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Photoelectrochemical and Photocatalytic behaviour of thin
Porphyrin Films on Semdconductor materials.

Andrew Martin Crouch, Ph.D.
Concordia University, 1987.

.’k

The photoelectrochemical and phopobatalytic\brocesses of

thin films of zinc tetraphenylporphyriﬁ\ﬁere studied on

semiconductors in three stages.
1)'as thin films modified by axial ligation.
2) as chromophores in ionically conductive polyher films.

3) as films on semiconductor particulates.

Ehe‘efﬁecp of axial 1ligands such as pyridine,

triphenylphosphine, triphenylarsine gnd poly(4 -~
vinylpyridine) on films of zinc teﬁfaphenylporphyfia shows
that flat band potentials are shifted by axial ligayion

and rates of the electron transfer for a redox couple like

Fe(CN)63‘/4' are increased. The photophysical properties
of zinchtetraphenylporphyrin\arg affected ‘and the.

photoelectrochemical behaviour isLdependent on the redox

couple in solution and the film thickness. Photocurrent

behaviour at‘transpagent;SnOQ electrodes- were explained by
charge\sepéfation at .the SnO2/f£1m interface and the
efficiency of energy transport to the interface.

Zinc tetraphenylporphyrin and its anioni?lgnalogue zinc

tetraphenylporphyrin, tetrasulphonate (ZnTPP§‘4) in a
AN , i
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‘pyridine contdining ionic blend which have both
"hydrophyllic and”hy@%qphcbigudomains and.which shows’largﬁ
ion retentlgﬁ and -ion exc¢hange capabilities shows that tﬁe

photophysical properties of the chromophdre. are- not

~adversely changeﬁ by theﬂpolymer,hoat at suitable

loadings. Chromopﬁofé concentration in filgg\on sno2+» ITO,

TiO3, cds and CdSe could be increased Qithqny inducing

serious resistance effects. Chromophores in the .polymer
matrix do not affect the charge carryang propertles of
the polymer 81gn*flcantly Photoelectrocheﬁﬁcal behaviour
"of the thgn pollyrer fllms is explained byzamechanlsm of
charge séparation by the dye :mfyrldlne complex of the

polymer followed by dharge trapping and eventual

propagatlon by moleqular ioon states in the polymer. The
mechanism requires, fhe suitable "tuning"” of
'semiconductor, polymer, chromophore and electrolyte energy

v

levels. . . .
Rhotocatalytic-studies of thin polymer - chromophore films
on Tig2» CdS, CdSeisemiconductor particulates show
degradgtidn of refractory waste material qpcﬁaas complexed
cyanide in alka¥ine media. A direct relationship between

the respective macro pﬂétoeléctfédg.and the micro

phoiocatalyst is obgerved.
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'*1.0 OVERVIEW

INTRODUCTION

The development of systems capable of collecting and

storing solar energy have enjoyed considerable interest, by

‘academia and industry (1 2). In pr1n01ple,'it is an

extremely important .area of research since the total

-

amount of solar energy that falls on ﬁhe surface of the

earth far oytweighs our'pregent and future energy deman&s.

{

Devices that work at even a moderate efficiency‘will be

considered of significance. - \;

*

Many different approaches Pave been advocated, but the.

only system capable of the chemical collection and storage

of solar energy on a practical scale is "the matural

‘photosynthetic process. This natural process.is an

ektremely copplex one, but mankind can learn a great -deal
from,studying this system and in recent years numerous

laboratory models have been constructed;

~

=

Two distinct types ofi solar energy conversion devices or
systems *have emerged over“theﬁyears, ies;

(a) Solar thermal conversion devices.

(b) Solar photoconversion devices. 3

_The first category principally used’ the infrared‘?egion of .

the solar spectrum and the second category is based on the
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_Figure 1.1. Schematic representation of major solar energy .
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Qisible - ultraviolet region. Figpré‘1.1 summarizes some

of these devices..

The theme presented here will address meinly soiar'
, - T2
photoconversion, and in particular non - biological

plidtoconversion ie. photovolteic, photogalvanic and'/ or
photocatelytic processes. Some,principles"of these sys?eme
‘Qall be discussed below. ‘

The term bhotovoltaic_"eell denetes a tlass of
'pﬁotoelectrochemical cells that can convert soler eneréy
directlf into electricity. In some cases it is possible to
store solar energy as chemical energy. The overall power
generaéion process can be deeided_intozlnuhber of.steps
‘i.ei . -ﬂ“: - ’
(a) Absgrptien‘of photons in aJcHemical species (in the -

case presently in focus usually a dye molecule).

" (b) Formatfon of the charge carrying species.

{c) Transfer of charge carriers to the electrode
Photoc;kﬁbysis denotes reactlons activated by .a system
which on absorption of solar 1rrad1at10n triggers a
chemical reaction: in ae otherwise inert system. Al&hough
the photocatalyst participates in the reactien, it does
not undergo a net chemlcal .change. It acts ﬁerely as a
shuttle for electron transfer reactions, resulting in- an
overall oxidation or red;ction precess. In both the

photovoltaic and the photocatalytic process, the charge

transferred to or from the electrode may be measurable in

A
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the form of aurrent and»voitage The Qagnitude of the =

current or voltage is aependent on the photochemical and

electrochemlcal prqpertles of the substance’ involved

It is thus evidentrg%at not all materials Will have
dea;rabie propertles ﬁbee used in photoelectrochemical or

photocatalytic processea, and frequently a’ combinat}on of

“a number of matefiéls i's needed to'gzwv\fhé properties

.

sought. In this respect thei? is a growing'inﬁerest to

ﬁpuple the photophfsical,-photochemiéal and redox

properties of inorganic and organic dye molecules with:

large béndgap senicogductors. This thesis will deal with
an aspect,of‘that'intérest exploiting.especially the
properties of metallopo}phyfins, pyridine based polymérg

and semjconductor materials such as Sn0p, TiOp and CdS.

!

1.4 AN OVERVIEW OF THE PORPHYRINS.

a '

“The basic porphlne skeleton_(?ee below) léys the

foundatlon for the constructiom of a’ variety of

. porphyrins, phlorins, chlorins and phthalocyanings.y

) R = —@ .. ZnTPP.

L R = so,- ZnTPPS” "

g



The syntheeis of theesymmetric porphyrins such as‘
tetrépﬁenylporphyrin (TPP) is well known_(3)'and a wide
range of metal complexes have been reported (4,5,6,7).

fhe study, of porphyrin chemistry is said to have begun as
early -as 1880 (7) and . by 1964, ﬁp to 28 syntheti’c
metalloporphyrins were listed (7). The porgp&rins, in
common with other macrocyciic ligands, have a qentral hele
of essentially fixed size. In certain complexes;‘the metal
is unable to fit into this hole (8) and lies out of the
plane of the square planar ligand For Zn porphyrin, X-ray.
cry;tallographlc studies conftrmed that the z;nc atom is
in tpe centre of- the porphinato'plane. (tO)u Moet'

complexes of porphyrins are acid labile. and undergo

demetallation (3).

-

-~ The porphyylns and certain other unsaturated 1igahds (eg.
bipyridyl) are dist;nguised by their'delpcal1zed pi
systems. This pi system can overlap with metal d-orbitals
to produce a moderately high ligand field (11). .By acting
as pi-acids back accepting pi density from complexed
metals, the ligands can stabilize ‘complexed'metals in a \
lower oxidation state (12). ¢

B : /

~Porphyrins and metalloporphyrins are cap£b1€ of

collecting a congiderable fraction of the solar spectrum.
%

TPP can absort about 46% of the energy available in tHe
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golar speetruc 116) and although this value decreases for
metalloporphyrins due to'a hypsochromic shift caused by
metal ion interaction “with the porphyrin pi system, PATPP
can 8till absorb some 25% of ﬁhe~solar spectrum.'Because
of this high apsofption in the visible rcgion, the
porphyrins ap;ear to bé attractive candidates as
sensitizers. They also chow good stability upoc prolonged

irradiation in gdueous solutions. Mos% porghyrins give

'relatively high triplet yields and fcrm separated ion
0

’

products when irradidted in the presence of electron
donors or accébtors (16).
Apart from the above, porphyrins have the appropriate
3 . L]
redox properties in both the ground and the excited state :
to be used as a seﬂgymizer. The redox properties of the

. S— : .
excited state wlll depend on the natur®e of the metal and

.the ligands. %nlflcant changesk}n the potentials can

) occur from smgll changes in the composition of "the

ligands. . * ..

1.1.1 GROUND-STATE ABSORﬁTfOH PROPERTIES
- - R - - b #

- -

”

'_The cbsorption spectra of many metal free and

metalloporphyrins have been described in detail by a
number of authors (13, 14) As cdﬁ be seen in figure’ 1 2
the falrly weak bands in the visible region are normally,.

termed Q bands agg the most intense band 1in .the

. -
~ » )

R gt o)
K %
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Figure 1. 2. The "four orbital model" showing .
., the origin of the Q and B band. (from ref. 14)

i
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absorbtion épectrum is the B band. This band is the or;gig
of the second éinglef excited state and occurs normally
around 410 - 420 nm. It is sometimes referred to as theﬂ
So}et band. For the metglloporphyrin the Q region consigts'
of two bands, the lowest. band is the origin of the
first "excited singled and the second (p) band is a,
vibrational overtone. To the higher energy region of' the
Soret band, there are generally weaker bands termed the L,
M and N bands. The origin of these tran81t10ns have been
most"successfully represented in the 4 —(orbltal model

)

highest occupled ‘and two lowest unoccupied MQO's are

proposed by Gouterman (15) In fig 1.2 cnly the two
con51dered. In a molecule with Dﬁh\symmetry (as 1n the
case of zinc tetraphenylporphyrln), the Lowest Unoccupied
Molecular Orbitals (iUMOs) are degeherate and of e (11)
symmetry. The nghest Occupied Molecular Orbltals (HOMOs)
are of a4, and apy symmetry respectlvely The ayy and lagu
orbitals lie near in energy and electronic transitions
from HOMOs to LUMOs would alse lie vcny close in energy
and would be expected to intcract stfbngly This
interaction would give rise to hpwerlng the energy of one
tran81t10n‘and ralslng the energy of the other. The
oscillator sirengths -for these two transitions should
reinforce each other for the higher energy transition and
cancel each other for the lower. This would give nise~to a
¢ weakly allowed tran51t10n in the visible and an intense‘
-tran51t10n in the u;trav1ole§. This pattern is seen in

nearlf'éll metalloﬁorphyrins. ‘Both the energy and the

&
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oscillator strength of the lowest energy absorption band

- depends upon the central metdl ion and it has been shown

(16 17) that for Zn and Pd, the interaction of the ligand
with the metal is strong. This interaction is dependent on
the size of the metal iop, the geometry of the
metalloporphyrin and electrostatic end-inductiye effects.
The oxidation or re@uct&on~of,porphy?in i rings to
give cation or anion ra&icals dramatically alters the
absorption epectrum. The reasonably well resolved visible.
( = and A ) and UV (Soret) regions of the neutral‘
porphyrin is replaced—by—a cont1nuous broad absorption
that extends from about 650rnm. to well beyond 300nm., with
a8 maximum absorbance .in the 801et region at around 410nn.
for the oxidized porphy?;n (14). Reduced‘porphyrlns have a

]

characteristic band between 600'— 700nm.

fduz . AXIAL LIGATIOﬁ TO METALLOPORPHYRINS

,The dependence of tﬁe“electronie speetrumvﬁf
métalloporphyrins on the nature gf their axial ligands has
long been recognized as a natﬁral reporter of }heir.
environment in the case of heme proteins (13, 22). The
observation of a 1long wavelehgth soree .band in the
carbonyl complex of cytochrome P -~ 450 is an 1nteresting

%
ex%Pple. The 1nterpretat10n of .changes in iron porphyrln

. 8pectra on axial ligation is important.a;% a number of

apers on model compounds have‘appeared (23).

