the reaction A large two fold excess of
hexacarbonyl was needed because there were two sites on the porphyrin for the

pentacarbony! to bind

02 g (032 mmol) of 5,10-di-(4-pyndyl)-15,20-diphenylporphyrin was stirred with the
THFCr(CO)s under an atmosphere of mitrogen overnight THF was then removed under
reduced pressure on the rotary evaporator The complex was then redissolved 1n
chloroform and punfied on a silica column using a chloroform pentane (90 10) solvent
systetm Most of the unreacted hexacarbonyl was eluted mitially during column
chromatography with any further hexacarbonyl impunties removed by sublimation under
reduced pressure The complex was recrystallised from cold pentane to yield pure cis-
DiPyD1PP(Cr(CO)s); which was had a strong tinge compared to the parent porphyrin and
the mono-substituted complex Yield 141 mg (44%)

cts-DiPyDIPP(Cr(CO)s)2  UV-vis spectrum [A, nm, CHaCly] 420, 516, 552, 590, 646
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IR (CH,Cly) veo 2069, 1936 and 1899 cm !

'H NMR [400MHz CDCl3] & 922 (4 H, d, 2,6-pyndyl),
8 83 (8 h, m, pyrrole B8), 8 12 (8 H, m, o-phenyl and 3,5
pyridyl), 774 (6 H m, m- and p- phenyl), -2 84 (2 H, s,
internal pyrrole)

FAB 1001 (Cs2Hp3NgO19Cr2), 617 ((-Cr(CO)s)2)

6.6.8 Synthesis of ZnMPyTPPW(CO)s

The zinc porphyrin pentacarbonyl complexes were made using two different methods
The first method 1nvolved photolysis of the zinc porphyrin 1n a solution of the desired
THF pentacarbonyl complex The Zn-N bond 1s so mtrinsically weak that stable polymers
are dufficult to form,* therefore formation of a M-N bond can usually take place in the
presence of the polymer The second method involved the reaction of MPyTPPM(CO)s
with zinc acetate as described mn section 6 52 This method involved stirring the
pentacarbonyl 1n solution overnight The yields for both reactions were lower than those
obtained for the uncomplexed porphynn The first method was chosen above the other as

its yield was shghtly higher

010 g (0 28 mmol) of W(CO)s was dissolved in 100 mLs of dry THF and degassed for
15 minutes with mtrogen The solution was photolysed with a 200 W medium pressure
Hg lamp 1n a photolysis well The solution was continually purged with nitrogen to avoid
any oxidation effects After about 60 minutes the solution had turned a strong yellow
colour Completion of photolysis and the formation of W(CO)sTHF was determined by
IR spectroscopy The depletion of the hexacarbonyl peak at 1891 ¢m ' and the grow 1 of

the pentacarbonyl peaks 1ndicated that the reaction was complete

The W(CO)sTHF solution and 0 05 g (0 073 mmol) of ZnMPyTPP porphyrin was stirred
overnight under an atmosphere of mtrogen THF was then removed under reduced

pressure on the rotary evaporator The complex was then redissolved 1n chloroform and
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purified on a silica column using a chloroform pentane (90 10) as the solvent system The
unreacted hexacarbonyl was eluted mtially on the column or removed by sublimation
under reduced pressure The solvent was removed under reduced pressure to yield pure
ZnMPyTPPW(CO)s which was pink 1n colour compared to the brown/purple colour of
the porphyrin pentacarbonyl complex and the blue/purple colour of ZnMPyTPP polymer

The y1eld was 43 mg (57%)

ZnMPyTPPW(CO)s UV-wis spectrum [A, nm, CH,Cl;] 422, 548, 588
IR (CH,Cly) veo 2070, 1931 and 1916 cm !
'H NMR [400MHz CDCl3] & 922 (2 H, d, 2,6-pyndyl),
8 86 (8 h, m, pyrrole B), 8 18 (8 H, m, o-phenyl and 3,5
pynidyl), 7 76 (9 H m, m- and p- phenyl)
FAB 1002 (C43H27NsOsWZn), 681 (-W(CO)s)