., . :

v | |

Fe
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The visible spectrum of a metalloporphyrin .is. strongly

{ . . -
ligand dependent. Normally, three effects are observed on

addition of axial ligands.'

i

1) There is a red shift in the entire spectrum. P

‘2) There is a change in the relative intensity of the

o

«x and B Dbands. ' ' :

3

- %) When the'ligand‘ﬁs strengly electron dgné@ing, fhere is

the appearance of a new band on the higher energy side of
the Soret (B) band. )

The relatlve degree .of these effects will depend on the
nature of the~ligand,ie,'its electron withprawing or
donating power; its siée (stefic effect) and the base
strength. Unfortunately, the interpretation of the
spectra of some axially ligated metalloporphyrins has not
been straight forward because of complicetiens introduced,
by partly filled 4 - orbitals of the metals and their
ox1dation states eg. in Ru, Os (2421500 (25). This has led

to studies of metalloporphyrins where the central metal is.

unambiguously in a fixed oxidation state. “Such

’metalloporphyrins are” the class of zinc porphyrins which

provide simpler sydtems than those of iron and a wide
range of llgands can'be studied (22)

The four coordinated zinc porphyrin will accept one axial
ligand to form a five coordinate complex (22) which is
similar to that of high spin iron (11) porphyrins.

Although five coordination is preferred, -a six coor8inated’

' . f ’
cdmRIex of/ (THF)p ZnTPP has beeplrepgrted (26) in which

s P N .
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the zinc atom occupies a position in the mean plane of the

‘porphygin 1fgahd._Sii-coordinatidﬁxib'common for other

metal loporphyrins such as Os and Ru (24, 26).

The effects of a variety of ligands on the visible
spectrum of ZnTPP have been studied (22). These include
the halogen anions and some nitrogenous bases such as.

pyridine. Ligand binding of substituted ﬁyri@ines to

Ni(11) dnd Zn{11) porphyniné have indicatéd a dependenéy

of thesstrength of the complex on basicity of the ligand"
(28). si
(25) and Cu(1)) porphyrins (29)

r effects were observed for Co(11) porphyrins

Photochemical wethods have been uséd to study ligand

ejection from Ru.porphyrins (23) and the'equilibrium
constants fof pliosphine dissociation from Ru porphyrins’
have been reported (27). The effect of axiall)

coordinating pi - acid ligands on the photovoltaic

" - properties of ZnTPP has been studied and the MCD spectra

of the coordinated complexes have been reported (30). The ¥
aiial iigands were found fo\stabilizé thg porphyrins YithJ
respect to "hole" energy. A recent study (31). reports the
effeét o} ‘axfgf~ligation on the photoelec%rochemical

-.properfties of ZnTPP. Axial 1&gation has also been

" . i
é;ploited as a possible route to anchor porphyrins to

‘polyme backbones to allow their use in hetérogeneous

e . -

catalysts (32).

hY
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1.1.3 REDOX PROCESSES OF METALLOPORPHYRINS.

! £y . . ’ ’ v

‘Tn general, the redox chemistry of metalloporphyrins

(MP) can be divided into two major classifications.
T4 ,

‘(1) Systems where the redox process invqQlves a change.in

formal oxidation number of the central metal ion.

- -

Mn+1)p = __, mnp —=¢ M(““1l_

(2) Systems where the redox process involves the

~
- -

+€

porphyrin pi system.
’ MP+ —_:...e.._.. MP. > MP-

-

R 4 n .
The former are exempliified by many transition -

metal porbhyrins, such as iron, cobalt and mangénese (33, .

- 34). Both oxidation and reduction processes can be brought .

ha

about gerd the redox properties haye been charactefized‘by
.

spectroscopic (13, 35, 36), electrochemical (34, :7),

chemicai'(38, %9)- and puiée radiolytic technidues (33,

EN

The.latter class of compoﬁnds (of which chlorophyll

is‘a member) .has been stupigdlby.chemical (41, 42) and

electrochemical (35, 36, 42) techniques. The products are

- the. metalloporphyrin pi radical cations and anions

respectively. The absorption spectra of the anions and
cations have been characterized (35, 36, 42) and electron

spin resonance (37, 43, 44) and magnetic circular

" dichroism spectra (MCD) (45) have been documented. MCD

™~

o

R
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- spectroscopy and\Epectroeleétrochemical tedhniqueé‘have
been used with cohsiderable succéss and a number of UV
visible and MCD spectra of both cationic and anionite

¢

" species of porphyrins have beed reported. (35, 36, 45).

-

. Tt ' %
Porphyrin electroc&pmical gtudies may be divided into

t#o groups ba§€ﬁ on whether péétic (especially aqueous) or

‘ . aprotic solveﬁté ‘were used.. ' ’ .

- 1 Since most porphyrms are at most slightly soluble 1"
aqueous media, several wat%r soluble porphyrln
derivatives have been synthé51zed Table 1.1 llsts some

\ . water soluble porphyrlns and their one elect1on reductlon,
and’ oxidation potentials (35).. be.many of these

. metallopoiphyrins, oxid@fion or‘feQuctioﬂ,was ppf

‘restricted” to a single electron process and the formation
of d{hnions and t}ianions could‘ﬁe resolved from cyclic\
;o}fammetry (33)., The dications wefe moré difficult %o
resolve from cyclic voltammetry since they are very,

; o reactive towards the solvent The dlanlons are susceptlble

to protonation, with subsqquent‘foymgtlon of phlorlns and

chlorins! Froﬁ pab1§“1J a'comﬁérispn of the B4/, values
for the different ﬁetalloporphyrins indicates}that the
difference in half wave potentlals for the addition and
removal of an electron is 2.2 + 0. 15 V. Most of the water
soluble porphynins seem to undergo extensive aggregatlonz
at moderate concentrations,(34).

\ Redox chemistry of water insoluble metalloporphyrins
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o TABLE 1.1‘ v

N r * ! 7.

\ REDOX POTENTIALS FOR VARIOUS ONE AND TWO ELECTRON OXIDATION AND -
REDUCTION OF WATER SOLUBLE PORPHYRINS.

FIOWA

. " Compound Oxidation Metal Reduction
S 2 B U D RO O

w8 . 1.23 '.\1.{0 - 1,06 -1.40

o Hamwpyp 0 Lo L T sis0 023 ¢ 0.3

o ZnTPPS\. s ‘t 0.87 ' L ~1.16 o

.. ' ZnTPRC L1:06  0.80, SR P 16; - ‘“5;

| ZnTﬁBy?' 0 3 148 : \ ,'roags

PATPPS IR 1.0 . .. -f.o% -1.39

", PATMPyP a 11.401"~ | -0.63f'

~  mnIIIPPs: 11 -0.2 S B

© mnIlIzeRC. , L1400 -0.23 S =114

L MALIIfmg}P' . 130 +0.10 . C \46g76
7 CoEIITMPyP ' ) . -0.41 '

o CoIIITPPS - : T oo.82
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o | e
) - REDOX -POTENTIALS OF, METALLOPORPHYRINS.  ° °
. 6ompound, ; ’ -OJ’ticllation' . -Meta,l ~ Reduction
) (@ () 6k Red. (1) (2)
- Hympp 1.28  0.95 . | C21.05  ~1.47
BOEP  .1.30  0.81 . T 1.6 -1.86
InTPP 1,03 0.71 T -1,35 " -1.80
 ZnOEP - L 102 0.63 s -1.65 ‘
CaTPP. 0.93  0.63 | 0.32. ' -0.82  -1.25  =1.70
. CdOEP . 1.04  0.55 2 -1.52
. FeTRR(C1). BT i.13 | ' \
¢ PeoER(CY) .. C0u99 .
‘MgTPP . 0.86  0.54°, "
MEOEP.  © - 0.77 ' 0.54 o
MnIIITPP(cf) - - ,-0.23' -1.38 -1.70
NiTPP 1.42  1.10  1.00. 0.1 . -1.5
N1OEP ’ 0.73 0.7 . 1.5 %
PLTPP 0.96. 0.63°° 110" -1.52
RUTPR(CO) .  1.21  0.82 E . | ‘
~©  RuTPP(Py)2 ) 126 0.21- - . \
>\\‘ ¥(IV)00EP 1.25 ~ 0.96 S -1.25  -1.72
. » . . . .. i’
o - ‘.
. . - .“’\' " . ) - ’
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has been carried out in solvents such as dimethylformanmide
(DMF), dimethylsulfoxide (DMSO), methylene chloride and
acetonitrilé:‘Aggrégation,is eliminated or dgcreased by
the use of these solvents. Protonation of the reducyion
products and decomposition of thehoxidation products is
also prevented. Relatively simple reversible redox
processes can be observedr A number of cyciic voltammetric
and polarographic studies have béen par?iéd out in this
wa& (34, 41, 43) and the fesults of some of the studies
are summerized in table 1.2.. <

e

1.1.4 ELECTRON TRAN?FBR PROCESSES OF METALLOPORPHYRINS

!

General considerations of mechahisms for electron

transfer and,studies of electron transfer rates have
iﬁdicate'i that electron )traﬁsfe{r can-either take place via

an axial ericounter or peripheral encounter of the partners

3

(46). These processes are presehted in figure 1.3. The.

axial. electron transfer processes require a subétitution

4

of the inner coordination sphere via an axial path.,This'

can resul? in an axial‘boﬁd cleavage process analogous to
the ‘"inner sphere" mechanisd advocateq for the reductiaﬁ
of LCo11101(NH3)5J2+ by Cr11(aq)2+ or an axial through -
) iigand mechaq;sm 1analogogs to.the "outer éphere" prbcess
(47): - o : -

‘The reripheral electron transfer process can take place
via pi transfer or by .} mesé'addition. Pi traanq? i;’an

A

e

.
-
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Figure 1.3. Electron transfer processes of .porphyrins. ‘
(a) and (b) are: axial encounters, (c) and (d) are N
peripheral encountegs. (from ref. l&6§/ '

&,
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fexamplg_of an "outer sphere" process and meso addition

.represents a group transfer to the periphery which, in

many case§, can 'result in the fonmation of an' isoporphyrin

(48, 49,;.50).

4

" Since there  is an extremely wide rangeiof available

metalloporphyrins, it is in'princible possibie to select a

compound that possesgses the exact redox potential required

fon a-particular purpose, and within limits, this situation
/ .

»

can be realised.

~

~1.1.5 PHOTOCHEMICAL AND PHOTOPHYSICAL PROPERTIES

Figure 1.4 shows an energy level diagram that 1is

“:applicable for’ the dlscrlptlon of most aromatic moleculee

with singlet ground states. Excitation from the ground

~

N - / _—
" state Sy to any singlet excited state.S; commonly leads to -

»
'very fast radlatlonless decay to the lowest excited

singlet Sy in times 10-12 =~ 10-13 gec. From Sy the

molecule can emit fluore'scence radfation Sy'= 5g with rate

-constant ke, can radiationlessly decey Sy — Sp’ with ‘rate

uconstant 39 or can intersystem cross, to the lowest triplet

S1-—h.T1 with rate constant ko. 84 decays over times
between 10-12 ang 10‘7 sec,. after which , if the.system is

stlll ex01ted it exists in the trlplet T1.'The molecule

gan emlt phosphorescence radiation T1-—*So witﬁkfate

constant kp, can by a radlationless pathway decay T1-—o§3

‘with rate constant k3 ‘or can be reexcfted to the first

"excited singlet T, — S, with .rate -constant k___2.

/

o
N, .
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"Repopulation of §, can lead to delayed fluorescence. This

. ) s
requires an input of energy to T4 WhiCh could be thermal

'repopulatlon or trlplet.— ;riplet collisions. The

-

observables of emission consist of. spectra, lifetimes and

quantum yieldsf In general the quantum yields for.

fluoféébence, phosphorescence and the triplet yield can be’

Qf = kf/kf* , 4 '

Oy = kgkp/kf (kp + k3)
by = k2/kf ' R
- g o= A/kg 0 o
- tpe = 1/(kp + k3). |

" The sharp and 1ntense 10ng wdvelength electronic

transitions and relatively long —~ lived excited states of

most metalloporphyrlns have been associated with Ti-fi*

states of the. porphyrin macrocycle as described above.

These E}ates are little pertufbed energetically by

substitution of dlfferent metals but the lifetimes and’

-lumlnescence properties are strongly aﬁfecged by different

metals (16, 52,;53). Strong fluqrescence,has been obseryed
-/ - - . A \ .
for free - base and closed - shell metal complexés.

Several oben shell“dismagnetic”metal complexes have shown

;' both fluorescence and ‘phosphorescence in solution and some

- have shown emigsion only in rigid media at low temperature

o

(52 - 57).

"The intersystem crossing coristant k, is expected to

.o

increase in the presehge of heavy metals. be. is expec%eq
. % .
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TABLE 1.3

) / ’ ‘ \ , X X
PHOTOPHYSICAL PROPERTIES OF SOME. METALLOPORPHYRINS.

L

Fluoresktence (2980K)

PhospKOrescehcé (Z2980K)

s - . ) ) ‘ .
Porphyrin Eg Tf/ns ¢f Ep Tt/ms . ¢p *°
HoTMpyp 1.18 3 0.011 .42 . 0.165 <1Q-
Z%TMP§P 1.96 ?.; 0,020 1.21 ' 1,315 <18-ﬁ
PATMPyP 2.14 <10-4 1.79 0.144 0.00
oTPPS 1.90 10.4 0.080 1.42°  '0.420 <10~
nTPPS : +2.02 1.7 0.043 ~ 1.59 .1.40 ~ ‘<t0-4
PATPPS 2.19 . <10-4 %76 - 0.35 . 9.007
ZnTPPC, 2.00. _1.8 0.037 1575 1.30  <10-4
~ PATPPC , <10-4 0.285 ’
¢ ﬁ X ,‘ ’ - .
- - . ) ' \‘ "
_.4H .
oTPE Y 1.86 13.6 0.1 1. 1.38 0.82
MgTPP 2.03 9.2 0.1 1.32 1.%5 3
ZnTPP 2.05 2.7+ 0.04~ 1.59 _ 1:20 - 0.88
CATPP . 2.03 - 1.54 ~ 0.260 )
HgTPP [ 1.92. <410-3 "1.46 0.032
A1TPP- - 2.07 5.1  .0.11 1.61 1.130.
PATPP- - . 2.725 . 1.79 0.380 1
PtTPP C 2.3 <10~3 1.90
CuTPpP~ ‘2,13 <10-3 1.66 ~1
ZnOEP 2.14 2.2 0.04 1.76 ~~
-SnOEP’ 2.15 0.5 1.79 0.8
CuOEP 2.19 .. <1073 1.83 T 1.0
PAOEP 2.24 r<10-3 1.88 0.3 1.0
A ” , |
. ', ‘< ~
&;‘.\ . - - ;
, 5 .
7
- ! 4
‘ N —
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(to decrease. A very s1gn1ficant feature of porphyrins is

the relatively small energy gap between the- lowest excited'

singlet and triplet states. @eble 1.3 presents a summary
of .the observed emission energies, quantum yields and
lifetimes for the emissions fo} a variety of porphyrins
(16). In general those are listed as metalloporphyrins

soluble 1n\prot1c and aprotlc solvents o

4

Metalldporphyrfns‘hsve been reported to undergo
‘ sinélet - singlet energy fransfer_(SB). This is especially
important to the 1light - harvesting process in "the
photoSyhthetic appa?atus,(54). Most flﬁorescent porphyrins

and metalloporphyrins'are strongly quenched by ground

state triplet oxygen and this has been suggested as a

mechanism for superoxide formatioﬁ. The long lived excited
triplets (see table 1.3) of porphyrins are potentially
" excellent sensitizers for dbnatieﬁ of triplet excitation
and Harriman (58) has reported the photooxidation of
metalloporphyrins in aqueous media in the presence of
electron acceptors (59). Trlplet excited states of
“porphyrins have also been used in energy transfer
processes and ligand exchange ﬁ60, 61). In fact, in
almost all eases where’a'porphyrin has been used to

sensitize a photoredox reaction .it is the excited triplet

that 'is the active sensitizer. In this respect, the ideal

sensitizer should have an appropriately long triplet

3

1ifetime'coupled with favourable redgx properties. On thea$

basis of théyproperties mentioned, the class of zinc
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) #
tetréphenylporpnynins were chosen ds "model" compounds for

study in this thesis.

— p
1.2 CHEMICALLY MODIFIED SURPACES. gf

L ‘ ) . e
Chemical modification of surfaces (and in particular
- J * s
electrodes) differs from traditional adsorption on

I

surfaces. The most important difference is that it ig & -

deliberate attempt Eé imnobilise a chemical on an
electrode surface ,s0 that the electrode afterwards
displays the chemical, electrochemical, optical and other

properties of the immobilize&fspecies.'The immobilized

chemicals are sgiected on the basis of known properties or

 t 4

on the basis of any desired property sought ie. electron
transfer centfe, photosensitizer for alsemiconductor

e;ectrode, corrosion inhibitor, or scawanger of trace

elements for preconcentration. To a large extent the

properties of the'modified‘surface reflect those of the

modifiér molécuié ;n a Homogeneous solution, with the
exéeptfén that it is 6&nfined to the electrode surface.

’

The most interesting and most studied immobiliged specjies
. %]

gre those which are also electrochemically active. Some,

such as the metalloporphyrins, may have other interesting.

_:properties such as electron transfer - mediator catalysts,

and photosengitizing abilities other than jtheir favourably,

-
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electrochemﬁcal properties They do not howeve; have the
desired ruggedness, but tgig could be overéomg by
immobilizing them on surfaces in polymers. Such a route
has beeﬁ,taken ip this €hesis in immobilizing Zinc

tetraphenylporphyrin“'via a poly@er pendant group to

different semiconducting surfaces.

Ce
’
3
)

1.°3 POLYMER FILMS ON ELECTRODES.

‘The formation of polymer films on electrodes have been
known and use&\for'analytical purposes for some time (65).

~
*

Electrochemically active, polymer literature has. been

.sparse and consequently polymer - modified electrode

"research.has anenfed new, electroactive polymeric

materials and other associated filming methods, to the

‘point . where electroactive polymers now represent an

emerging clgss of important materials (62, 63, 66).

Polymeric materlals are unlque because of the range of

\

structural forms that can be synthesized and the way 1n

" which changes can be made in the structure and in a local

or general way. They .are however molecular materials and
each polymer chain is its: own entity. Within the‘
}ndividual polyme} chains, the chemical units may or may
not have’a unique spatial arrangement. This will normally
have a‘profoun@ effect‘on the properties ofvfhe polymer.

Electroactive polymers .fall into three broad categories

ie. Redox polymers, ionically conducting (ion exchange)
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polymers and electronicallj conducting polymers.
£ f

Modificaﬁion of electrodes can take place with any one

group of polymers or a caombination of &ll three, depending

on the properties sought.

~

Electroactive pelymer films.éan be foqped in a number
'of ways. Some polymers can be functionalized so -that they
form chemigal bonds to the electrode surface (67, 68, 69,
70). This is normally achieved via a.silane bridge. Othef
polymers.havc been applied -to electrodes without '
consideration of any bonding. In.this case bonding
‘gene;a}ly‘occun by. some poquy understood adsorptive

3

' process. . .

1.3.1 METHODS OF MAKING FILMS . -
- The application of polymers to electrode gu;faces can take
place via two routes. '

i

a)'From preformed polymers ’

b) In situ film formation from the_mopomer. MR
1.3.1 a) Formation from preformed polymers. -

(1) Spiﬁ coating
. This is well kndwn film forming technique and has been
used for a number of preformed polymers (71, 72). It is

normally used for modifying disk - type electredes.
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2(ii) Dip coating

26

The electrode is normally exposed to a dilute sélution of
the polymer for a,périod of time, during which time an

adsorbed polymer layer is formed (73, 74).
' »

(iii) Drop evaporation

A few drops ‘of the dissolved polymer are spread on the
. .

_ electrode and the solvent is allowed to evaporate. This -

sometimes gives rise to films with rough topology (63).
. .

1.3.1 b) Iﬁ s8itu formation from the monomer

(i) Electrochemical polymerizatioﬁ

A solution of the monomer is oxidize@ (as with pyrrole
ﬂ75) or aniline (76, 77)), or reduced (78) to produce
radicgls whiqh can yield polymer films. The films produced

can be electroactive or non electroactive. Films produced

in this way are not very thick, unless the polymer itself

is redox active (79). ‘ I

(ii) Organosilane Condensation.

Organosilane reagents which are hydrolytically unstable

can be polymerized under dip coating or drép eyaporatioﬁ.

" These techniques have been applied to ferfocene, viologen,

(69) and quinone (68) derivatives. -
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(iii) Plasma polymerization
Monomers can be introducgp into plasma discharges to
deposit polymer fllms. Murray (62) used this procedure to
form electroactive polymeric films from v1ny1 ferrocene.

This is a chemically complex route to depositing films and
* r

is not commonly used.

~ A . N
7 - ., . . A
‘ al . .

R

1.3.2 REDOX POLYMERS =~ . .

Redox polimers‘are*synthesigéd stra;ghtforwafdly by
polymerizatioo of the appropriaté monomer. Monomers such

as ferrocene, nitrostyrene and 4,4' blpyrldlnlum

te

(viologens) were incorporated into polymers in this way. !
, . _ .

.

Fe /u 3 - "
(CIOg)s NO»~<ON-CHy

(x = 00.01) ) | , . -

A B,

A synthetically more versatile approach is the attachment

v

of the electroactive moiety as a pendant groué to a ¢

suitably functionalized polymer such as

o
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poly(vinylpyridine),'poly(chloromethyl styrene)'or/
poly(metacryLic'acid% (8o, 81, 81). Ferrocene (A),

| bypyridyl complexes (B). (83) and tetrathio fulvalenes have
‘ been synthesised in tiis way. Metalloporphyrins such as
‘ Fe(il;)tetra(o - aminophenyl) porphyrin have been attached

to poly (methacryl chloride) (85). Polymers prepared 4n
thia manner can be‘purified, fractionatéd and analytically
charaoterized.

Another approach to for&ihg redox polymers is tp first

.form a film with the functionalized polymer and tlien-

\
9

attach ‘the redox. group afterwards. Anson and co - workers .
(84) have, produced an 1nteresting pendant metal complex
redox polymer from poly(v1ny1 pyridlne) and FG(CN)5(0H2)

. Such‘polymers have an inhomogeneous diatrioution of
redox stgtes‘aad may be of liptle 1mportahoe in some

applications.
* . .