6 6.9 Synthesis of ZnMPyTPPCr(CO)s

010 g (0 45 mmol) of Cr(CO)s was dissolved in 100 mLs of dry THF and degassed for
15 minutes with mtrogen The solution was photolysed with a 200-W medium pressure
Hg lamp 1n a photolysis well The solution was continually purged with mtrogen to avoid
any oxidation effects After about 60 minutes the solution had turned a strong yellow
colour Completion of photolysis and the formation of Cr{CQO)sTHF was determined by
IR spectroscopy Depletion of the hexacarbonyl peak at 1891 cm ' and the grow i of the

pentacarbonyl peaks indicated that the reaction was complete

The Cr(CO)sTHF solution and 0 05 g (0 073 mmol) of ZnMPyTPP porphyrin was stirred
overnight with under an atmosphere of mtrogen THF was then removed under reduced
pressure on the rotary evaporator The complex was then redissolved 1n chloroform and
punfied on a silica column using a chloroform pentane (90 10) as the solvent system
Most of the unreacted hexacarbonyl was eluted imtially on the column with any further

hexacarbonyl mmpunties removed by sublimation under reduced pressure The solvent
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was removed under reduced pressure to yield pure ZnMPyTPPCr(CO)s which was pink
n colour compared to the orange/purple colour of the porphyrin pentacarbonyl complex

and the blue/purple colour of ZnMPyTPP polymer The yield was 38 mg (59%)

ZnMPyTPPCr(CO)s UV-vis spectrum [A, nm, CH,;Cl,] 420, 548, 588
IR (CH,Cly) vco 2067, 1937 and 1917 cm '
'H NMR [400MHz CDCl;] 8 920 (2 H, d, 2,6-pyndyl),
8 85 (8 h, m, pyrrole B), 8 19 (8 H, m, o-phenyl and 3,5
pyndyl), 7 75 (9 H m, m- and p- phenyl)
FAB 871 (C4sH27NsOsW), 681 (-W(CO)s)

6.6.10 Synthesis of trans-DiPyD1PP(W(CO)s),
The trans di-tungsten pentacarbonyl was synthesised as described previously 2

020 g (0 56 mmol) of the W(CQO)s was photolysed n 150 mLs of dry THF and having
been degassed for 15 minutes with nitrogen The solution was photolysed with a 200-W
medium pressure Hg lamp 1n a photolysis well The solution was continually purged with
nitrogen to avoid any oxidation effects After about 60 minutes the solution had turned a
strong orange colour Completion of photolysis and the formation of W(CO)sTHF was
determined by IR spectroscopy Depletion of the hexacarbonyl peak at 1971 17 cm™ and
the grow 1n of the pentacarbonyl peaks indicated that the reaction was completed A two
fold excess of hexacarbonyl was needed because there were now two sites on the

porphyrin for the pentacarbonyl to bind
01 g (016 mmol) of 5,15-di-(4-pynridyl)-10,20-diphenylporphyrin was stirred with the

THFW(CO)s overmght under an atmosphere of mitrogen The product could not be

punified as 1t was mnsoluble 1n all solvents except THF
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6 6 11 Synthes:s of 3-pyridyl porphyrin

Synthesis of 5-Mono 3-pynidyl 10, 15, 20—tniphenyl porphyrin (3-Py-TriPP) was achieved

using a combination of two methods descnbed previously o1l

1 5 mL (21 mmol) of freshly distilled pyrolle, 1 8 mL (18 mmol) of benzaldehyde and 1 2
mL (12 mmol) of 3-pynidine carboxaldehyde were added to 250 mL of CH>Cl; with 0 2
mL of tnfluoroacetic acid and stirred overmight under an atmosphere of mitrogen The
acidic solution gradually turned brown before eventually turning black An excess of 3-
dichloro-5,6-dicyano-1,4-benzo- quinine (DDQ), 068 g (30 mmol), was added to the
reactton mixture and the sample allowed to stir over might Fally an excess of
triethylamine, 0 SmL (35 mmol), was added and the mixture stirred for 1 hr The solvent

was then removed under reduced pressure Yield 660 mg (9%)

TLC using chloromform ethanol (98 2) indicated the presence of a muxture of six
products which formed dunng the reaction The six compounds formed where simlar to
those formed 1n section 6 51 but the nitrogen of the pyndine nng was now 1n the 3-
position The crude porphyrin was purified on a silica gel column The imtial elution was
98% chloroform and 2% ethanol which elutes the TPP Subsequent columns of increasing
polanty (chloromform ethanol (97 3) and chloromform ethanol (96 4)) separated out the
remaining porphyrins Only 3-Py-TriPP was of interest