\.3.3 ION EXCHANGE POLYMERS.
Anson and Oyama (86) introduced a versatile stateg§ for <
confining, redox spedies into polymer films by |
incorporating them into polyelectrolytes‘ The synthesis of i
these polyelectrolytes does not differ signi?ioantly from
that of the traditional ion exchangers. Polymers
Synthesized'included the quqrteraizatioﬁ'of poly (4 vinyl -
pyridine) (A) and poly(chloromethxlzstyrene) by methyl\

iodide. These polymera\incorporated'cohnterions such as
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- Fe(CN)g3-, IrClg3-, Mo(CN)g4- (87, 88, 89, 90);: Several

cationic complexes such as Os(fpy}33f, Ru(ﬁH3)53+’
Co(NHz)g3+ have been incorporated into Nafidqn (B) (91,

92).,Ru(NH3)53+ and Cr(bpy)3§+ wqre‘sthdied in films of 
sulphonated poly styrene (C). . S ;

- - ,
CRRG —

R o
| O . CR

The redox ion is normally incorpofét;d by soaking the
: prefofﬁed film electrode in a dilute "solution containing
_the ion. To avoid partitibning out of the idq into fresh— . - . —
L; eleét}oly%e, the ion exchange partition coefficient should
~ -

;(,he large. The partition coefficients for 1arée multiply

charged ions are normally ‘large.

Wt
et e e . .
CRF R T R A T C RPN et F e +



A.3.4. BLECTRONICALLY. CORDUCTIVE POLYMERS. . N

-
A

New orgaﬁic'polymeric materials ﬁith-high electronic
conductivities have been reportedT Theée fnclude b
polyacetylene, ‘polythiazyl (SN)y polypyrrole (93, 94),
polyacetylene (95), poly (p - phenjleng? (96, 97) and
éolyanalihe (98). Most of these materials are pi
conjugated materials with delocalized electronic sﬁgtes{

. ]
The conductive states are made By OXidat}ye or reductive
A ‘ '

doping with chemical reagents such as the halogens and

arsenic pentafluoride.

——

1.3.5.  CHARGE TRANSPORT IN ELECTROACTIVE POLYMER FILMS:\

The uqderstanding of electrochemical reactiv;%y of the
films ‘'is important both fundamen%ally and‘for the design
of polymer films'for electrocatalysis and other uses.
Eledtroactive‘polymers.have characteristics which .are
similar +to both of +the classical components ,in
‘eléctrochemigtry;j) the dense, highly conductiné metal
electrodes and, 2ffthe small fr;;ly diffusing ions and
molecules in electrolytg solutions; Like me?al electfbdes,
electroaéﬁive.polymeré can .conduct electrons and can have
some mechanical~riéidity, 5ut unlike metals, gléctroactive
polymers are dynamic matrices whiqh'can accommodate the

Q ‘ . ¢ .
movement of various counterions. The overall transport
- A ,“ .

mechanism in any.one of the classes of’pdlymeis mentioqed
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previously is thus dependent on-the physical and chemical

properties of the polymerﬁgnvolved. . '
-Electron’'site to site hopping is often the predominant

- \mechanism of charge transport in redox polymers (86, 99,“

,OO, 101) as in the example of poly 0s(11/111)

' , \

N b : ’/,Poly -08(111) Poly- 05(11) Poly—Os(lll)

- Electrode K X
\\\‘Poly-Os(ll) Poly-0s( lll) Poly-0s(11)

4

. o«

This hopping resembles a diffusion process for which a

»?

. f .
wide variety of charge‘transport diffusion constants Day

N have “been measured (99, 101). A transport process has also.

| . Peen shown to occur via actual diffusion of .the redox
\ specy;s with1n the__polymer (1029). This creates a
Lt concentratien gradient of }he.oxidiaed and reduced forms.
*ﬁ-“_~w~_Q“**~?EE;;i;5nEﬁtFEITt?_EaH—Ee;EadntEYHEEﬂg;wthe preseénce of
mobile counterions. td some instances, bo}h diffusion‘and
electron hopping dwere i;'olmd‘to'occﬁr (\LOB).‘ Site
' .o f’ . concentration and distances between redox sites also play
‘:' S & major-role in the transport mechanism. Det wWas found “to

“ . be independent of the redox sites in the films at high

quantities for ferrocene (81) and PyFe(tN)57~> (84), but
began to decrease at low guantities. This decrease was
attributed to the dnset of limitation by the rate of
electron transfer between adjacent sites of redox centres.
.Dahmsv(104) has given a relation of the rate of apparent

charge diffusionqby electfon self - exchange as

[

- 1
. . . .
A o AW P . -, I .
PRI 2 TR PV L S B T I, , \

~
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'DCt = Dg .+ DIET - DS L+ kxd2é/4 :
.'; e | ' A . -
where pg = diffusion constant of the solute

distance between redox ceﬁtres

™~
Q o
n
.
.

I" r_;-

concentration of‘redoxfspecies

Dgp = electron transfer between sites

v
[ 4

‘Results of Dct obtained as a function of concentration of

redox species have found Dct for Ru(bpy) 2+ in Nainn‘

films to be’ 1ndependent of concentration (103) This
effect could be seen as an increased electrostatic cross -

linkingrof the polymer at ‘high loading of ionic redox

couples..

~ Ion exchange films provide exceptions of their. ‘p ig
Eéte;mining the overall transport. In - scd out -
partitioning betﬁeeo the:polymer filn and .the electrolyte
pfay amajor f'ole. Give}x""the el:ectr‘ost'a-.tic nature of the

in - partitioning process, one would expect stronger ion

association between the more highly charged member of the a

ion coup;e and the polyionic sites. This can also give
rise to formation of small aggregates (105 . Other
factofs, such as  association with hydrophobic

"interactions,-can override ion assoéiation. In general,

jons in ion exchange polymers are diffusion controlled and

‘also-chgracterized by a diffusion coefficiént Dapp* This

apparent diffusion coefficient follows  the same diffusion
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"rate of the electrochemical charge. Un\er conditions where

33- - ‘ " s

. - - -
~ . . *
- . A}
.

léwe a8 the diffusion constant o1 efbctrolyte, but-

{

contains the contribhutions of all” th processes involved -

.

in charge propagation. : ‘ . S

-~

A potential step at a polymer fifm'c vere 'electrode can,

cauee a current time .decay which reflects the diffusional

1

Tk

semi - infinite diffusion prevails, the decay of current T

from a large potential step (usually from ‘where the redox

specieg is oxidized to where- it is" reduced) ehould

-
hi
B

conform to the ”ottrell equation (106) - .

\

i nrADI;Z' Y, |
- app%tl/z ' C

H

where C = c:ncentration of the electroactive‘sitee in the
polymer. " ) ’ | | R
: A = .electrode area. ' . | Q‘
~ .Dépp' = apparen; diffusion coeffic%ent. ”
‘ F o= Feradays constant C )
i = the 1imiting’currenta v

V- - .
’ « I

¢ ‘ N M - ! ‘. ' , v ,
Plots of i vs t-1/2 ¢an yield slopes' from which the_°‘.

diffusion coefficient can be extrected i‘ all the other

,parameters are .known. SR

~4

’Numerous other methods hagve been employed o determine the

apparent diffusion coefficient, #ncluding linear sweep and
cyclic voi/;mvetry at different scan rates and rotating
disk voltammetry (63, 106). In cyclic voltammetry, the’
peak separ;tion should oe independent of film thickneee if

. the resistance Of the £ilm is small. A1l these methods, :

. oL,
Sl e pac S a,

»
. !

‘u
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”

measure an overall ‘value for Dapp and do not take polymer

chain’ moblilty into account. For most of the counterions

used to date, Dgpp was measured as smaller than 10-8
‘cm/sec 4in the polymer films. Anson (89 90) reported a
polyelectrolyte which exhibited high ion retention and

high d1ffus;on coefficients. The high diffysion rates were.

'attrlbuted to the internal morphology of the film which
consxsted of segregated hydrophobic -and hydrophilic

. - G

domains. ° s ) . ’
® .
i Internsl momphology also plays an important role in
electronicaliy conductive polymers. -Although electronic
' couduction refers to eleciron bramsport throuéh the

polymer via a delocaltzed band structure, materials such

-~

as polyphenylene, polypyrrole and polyanaline (97, 98) °

have shown a strong relation between 1nternal film

morphology and conduct1v1ty. Breakdown in local structures

electron traps which’ can seriously impair the charge -
carrylng properties of the polymer This carrier trqpping
can also occur at phase boundaries. When the conductive

polymer contains poler groups (ie. polyanaline), each

-

dipole can act as an electron or "hole" trap. For most

electronically con@uctive:polymers{ charge trapsfer can be

reasonably explained- in the .language of semiconductor

o

theory.‘Simon and Andre (97) have glven an extensive

Y

account’ of this field.

can cause localized states which,could give rise ~to
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1.3.6. PRESENT AND FUTURE ABPLICATIORS OF POLYHER MODIFIED
ELECTRODBS. s B
@& . o | “

The study of the transport of ions and ele;trons iny
electroactive polymers has been at, the source of the

development of a number of appllcatlons. These include

modified electrode‘surfaces‘to act as preconcentratio
surfaces in analyticel determinations,'iﬁ microstructures

fuch as array electrodes, mlcroelectrodes for blologlcal

‘e

use, bi - layer eledtrodes and ion - gsate electrodes, It

’

has also opened the way to the field of macromolecular
. . F . o ~

electronics (66).

v

1.4  MODIFIED SEMICONDUCTORS L

Derivatization of electrodes, whether through monolayer or

multilayer (polymer) modlfication has tradltlonally been

attempted ‘on hlghly condutting surfaces, usually metals
Semiconductor modification seemed a natural offép;ot 'Thls ’

led electrochemists into the field of light .- drlven .
" s , ‘ p

: electrode reactions or photoelectrochemistry.

I

lSemiconductors are so0lids which are different from metals

>
9 AR

in that their electronic properties can usually be
described by the "band model" In the "band model", (flgure

1.5), an electron is not associated with any one

”

u
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particular molccule in the so0ligd, but;rathen regsides in -
"bands" nhich aré formed from thc overlap of closely
packed.orbijtals"in_ the solid (106, 107, 108). This give
rise to allowed and disallowed-énergigb for electrons.
. Calculation (which is a complex process and outside the
scope of this. discussion) of the energy bands give rise to
allowed energy bands separated by a forbidden gap. There
is. & filled band. (valence band) and an empty band.
! (conduction band). The bandgap is tne minimum separation
L oetween the conduction band minimum and the valence band
‘maximum. The Fermi level Ef ig that energy where the
probability of finding an electron is 1/2 Semlconductors
are.defined as intrinsic (the ﬂﬁmber of electrons -equals
the number of "holes") or extrinsic (n ¢ p) where n and p
refer to the electrons or -holes. Either electrons or hoies
" can bé-mainly responsible for fhe conductivity of the
- . .semiconductor,_in yhich case they are called majority:
carriers. If they‘make a 'small contribution to the
'conductivity ;hey are termed minority.carriens. The speed
'with which the majority carriers move through the bands
ie., the carrier mobility'is important to the properties
of the scmiconductor Semicondnctors can either be p; or
. n- doped by introducing foreign atOms in the solid‘
lattice. Electrons can be excited from the valence band to
the conduction bangd, creatim% a vacancy - (hole) in the

valence band (see figure 1.5). This process of excitation

could be thermal or via an external 1light source. If a:
,/ ' B

’
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semlconductor which ie in contact with an electrolyte at
an interface (such as 1n photoelectroehemistry) is
111um1nated with light of energy greater than the bandgap,
an electron from the valence band can be trensferred to

r

the conduction band. At the 801id / liquid interface,

‘electron transfer .can either take place’from the

conduction band to the electrolyte, or from the

electrolyte to ah acceptor (hole) in the valence band.

This process forms the basis of light induced electron

transfer reactions at semiconductor ‘surfaces (54, 108.
109). The excess charge doee not'remain‘at thesurface,
but is distribﬁted in a space chamge layer which forms an
electrio field, causing the oends to bend at the solid /
liquid interface. The potehtial at which no excess charge

exists (ie. no electric field) is called the flat - band

pogential Efb*

A major problem in photoelectrochemistry, as in most
photochemical reactione, is the very fast recombination of
the primar} products ie. the electron - hole pair. High
ecombination leads to 1ow.yields of photoproducts. To
ave higher yields of photoproducts, it is necessary to
"tune" the position of thé acceptor or donor states with
respect to the valence or conduction band to give the most
efficient yield for electrohktranefer. A number of
contributions on this problem by Gerisher (110, 111), Bard
(112), Wrighton (113) and Gratzel (114) for heterogeneous

charge. transfer have been documented. Surface states
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(energy states between the valence and conduction band)
(111, 113) in most semicongkctors also pose problems in
that they can either act as recombination centres or as

centres for réactioq with’ the electrolyte.

TQFrom the‘simple arguments put forward it is'clear that a
knowledge of the position‘ofband edges is required in the
selection of a syitable semiconductor for use as &n

" electrode. ;igure 1.6 gives an energy level diagram
indicating the energy position of :the cohduction and
valence bands for.various gemiconductors in aqueous

-

solution (1). From the figure it is clear that one can

distinguish between wide bandgap (Eg > 2-9 eV) and narrow

bandgap (Eg < 2.5 eV) semiconductors. Most of the:metal \
oxide semiconductors have rélatively wide bandgaps and the
other metal chalcogenides have narrow bandgaps. The narrow
bandgap éemiconductors are normally_modified fo prevent
pﬁotoanodic corrosion processes from taking place (54, 62,
113). The wide bandgap semiconductors are modified for the
purpose of sensitisation.

-

14,1 ‘SEBSIIIZATIOH OF SEMICONDUCTORS

Oxide semiconductors with their relatively large bandgap
absorb light only in the UV - region of the solar
spectrum. The eff&ciency of the corresponding solar

dfevices will be small. The sensitivity of these stable
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metal oxide semiconductors can be extended to abéorb
visible 1ight by using corresponding sensitizers. The
semiconductor can'be‘sensitized either by doping or by
modification of its surface with a dye mblecule. The

latter approach has been a topic of extensive search (54,

- 63, 109). Sensitization of semiconductor electrgﬁes by

dyes have been mainly based on the redox.properties of the
dyes (115), but regardless of the dye used, the following
sets of reactions must be considered in any analysis of

dye sensitisation.

1) Absorption of light by the dye followed by non -

*radiative decayﬁﬁ} the long - lived state D*.

- hv k
D s p*t T L p*

—— ~

®
2) Decay of D* to D by luminescence or some other
parasitic process.

k - .
D¥ d ﬁ“D

3) Injection of an electron from D* into an acceptor.

D* + D+ +

€acc

'4) oxidation of a species R in solution by D+.

ko
D* + R -~ D + Rt

5)'Récaptdre %5 an electron from the acceptor by'b+

. s
D+ .

v
o

€acc

.
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If in reaction 3, tha acceptor is an electrode such as n-
Sn0» or n-Ti02, the corresponding sequence of reactions
will give rise to an anodic"ﬁhotocurrent. The electrode ;t
which the reactiéq takes place is known as a pho;oqnode.
An example'is the anodic/photocurrents obtained when
Ru(bpy)32* was .adsorbed onto Snoz (116, 117). Excited
moleculgs are only. involved in thé électron transfer
process at the semiconductoraelectrode if they can reach
the electrode within the dﬁration of its lifetime. For
dyq moleéules with'iow éxcited state lifetimes, molecu}es
in the bulk of the dye film is not expected to contribute

"significantly to thé eleé}ron transfer prSZess (or the
photocurrent). To obtain high efficiencies, thé dye
"concentration at the surface must be increased, 2 dye with
long lived excited states must be used,. and/or conduction |
or charge transport within the film must be s.improved.

The use of tHe favourable properties of porphyrins makes
f@em ideai dyes for use in experiment® involving
‘sensitization. A more viable study of electron transfer

~and transporﬁ properties of porphyrins can be made when

coupled to thé versatile properties of polymers.

1.4.2.  PHOTOCATALYSIS AT PARTICULATE SEMICONDUCTING
SURPACES : ‘

S

During the process of phofocatalysis; the rate of a

reaction is increased by the presence of an irradiated
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. . Flgure 1.7. Schematic presentation of redox
' . processes at an irradiated particulate semi- .
conductor. .
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solid or'solution: Photoéatalysis can be classified into
two gropps i.e.; (a) dye molecules inta homogedéous_or
heterogeneous sysfem,'(b) semiconductors in a
heterogeqeous system. Sometimes a combination of a
semiconductor and a dye ié used, such as in the presgent
éase. l

The photocatalytic nature of a part%culate semiconductor
is b;;t described by the scheme in figure 1.7. Electrons

and holes generated in the valence and conduction bands of
~

/

the semiconductof can reduce or,oxidize species adsorbed
"at the surface of the semiconductor..Charge separation 6f
elecftrons and holes is achieved.by band bending of the
valence band and conduction band at the surface.
Recombination Af the photogenerated hole and electron
causes reduced'quantuﬁ"yields. The electron or hole must
also reach the surface within their lifetime to contribute
to ahy reaction té&ing place_at the surface. Electrical

neutrality of the particle is dependent on the rate of

the reduction or oxidation reactions at the surface. . The

scheme in figure 1.7 therefore resembles a

photoélectrochemical cell.

For the photocatalytic process to be effective, the energy

of the photogenerated electron must be higher than the

épecies 0 at fhe surface. Similarly, the energy level of
h+ must be lower than that of the species R'. This will
depend on the relative energy positions of the conduction

and valence bands. The absqnce of intermediaté states
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within the bandgap (trap states) will enhance the brocéss.
Semiconductors such as T102 &nd Zn0 (109).have no deep
lying energy states within the bandgap and are suited for
use iw-photocatalysie. The photogenerated holes in these
oxide semiconductors are related to the energy derived
fro; the:éb orbitals of the oxygen anion lattice, whéreas
in OXidGBIB“Ch as Feypz and V203, the photogenerated

etates are related to orbitals derived from the metal

cation. The lgtter class of oxide semiconductors are’ -

practically inac+ive in photocatalysis.

) ’ .~ T "-x;.. '. - ' o N L
D T (L o ST ¥ R . . s Y 2



CHAPT™ER 2 = .
., EXPERIMENTAL

2.1  MATERIALS , - :
m
The commercially availabie,starting,materialé were

used without further purification unless stated.othervise.

L

" Table 2.1 is a 1list of these materials.

a
N

- “TABLE 2.1
Supplier and Grade of cg,pounde used. *
Compound ' - Supplier L " Grade
’~ - s .

. Z?nc“$T1) mesotetra- Strem Chemicals Inc. Analytical’

’

phenyl“Pérphyrin. ) ‘
‘Meso-tetraphenyl- .+ Strem Chemicals' Incy Analy@icéi

-porphyrin . oy L el ‘
Pyridine - Anachemia - - / g ,~Reagents '
Triphenylphgspﬁine . Eastman CL ;nggen£'
Triphenylarsine: ? Kodak T‘#.ﬁ: Co %\{Reagent

. Pyrazine . Sigma Chem.‘Qog.. ' TReagéptﬁ
Poly(4 vinyii Aldrich’ NT : . Reaéen%' '
pyfiding - coétyrene) - LT 5-_
RZOBiSiSOtL' " Chemical Dynamics High purity
‘butyronitrile ' S

‘ ﬁenzy1dCh1orid§“ :r'~ Fisher e Reagent

’ B ' v - . , , B ’I’g—,.‘ o

» , : 0
. . .
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4

Chloromethylstyrehe + Analychem Corp.'LTD, Reagent
Triethaholamine Aldrich Chem Corp. Analytical

Trietylamine Aldrich Chem. ' . Analytical
Titenium foil®  Aldrich Chem. . )
Cadmium Sulfide  Fluka  °  High purity |
Cadmium&eeienide_ Fluka ° , , High purity
Cadmium Telluride  Fluka * " High purity
Barbituric acid . Aldrich Chem. ‘ ~ Reagent
Chloromine T Hydrate Aldrich Chenm. “*—lLuReaéentf‘i
Titanium - ‘ ‘Aldrich Chen. ' # Reagent
tetrachloride - - . '

Tetrasodium-meso- » Strem Chen. | Aﬂalytical

¢

tetra(4<sulfonatophenyl) porphine

4

Sodium‘Perchlorate Anachemia Purified
Sodium Cyanide -~ BDH Chemicals . i ggageht |

Other salts such as p&%assium chloride, ammonium
chloride, Iodine were used as received. Common solvents
such as methamol,\tetrahydro;uran, ethanol, benzene,
toluene and acetone were reagent grade and used without’

further purification. Solvents such as dicﬁloromethane andd

v

acetonitrile were spectrogradé‘and used _.as receiveéd.

Dichloromethane obtained from the Concordia stock room

=

‘was distilled and stored‘over molecular siéves prior to

A

_use. All’acids eg. HC1l, Hy304 and bases eg. NaOH ‘were used

]

as obtained. - - .

<<<<<
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All .watér used was distilled and deionized. In.synthetic

@

as well as''electrochemical work, the.nitrogen used was of
high quality.
Synthetic worﬁ was performed in normal laboratory

giassware (Pyrex) and’alﬁ subsgqﬁent purifications

» -

resulted in products which were dried in a vacuum oven at

<™ B
" [} '

60 OcC.

N )
ﬂ“ v

Synthesized products wére éharacterized by compa;isonlfo
literature reporté'of their UV -visible spectra " and ion

exchéﬁge‘dhpacity in the case of polymers. Chromatdgraphy
or precipitatign verg-used to ju}ify compounds. "
’ oo 4

) A)

2.2 PREPARATIOR OF COMPLEXES, SOLUTIONS‘AH_D COPOLYMERS.

L
v

2.2.1 Prepgratioﬁ of Ziné"meso~- tetra (4 - sulfonato

' phenyl) porphine NS ‘ ' . ’:

4

0.7 g of tetra sodium - mesotetra(4 - sulfonatophenyl)

Q

porppine‘(12~— hydfatg) (TP?S-4) was refluxeh with 2Zn
metal (whicp was etched withlconcentnated hydrochforic
acid and washed Jthorouagohl'y' with digtilled water) 1in
distilﬂéd.water f;r 24 h;urs. After cooling the‘golution
wasjdécanted from the eicéss Zn metal, the water
evapofaﬁed and the dried prpduct époreé under vacuun at
60 OC for 24 hours. UV visiblg-spectra of the dissolved

dxp\iZgTPPS"4) show completé conversion of‘TPP§;4 to

ZnTPPS-4. , e 24

¢



e T o
- (i
22 .
£
t
.

2 it
o 1w

2.2.3. (1% °PVP in methylene chloride)

2 o o -

oo, -
» ug ) ¢ . - -
\ " P L

2.2.2. ‘Preparation of solutions ‘of 'Ziincw ~tp*l;x:aphenyl

porphyxfin vith axial IlliLga'n’ds‘ P o o

(triphenylphosphlne,' triphenylarsine, pyrazine) waS‘

-

dissolved in 10 ml of spectrograde methylene chloride.
mole ratio of dye to dopant "in these solutions ' werd

typically 1:4. When pyrldlne wvas used as a dopant

pyridine was used as a eolvent in place of CHgﬁlg !

“

B 9 <

2.2.3. Preparation of poly (4‘viny1p.yfidi(r'1e‘) ‘'solution
(PVP) | S . |

(
. . .
« . ¢

. — .

. e

A 1% solution of PVP was prepared vin methylene -

_ . b o
chloride by dlssolvmg 1 gram of PVP (10% costyrene) in- 50

nleof CH2C12 A 2% solution of PVP in methanpl was

prepared in a similar fashion.