Porphyrin Spectroscopy

3-Py-TnPP UV-vis spectrum [A, nm, CH,Cl,] 418, 516, 550, 590, 648
"H NMR [400MHz CDCl;] 89 03 (1 H, d, 4 pyndyl), 896 (1 H, s
2 pyndyl) 8 86 (8 H, m, pyrrole B), 8 22 (8 H, m, o-phenyl), 7 77
(12 H m, m- and p- phenyl), -2 95 (2 H, s, internal pyrrole)
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6 6 12 Attempted synthesis of ferrocene-pyridine porphyrin

The synthesis of 5-Mono ferrocene 15 — mono 4-pyndyl 10, 20-diphenyl porphyrin

10 11

(mono-fer-MPyD1PP) was attempted using both of the methods descnbed previously

1 5 mL (21 mmol) of freshly distilled pyrolle, 1 2 mL (12 mmol) of benzaldehyde, 13 g
(6 mmol) of ferrocene carboxaldehyde and 06 mlL (6 mmol) of 4-pyrnidine
carboxaldehyde were added to 250 mL of CH,Cl, followed by 0 2 mL of tnifluoroacetic
acid The reaction mixture was allowed to stir overmight under an atmosphere of nitrogen
The acidic solution gradually turned brown before eventually turning black i colour An
excess of 3-dichloro-5,6-dicyano-1,4-benzo- quumne (DDQ), 068 g (30 mmol), was
added to the reaction mixture and the sample stirred over mght Finally an excess of
trniethylamine, O SmL (35 mmol), was added and the mixture stirred for 1 hr The solvent

was then removed under reduced pressure Yield 113 mg

TLC using chloroform ethanol (95 5) showed that there were up to 15 compounds present

n the reaction mxture No attempt was made to purify the mixture any further

6.6.13 Attempted synthesis of tetraphenyl Cr(CO); porphyrin

The synthesis of a series of tetra phenyl and zinc tetra phenyl chromimum tricarbonyl
complexes was also attempted using a method that had previously been reported 1n the

literature 2 3

The TPP porphynin used was synthesised as described 1n section 6 5 1

TPP (0 1 g 16 mmol) and an excess of Cr{CO)s (0 1 g 45 mmol) were refluxed n dry di-
n-buthyl ether for 10 hrs under a mitrogen atmosphere A sample was removed from the
reaction at regular intervals to monitor the formation of the tricarbonyl complex using IR

spectroscopy Once the reaction was complete the solvent was removed in vacuo to leave
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a green solid TLC showed the presence of three compounds Only the mono substituted
porphyrin tricarbonyl complex was 1solated The stability of the complex was poor and
no 'H NMR were obtained Due to this no further photochemical or photophysical studies

were carried out

Porphyrin Spectroscopy.
TPPCr(CO); UV-vis spectrum [A, nm, CH,Cl;] 425, 517, 566, 603, 637
IR (CH;Cly) veo 1972 and 1896 cm '

6.6.14 Attempted synthesis of zinc tetraphenyl Cr(CO); porphyrin
ZnTPP porphyrin used was synthesised as described in section 6 S 2

ZnTPP (01 g 14 mmol) and an excess of Cr{CO)s (0 1 g 45 mmol) were brought to
reflux i dry di-n-buthyl ether for 10 hrs under a mtrogen atmosphere Samples were
removed from the reaction flask at regular intervals to momitor the formation of the
tricarbonyl complex using IR spectroscopy Once the peaks representing the tricarbonyl
complex formed the solvent was removed in vacuo to leave a green solid TLC showed
the presence of three compounds Only the mono substituted porphyrin tricarbonyl
complex was 1solated Again the stabihty of the complex was poor and no 'H NMR was

obtamned Due to this no further photochemical or photophysical studies were carried out

ZnTPPCr(CO); UV-vis spectrum [A, nm, CH,Cl;] 419, 550, 587
IR (CH,Cly) veo 1972 26 and 1903 22 cm
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Appendix A

Extinction Coefficients
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Figure 1 1 Graph used to determine the extinction coefficient for MPyTPP at 355 nm

in dichloromethane
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Figure 1 2 Graph used to determine the extinction coefficient for MPyTPPW(CO); at
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Extinction coefficient = 20861 dm’ mol’ cm™
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