2.2.4. . Preparation of ZnTPP - PVP solution. .-

75 mg of ZnTPP was dissolved in 10 ml of solution

r - 3 -

75 mg ZnTPP (0.11 m mol ) and 0.4 m mol of ‘the dopant - !
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1

?Q&S. Preparation,bf Ionically conductive Polymer

A 100 ml solution jof benzene contalning 3. 1663 of
styrene, 18.374g of chLoromethylstyrene and~0.51883'of
2.2' - azobis (isobutyronltrlle) (AIBN) was degassed with
highly pureL\htrogen The copolymer1zat10n process was
then allowed to proceed for 24, hours in a 250 ml three
necked round bottom ftask ﬁndér a blanket of nitrogén at
60 OC., The - resulting random copolymer was isolated from

the unreacted monomers by precipitating it with n -

hexane, The precipitate was then redissolved in 100 mnl of

benzene~and 13 ml of triethylamine was added. This

'solution was refluxed for 1.5 hours at 80 OC and then—-

-

allowed to cool. 10 ml of triethanolamine was then added
and refluxing was-allowed to continue for aﬁ additional 90
min. The resulting copolymer was then(precipfgéfed by
isopropanol and the light - yellow pblymer was drieé under
vacuun at 30 OC for 24 hours. The composition of the
polymer was established by infrared spectroscopy and the

ion exchange capacity was determined by titration of the

excess hydroxide. The ion capacity was found to be 0.7

meg/g. 2 grams of this polymer (further‘geferred to as
copolymer 1) was dissolved in-100 ml of methanol to give a

working solutior of effectively ﬁz?copolymer.

o
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2.2.6. Preparation'of Zinc mesotetra (4 sulfonatophenyl)

porphine - pplyner blend solution (caaiing solution). -

v -

¥

53.92 mg of ZnTPPS-4 disaplved'in 10 ml of methanel
was added to 10 ml of 2% PVP in methanol and 10 mz;of 2%

copolymer 1 in methanol. This solution  gives an efflective

concentration of 1.65 mM 2znTPPS—4, 0.67% PVP and 0.67% °

copolymer 1 in methanol.

2.3 SEMICONDUCTOR PHOTOCATALYSIS. , L.

-~

2.5.1. Prepafation of particulate photocatalysts.

.
N . 1
)

—

y The semiconductlng powders Ti02 (anatase), CdS, CdSe,

CdTe and Fego3 were used as recieved from the‘

manufactures. Eech‘tgpe of powder was of the highest

‘purity commercialiy‘available; Each type of semiconductor

powder wee modified in the following way. 1.00g of powder
was added to a beaker containlpg 5 ml ‘of the casting

solution containlng ZnTPPS-4, PVP and copolymer 1. 50 ml

" of methanol (spectrograde) was added. The suspensions were

',then sonicated to allow equa distribution of the

particles in thehdye - polymer solution. Sonication was
continued until the suspensions were coﬁpletely'dry. The
dried catalysts which adheréd to the sides of the beaker

were scrapped off with a spatula. The effective loading of

- o
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dye polymer - on the semiconducting powders were between

0.7%

0.85% (w/w). The physical appearance of the
parti“uiafé catalysts ranged from green - yellow for the
Ti0o 'articles to yellow for the CdS partié}es. Further
d;y@ng qi %he catalysts was effected in a vacuum-oven at

30 OC flor 24 hours. B

'2.3.2.

1.00 cm3 three-necked round bottom flask. The test.

~

solution was ‘either a 70 ppm. KzFe(CN)g in 0.1 M NaOH or a

Xe lamp and the 1ight beam was passea through a 5 cm water
filter to rempve IR and a 400 nm cutoff filter to remove
UV 1light, respectively. The focal point of the beam was c.
1 cm inside the\ solution slurry. The incident rédiatioq_at
the focal point was 200 mW/cm2 as measured by a Coherent
power méter, The flask was equipped with a water condenser
and the é%yryy was stirred continuously during
irradiation. At certain time inteervals 1.5 ml samples were
taken with a syringe. The sémples were filtered through a
no. 1 Whatman filter paper to remove the catalyst and then
testihg proceeded; Stendards were treated in a similar

1 3

fashion.

3
- * 2

R e’



53

<

2.3.3. Determination of cyanide in the irradiated

solutions. N ‘

The free cyanide conéentration in the solutions were
determined by the standard ASTM D 2036 method for cyanide.
’ ' This involves mixiné 1 ml of the filtered sample with 3 ml
~ of phosphate buffer at pH 7.0, followed by the addition of

0.4 ml of a 1% chlorahine T solution. 1.0 ml of a

pyridine-barbituric acid solution (15 g barbituric acid,
75 ml pyridine and 15 ml concentrated HC1l in a 250 ml
. , volumetric flask) is added immediately. The solution is

k3

diluted to 10 ml in a volumetric fasks. A period of 8 min.
is allowed to elapse for the red color %o develope. Thq
absorbance of the solutions are measured a£ 578 nm in~a
spectrophotometer. The concentration of the samples are
obtained from a calibration curve for cyanidg obtained in

-

the same way. '

—2.4 MODIFPIED ELECTRODES; PREPARATIOR AKD

\

-

" CHARACTERIZATION.

-

2.4.1. Preparation of Gold electrodes

Gold electrodes were made by sputtering gold from a gold .
source upder vacuum (E - 5100 Polaron Eq. LTD) onto a

microscope slide which has previously been etched with 0.1

-
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M HC1l, washed with distilled water and subsequently
ethanol and allowed to dry.

‘ The'th;n films of gold on pﬁe:electrode were 10 nm
thick. The optical transmittance was/determined by UV -
Visible gpectroscopy and found to be between 85 - 95%,
Modification of the gold eiectfodes was performed by
Placing the slide on a ievefled glass pléte at a
temperature of 60 OC. A few drops of the casing solution
of either the bolymgr blend or the polymer blend with
ZnTPPS-4 were dropped onto the surface of the slide. The
fluid was then carefully spread to cover one - half of
the slide. The electrode and the area ar;und it was then
cQQered with an inverted 2.5 liter glass beaker to allow
slow evaporation of fhe‘éolvent and also to prevent
atmospheric'dust partiélestrom.contaminating the
electrode. Evaporation‘of the solvent normally took
between 6 - 9 hours depending on the amount of solvent.
The dried films were then characterized by optical
spectroscopy &and their thickness determined by

profilometry.
2.4.2. Preparation of SnO, gisks ' /

The Sn0s e€lectrodes were cut as disks with an i.d\\ of\\
25 mm from. n - doped 'NESA g&lass oftained from the O0.H. \\
Johns Co. These electrodes typfca;iy have a resistancé'of )
15 - 25 sq-'. Before use or modification they were cleaned '/;:

with 1:1 HCl: HNO3, rinsed with 'distilled water and’
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stored in absolute ethénql.

Thin films of porphyfin'wépe castloﬁto:the Sno0, electrodés
from solutions of fﬁe,pofphyrin in either methylene
chiori@e or pyri&ine.;Casting was accomplished on a spin
coating device’fhich alléwed rotation at variable speeds
under a blahkeffof nitrbgen. During spinning, the
electrode disk  yas,held in place by vacuum suction, A
typical qpefation ihvolved placing‘the dried disk on‘the
spin - coating platform while applyingv; vacuum via a
water aspirator. The surface of the electrode is then
flooded with a solution of the desired porpyrin. The
electrode is covered with an inverted buchner funﬁel which
is connected to a nitrogen stream. The rotation is
initiated and continued for 10 - 20 seconds. Thih films.of-
Qariable thickness could be prepared depending on rotation
rate énd solvent volatility. Characteriéation of thg
surfaces include direct optical measurements on the filmé
which were correlated with solution optical meansurements
afteq.washing the dye off the electrode. The filmé also
appeér smooth and completely uniform in scanning electron
migrografﬁs\?Hitachi 520 Scanning Electron Microscope). No

. .
crystals of > 20 um were apparent.
2.4.3. Preparation of I T O electrodes

Indium doped tin oxide ( IT0) conduetive films on

glass were cut as 5 x 1.5 cm strips from a plate obtained
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from Applied films Lab Inc. The resistances of these
electrodes were typically 70 -.80 £ s8q-'. These
electrodeé were soaked in 0.1 M HC1l for 5 min, washed with

dlst111ed water and stored in absolute ethanol until prior

to use. |

\I

The électrodés were modified in the same way as the Au
electrodes ie. by'drop eVaporatﬁon of the poly@er_film.

Film characterization was the same.

2.4.4. Preparation of Ti0» electrodes

{

Titanium strips (1 cm x 5 cm) were cut from titanium
foil obtained from Aldrich. These strips were etched with
concentrated HCl and washed thoroughly with distilled

water. TiCly was slowly dropped on one face of the wet

tltanlum strip and the T1014 allowed to evaporate. The

¢

electrode was then annealled in a'furnace at 550 OC for 1
hour. After cooling, the white T102 electrodes we;e stored
in a dust free container until further modification.
Modification of the TiO, electrodes were the same as that
of the ITO and Au electrodes.

1

2.4.5. Preparation of the CdS and CdSe electrodes

M

CdS electrodes were a kind gift from Dr J.P. Dodolet

at INRS Energie. The electrodes consisted of a thin film-

of CdS electrodeposited on an ITO electrode (118, 119).

These electrodes were characterized by their optical

o
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spectra. They were modified by drop evaporation in the

i

same way as the ITO and Au electrodes.

CdSe electrodes were a kind gift from Dr M. Lawrence. The

_electrodes were prepared by vapour deposition of Cd and Se

on an ITO electrode. Modification of the CdSe electrodes

were similar to that of the ITO.

2.4.6. Film thickness measurements by Profilometer and

Micrometer.

The thickness of the thin porphyrin films and the
polymer loaded;falms an the optically transparent
electrodes were determined by mechanical surface profile
measurements using the Talysurf Taylor - Hobson Step
Profilometer, or by a hand - held micrometer (Mitutoy?L
Films of different thickqesé'of ZnTPP and axially ligated
porphyrin were ‘prepared on Sn0y electrodes by spin coating
as described in section 2.4.2. Films of different
thickness of ZnTPPS-4 in polymer blend (section 2.2.6.)
vere prepared on ITO, Sa0p» CdS and Au electrodes by drop
evaporating a known amount (0.1 ml to 2 ml) of casting
solution on the electrode. The thickness of these films
wvere then determined as well.as the optical absorbance of
the films. In this way a calibration curve could be
constructed'relating theafilm thickness for a certain

polymér film with the optical absorbance. Figure 2.1 is =
plot of the film thickness curves of ZnTPP and ZnTPP-

-
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The dye is ZnTPPS
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pyridine on Sn0,, , Pigures 2. 2 ‘and 2.3 _ere, plots for

. ZnTPPS-4 _ pyp - - cOpolymer films on SnOz and 170

. .

I3

o » - "

respectively.
* ‘ ‘ .

Film thickness of only PVP - copolymer 8hows. no’ big
difference from those loaded with dye. . _ ’, k

- -

The amount ‘of ZnTPP on the Sn02 electrodes were, determined

' by washing the dye off the electrode, disolVing iﬁ in 2
)
known amount of methylenechloride and‘taking its optical

absorbance. * The amount, of dye in the polymerfilm was

directly ‘determined from the optical absorbance of the.

£ilm and the known extinction coefficient of the dye in’

@

the polymeT. o i -

2.5 . "ELBCTROCHEMICAL AND PHOTOELECTROCHEMICAL
TECHNIQUES

2.5.1. Electrochemical Techniques

Aqueous and non - aqueous'solution electrochemical

ekperiments were performed with a Metrohm 506 Polaricord
which was used to control the potentials, a Metrohm 616,

VA Scanner to vary the potentials and 5enefate a’

tridngular wave fgnction.'Voltagée ﬁere also:digitally

monitored with a Keithley Model 616 elecfroheter.

Voltammograms were recordedten an X - Y yecordef (Hewlett:

b

-~

o

-.z,.&\:ummn.z,zm A . ot e Lt -
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Packard or-PhLllips PM8143) Voltammetric measurements
were made in a conventional 3 electrode arrangement where
in all cases the counter electrode was a Pt ~ wire

el.ectrode. The reference eldctrode was either a Ag/WgCl

(Sat KC1) w1th a glass frlt or a saturated calomel

-electrode f@r aqueous electrolytes or a Ag/Ag+ (0.1M -

A80104) for non aqueous electrolytes. fﬁe wporking

.b'electrode varied from a Pt plate eleqtrode to any of the

' modified electrodes mentioned .in the previous sections.

All measurementa were performed at room temperature,
unless otherw1se stated. All measurements were done in
elther a conventional Metrohm Polarographic Cell which was
modified}to acconmodate the ITO working electrodes or a
Teflon flow - tprough; cell Mitﬁ three chamberslto

accommodate the working, reference and auxilliary

electrodet.The Teflon flow - through cell was only.used .

with the Sn0, disk electrodes. The cell was connected to a

- peristaltic pump and an outside solvent reservoir which

!

was equipped to demerate solvents. 7,
Before mounting the Sn0p disks in the Teflon cell, the dye
at the'periphery of the disks were wiped clean with a
methylene chloride wet tissue to ensure efficient contact—
between, the Sn02 and the brass ring contact in the teflon

chamber. The Sn0Op optically transparent electrode was then

tightly pressed againgst a silicone rubber Q‘: ring serving

as a seal, preventing electrolyte from coming in contact

with the brass ring on the outer periphery. Figure 2.4 is

L4

s

&
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a schematic 1llustrat10n of the flow - through cell.

The other modified electrode electrochemlstry done in the
conventional cell could be performed after a 1 cm? area of
modlfled surface was 1solated on the electrode by covering
the other areas of the electrode with a resistive epoxy
varnish to prevent the underlying surface from making
contact with the electrolyte

Thin film electrochemical measuremente(tere performed with
q?he same equipment as that used for the homogeneous
measurements. | ' '

Most of the aqueous electrochemistry was performed with
1.0 M KC1 as the background electrolyte, unless otherwlse
gtated. The non - aqueous electfochemistry was performed
i&fSpectrograde acetonitrile or ﬁethylene chloride using
sodium percﬁlorate, tetraethylaﬁmonipm'perchlorate or
tetrabdt&lammohiumlperchlorate as the background
electrolyte.

Ch;onoampétometric measurements tere performed usihé?the

same equipment. Usually the X - Y recorder was used as a Y

- t recorder or a strip chart recorder was used to record

. . 4
. the chronoamperograms. The potential was yeually stepped

manually between + 0.4 V and - 0.4 V vs Ag/AgCl sat. KCl.

2.5.2. Photoelectrochemical Techniques ‘

\
&5 |‘ . ’ .
Photoelectrbchemical studies were performed wi&h the

same cells and apparatus as that used in electrochemical
: N , @
studies. The 1light sources employed were a 300 W tungsten

’
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halogen lamp from a Kodai glide projector or an Ar ion
laser. (Spectra - Physics) coupled to g dye laser
(Coherent) using Rhodamine 6 G as the dye. For the White
light illumination, the beam was passed through a 5 cm
water cell to remove IR irradiatlon and a 400 nm cutoff

filter (Ealing) to remove UV irradiation. The beam was

'colliﬁated with a convex lens to illuminate the working

electrode area. White 1ight illumination was ad justed to
100 mW/cm? by using a Variac coupled- to the Kodak slide
projector. The power meter used to calibrate the light was
a Coherent Power Mefer.

Photocurrents were measured 5et§een tﬁe'working and
auxilliary electrodes, displayed on a Kiethley Model 177

multimeter and record™d on a strip chart recordeTr

’ (Fisher). All photocurrents were measured under

i

hydrodynamic conditions. Photocurrents measured with the

teflon flow - through cell showed no difference between’

front (through-the SnO,'electrode) or back (through the
electrolyte) {1lunination. '

Photoaction specgra were obtalned by mountlng the
electrochemical cell in a Faraday cage. Illumination was
from a Xe lanp fitted with a motor driven Bausch and' Lomb

monochromator. The photocurrents under monochromatic light

were measured with a Kiethley Model 616 electrometer and

recorded on a strip chart recorder, The action spectra

were normalized for light intensity and photon flux of the

lamp.

*7
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2.6. ELECTRONIC- ABSORBTION SPECTRA:

All solution &nd solid state absorption spectra were

taken with a Perkin Elmer 552 or a HP 84524 UV - Vis Diode ”

Ar}ay Spectrophotometer. All solution spect~ were taken

with quartz cells with a pathlength of 1 cm or 2mm. Solid

state spectra were recorded on the respective optically

transparent electrode by m&uhting the electrode in front ‘
of the spectréphotometef cell holder. In all cases 5;3\ 4
background was corrected with the appropriate bignk.
| 2 | .
. ’

2.7. FLUORESCENCE MEASUREMENTS '

Solution~anq 80l1id state f£luorescence measuremengs o
were performed with a Perkin Elmer MPF 44 B
épectrofluorimeter. S0lid state measurements required a
special sgmple holder which aliows th;\ ncident, 1ight beam

to impinge at 300 to the surface of the s :
-
v | - |
-y ‘ ) *

2.8. FLASH PHOTOLYSIS STUDIES

\
2&L1x“Nanosecopd rahsient Ab%orption Spectroscopy

\

Transient absorption flash photolysis experiments
were performed using a dye laser (Model DL 2100 C ) with a
coaxial flash lamp (Model DL 15). The flash lamp as weill

as the dye solution was cooled with tap water. The dye

3

/
1 .
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solution (50 um Rhodamine 590 in methanoi)\was circulated

through the inner tuﬁe of the lamp and}was excited by the

-discharge of the lamp surrounding it. The flash beam and

mohit&ring beam passed at right angles through a quartz
photolysis cell. The monitoring beam was from a 250 W
Xenon lamp (Ealing). The photodetector system consisted of
a grating monochromator and a photomui%iplier {(high gaig).
The output from the_phétomuliiplier was displayed on a
storage oscilloscope (Tektronix 7633) or on a computor
(Danesh XT). N ‘ '

Allfsamples were thoroughly degassed for periods of 40 -

60 min. with purified Ar before use. .
2.8.2. Picosecond ‘Flash Photolysis Measurements.

Picosecond Flash Photolysis experiments were
performed in the Canadian Centre for P%cosecon& Flash
Photolysis located at Concordia University. This system!
employs as excitation source a Quéntel YG 402GtNeodynium -
doped YAG (Yttrium - Aluminum - Garnet) laser with a
fundamental output at 1064 ;m with 36‘ps pulses at ‘a
maximum rate of 10 p ps. The fundamgptal frequency could
be frequency doubled to 532 nm by passing through a KDP
type 1 crysgal. By passing the 532 nm pulse and the
fundamental pulse of 1064 nm through a KDP type 11 crystal .
produces the third harmonic at -355nm by frequency mixing.

The 355 nm pulse was used as the excitation beam in these

.experiments. Frequency mixing does nét convert all the

.-

s

T
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light pf fundémental frequéncy and this unconverted liéﬁt
is focused into a Raman active fluid (50% D20 in H20 V/V).
Thig results in the generation of a transient
birefringence which produces a Stokes ané anti - Stokes
Raman effect. It results in the production of . a continuum
of white light (400 nm to 600 nm ) with a pulse width
similar to‘that of the excitation bean. The continuum of
wvhite light 1s spl 1t by a beaxn splltter, one beam going to
the sample to act as probe beam The ‘other beam is used as
a reference. ) '

Light transmitted pyxan e%cited sample is detected by a
muljichénnel\photodiode arrangemént and fed into a
"—microprocessor where the necessary data maﬁipulation is
perforhed. | |

[
The probe beam can be delayed between O - 10 ns. after

<

excitation of the sample. The sample is contained in a

quartz cell with a path length of 2 mm. For each

expefimental delay period, a set of data consist of four

excitstion shots, one’ for the blank and three fér the
- \ .

N

‘sample.

v

The transient absorption spectra are presented-as the

-

average absorbance chénge between the blank and the sample

and were thus recorded as difference spectra. All samples

for picosecond transient spectroscopy were prepared on the

day the experiments wefe'performéd.
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2.8.3 Pulse fluorescence measurements.

"Flubreslence dgcay oh both solufions and on solids
were monito}ed using the same picosecond system as
outlined in section 2.8.2., wiéh the exception that-a
streak cameraf(Hammamatéu) with a resolution of 1d-ps
was added to detect the .fluorescence traces. Glass
filters and interference filtérs were placed before the
entrance slit qf the streak cémefa to reject the écattered
probe pulge of %55 nm. Forrmore'éxacj measurements a
monochromator was inserted'bgtﬁeen the streak camera and
the sémple to allow f&me’ resolved .fluorescenc?

_ méasuremedts at a single wavelength. Thg\output'of the
steak camera’Was,recdrde on a Tempofal Analyser ﬂ a rapiq
electronic readout system for yideo images ). The'output

. ‘ oflthe temporal analyser was'recbrded on a strip chart "t

recorder. . ;

y ) Samplés for fﬁe'fluoregcencé ﬁeaéuremenfs were pqépared ‘,

freshly on the day of the experiments. Solid state films:

ﬁere cast on an optically transparent slide 1 cm. X 5 cm.
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: o . CHAPTER 3 4

RESULTS AND DISCUSSION I.
l i
'ELECTROCHEMISTRY, ARD PHOTOELECTROCHEMISTHY QF THIN

PORPHYRIN PILMS ON SnO, ELECTRODES. \K
N bod

‘The first approach in using porphyrin molecules as

sensitizers invoglved the study'of the interaction of
" porphyrins with single molecules, preferably thoee tha't
can ligate axially to the zinc metal of the porphyrin
. This chapter depicts the spectroscoplc, klpetic;

eleétrochemical, and photodlectrochemical effects observed

¢
axial ligands. This.study was motivated by the model of

ﬁorphyrin "doping" discussed in reférence (30).

3.1. ELﬁCTRONIC'ABSORPTIOH'SPECTRA.IN SOLUTION.

o ' Fig 3.1 is the absqution Qpectrum of
T tetraphenylporphyrin (Ho7pP) and zinc tetfﬁphenylﬁovphyrin
L (ZnTPP) in methylenechloride. The HoTPP has four ma;or
C e peéks in the visible region, all of which can be assigned
as frﬁnsifipns explained by the 4 -~ orbital model in

[~

i section (1.1.1). When a metal such as zinc is inserted in
the porphyrin "hole", there is a major change in the
intensity of;the peaks in the visible region. The

= and B bands which are characteristic for

L

in thin films of zinc xetraphenylpprphyrin modified'with B



WAVELENGTH (nm.)
| Pigure 3.1. Electronic,,absorption spectra Of
o (a) H 11'1’1’ and (b) ZnTPP in CH,C1, '
Bl A
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WAVELENGTH: (nm.)

?igure 3'.2. Absorptioﬁ spectra of (a) ZnTPP in Gﬂzclz" e
and (b) ZnTPP with different axial ligands 1:;'01{2012.,‘
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"normal" metalloporphyrin are evident in the figure.

On addition of bases suché;;/gz;idine, tripﬁenylphosphine,

tripﬁenylarsine‘bn poly ylpyridine which can: axially
ligate:to‘the ZnTPP, there is a major change in the
position andgthé relative intensities ofathe »® and 8.
banas in the visible épeftrum of ZnTPP. Fig 3&35hqws the

changes that occur when FnTPP is dissolved in pyridine.

The axially ligated pyrldine causes the ® and A Dbands

to shift bathochrom1ca1%y by 12 nm. The relative ratio

of #/« decreases from 6:1! to 2:1. This change in ratio of

the #/« bands has been correllated with the charge and ..

polarlzablllty of the axial llgand and its ability to
transfer charge to the porphyrin ring (22). Qhe ligands
triphenylphosphine (TPhP), triphenylarsine (TPA) and
polyvinylpyridiné‘(PVP) causes a similar effect when addéﬁ
to the ZnTPP in gethylenechlgride.

The extent of the bathochromic shift is in the order TPhP

> pyridihe > TPA > PVP. In all cases the shift of the

. and B bands did not exceed 15 nm and the effect seen in
fig 3.2 can de taken to be representative for all these
ligands.

Poly(vinyl pyridine) as a ligand does not follow the same
simple behaviour in its absorption spectrum. %ig 3.3 shows
a strong underlying absorption which peaks well into the
near infrared region. This absorption can be attributed to
either 1light scattering due to the polymer or absorption
by the polymer.

There is also a general red shift in the Soret band on

TR,
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.addition ‘of axial ligands. The extent of the red shift

will depend on whether the porphyrin is 5 - coordinated or

6 - coordinated. Fig 3. 4 shows the spectrophotometric
‘titration of 4. 42 x-10=7 M ZnTPP in methylene chlonide
with 9.0 x 10-3 M PPhs. The peak méxima.are at 419, 433
and . 444 nm respectively with isosbestic points at 425 nm

and 437 nm. These correSpond to the reactions.

ZnTPR(L2) i — ZnTPP(L) + L-

ZnTPP(L) — kg——»ZnTPP + Lo,

13

For suff1ciently dilute solutions ofzporphyrin (<10-6M)
the six coordinate complexes dlssociate completely At
\spectrum

& o +

*high ligand ¢ ncentration (>0.2M), the 1iﬁT?Th5
of the six cilrdlnated species is formed. The hata in

figure 3.4" can be fitted to the equations

log | ZnTPP(L = Y o ;
'fZETFFTI§}q' ) ‘log(L) log.k1

and log |ZnTPP(L)| . = log(B) =~ log ko
ZnTPP {

;

by using (A - Ag)/(A' - A) to calculate the concentration’

‘ratios. Values of ki and k2 calculated for the ligand
trlphenylphosphlne correspond to O. 989 and 0.939 M-!

respectlvely Comparlng this to ‘the keq for pyridine as a
ligand (k = 6900 M-1 ) (22), the 1arge value o?tained for

triphenylphosphine has been attributed to its lowep'

1 ‘ . |
' . v

' r‘,“. '
. dE
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basicity, but the factors affecting ax1al ligation(to

metalloporphyrins are many and complex

.

\.——-— & .
3.2. PHOTOELECTROCHEMICAL GENERATION OF INTERMEDIATE .
PORPHYRIN SPECIES IN .SOLUTION DURING PHOTOLYSIS.

[

\Figuré 3.5 (A) presents the absorption spectra obtained on

bulk photolysis of 2.0 x 10-5 M solutions of“ZnTPP in
CHéClg. Tetraethylammoniﬁm‘perchlorate (0.40 M) was used
as the electrolyte. The cell orrangement was‘such that
the photolysis'took place in a two = compartment cell
using the porphyrln dissolved in CH2012 Wlth a Pt wire
electrode as one half cell and a solution of Fe(CN)63 -/4-
as the other half cell wath another Pt electrode The two

half cells were joined by a salt brldge conta1n1ng€)4 M

tetraethylsmmonium perchloride (TEAP) in CHpClp- Only the

.porphyrin half cell was photolysed with white 1light from a

300 W tungsten halogen lamp. Photolysis was undor short
circuit conditions. \ ’

Bulk photolysis shows the appearance of an isoporphyrin
type species (characterlzed by the strong absorption at
460 nm) after only'a few mlnutes of irradiation. There is
also loss of absorptlon in the soret_ban& and the Q bano
in the visible/region. The increased absorption at 750 nm
with tiﬁe,indicated a concooittﬁnt‘generatioh of a

cationic type porphyrin species. In figure 3.5 (B), where

the photolysis half cell contains 4 x 102> M pyridine,
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Figure 3.5. Absorption gpectra of photolysed

solutions in CHzCl2 .

"(A) 2nTPP at (1) t =0 min. (z) t =

(3) t = 20 min.’ .

(B& ZnTPP in pyridine at (1).t

20 min. and (3) t = 120 minL
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. spectroscopilc change; ar%.only observed after a longer

period of irradiation. The general change in the -original
spectrum of ZnTPP is the‘same ie. decrease in the sorét,

Q and « , B bands. This is followed by the growth of an
o SR :

~almost featureless. broad absorption in the visibvle

sﬁectruy between 450 nm and 750 nm, and a shoulder on the
soret band between 420 and 450 nm. This spectrum has beei-
identifieq és the cation radical of the axiallyjligated
porphyrin (33). Simiia{ observatiéns were qade for the
ligands triphenylphosphine and‘thﬁapnylérsine. v

i
i

3.3 ELECTROCHEMISTRY ANRD SfBCTROELECTROCHEHISTRY OF
TETRAPHENYLPORPHYRIN ARD ZnTPP SOLUTIOHS.\ -

*

' 3.3?1. Electrochemistry of H2TPP with P&ridine.
/

~

The expefimental canditions were as described in section’

2.5.1. Figure 3.6 (A) shows a voltammetric scan at 100

mV/s for the background electrolyte used ie. 0.1 M NaOClyg
in the mixed‘solvgnt CH3CN:CH2012 (50:50). The working

electrode was a Pt plate electrode with a totaluarea of 2

¢

cm2. Figure 3.6 (B) is the electrochemical titration of *

31.7 wg/50 ml of Hy7pp in the background electrolyte.

Titration was with aliquots of a 5% pyridine solution in

CH3CN. The positions of the first (0.65 V) and second
(0.84 'V) reversible oxidations for HpTPP is confirmed and
corresponds well with the literature values in table 1.2.-
On additiaon of pyridine, the second reduction peak at 0.78

t"‘ .
| .

-
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Figure 3.6. Voltammograms of (A) backgrdund electroiyte (CHBCN) B
and (B) 31.7mg/50 ml HZTPP in CHBCN:CH Cl, titrated with 10 ul
portions of a 5% pyridine solution in CHBCN. The bac‘kground
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<
V vs Ag/Ag+ d{sappears'withighe correéponding. formation
of a reduction peak at 0.17 V vs Ag[A‘g‘h The oxidation
_peak currents for .both oxidations increase on addition of
pyridine. Since.nd metal site is present for the pyridine
to bind to, the origin of the reduction peak at 0.17 V
.must be associated with a ring substituted porphyrin.
Further evidence for this will be seen in the néext
4 = o

gection. r Py

=
I

AN .
3.3.2. Electrochemistry’of ZnTPP with Pyridine. *

Figure 3.7 shows the electrochemical "titration" of 75.1
mg ZnTPP in 50 ml of 0.1 M NaOCl, in 50:50 CH3CN:CH2C12
with 10% pyridine in CH3CN' The experimental conditions
'are'%he'samg as that in section 3.3.1. In the absence of

pyridine the voltammagram show two quasireversible peaks

[ |

with Ey /5 at 0.4 V_and 0.75 V vs Ag/Agt- These correspond
'to the first and second oxidation potentials. of the
porphyrin and agree well with values 1istéd in table 1.2.
As.pyridine is added, the two anodic péaks remain
observable, but the corresponding reduction peaks at 0.36
and O0.71 V prggressively ﬂisappea{ rendering the
oxidations irreversible. A new irrevérsible peak appears
near 1.0 V and .a reduction peak d&avelops at -0.08 V.
Integration of the new reduction featﬁre at -0.08 V

indicates that the nUpber‘of coulombs passed equals the

sum of the charge for the two electron oxidation within
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6.9%. When a%élighf excess of pyridine over porphyrin is
r;ached,axial*ligation‘oftgé pyridine to theqincof*ﬁhe
porbhyrin takes place'as can be seen in spectruﬁ 4~ of
figure 3.8N Phis spectrum cgincideslgi%h voltammogram (C)
in figure 3.7, Og‘additioh of more pyri@iné (ie. >
[ZnTPP]), the revérsible peak’ at 1.0 b declinés“again\
accompahieé by reduction of the peak at -0.08 V.\In fact,

wigh a large excess of pyridine, the voltammogram becomes'
4 - " ] .
féatureless and resembles the voltammogram of thé

background electrolyte. O . ) _
The reversible peak at 1.0 V can be assigned-to a ring
substituted porphyrin. Ring substitution of the porphyrin

only occurs after formation of "the very reactive dfcation
species (46, 47). ﬁyés substituted pyriéinium'—\
porphyrfn dicétion tan create a cationic site on the
quarternized pyridine nitrogeq and-releases a?ﬁroton to
the solution. This effectivel& reduces the porphyfin
ring and accounts for“the abgence of reduction,waves and
the introduc¥ion‘6f a neg'reveﬁéible Man at 1.0 V. This
new wave may be seeq<§s an analog to the one electron
‘oxidation of the parent porphyrin néar‘O.jé.V. The
reduc£ion wave near -0.08 V 1lie ;}thin the rééuction .
region of a quarternized pyridine, which can-initiate the
. two electron reduction in an,eleptrochémical‘- chemical
'(EC),méchanism. o
Thg featureless voltammogram obtained at high pyridine

concentration can be attributed eiﬂher to pyridine

A”adsorption'on the electrode or to the fact that axial

. \Jr-\
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© ligation of tﬁe porphyrin reduces the rate' of th;a electron’
transfer. The titration:of H4TPP in section 3.3.1 seem to
folllow the same pattern, except that the reversible ar'xodic
peaks at +1.0‘V could not be observed clearly since i't iserkx
« shifted outside the measureable pote-ntiall'r_'ange;

. 3.3.3.  Electrochemistry of ZnTPP with Polyvinylpyridine
(PVP).

,

-Figure 3.9 represents the titration of 40 mg ZnTPP/50 ml
of 0.1 M NaOC¥, in 50:50 CH3CN:CH2~C12 with aliquats of a
1% PVP solution in CHyc1p. (b) and (c) are vol tamnograns
ai“ter the addition of 30 ul and 50 ul ?f PVP resgectively.
The featuré observed: for ‘the titration with pyridine is’
not as evident, but one must keep i'n mind tnat thg_pf)lymef'
containg a large number of pyridine gI‘OUI’)S on a single:,
backbone and it is not possible to introdl.}_ce a nucleophile
¢ at ’ghe porphyrin periphery without simultaneously putting
pyridine géroups in favourable® positions. for a‘xial ]
ligation. The vooltammog,ram- at largé excess of PVP, (not

shown) resembles that at large pyridine concentrat‘i'én.

3.3.4. Electrochemistry of ZnTPP with triphenylarsine and

trip'henylphosphine .

°

Figures 3.10 and.3.11 are voltammograms for "ti“gration*s"

similar to those ~-in -éec'tion 3.3.2 employing

’

R
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triphenylphosphine and triphenylarsine aslligands. The
geﬂéral picture is not as clear as in-the pyridine case,
but it Qints'towafds a 8imilar interpretation witﬁ reauqed
rates of electron transfer. This is ﬁlauéible given the
lower ba81city of trlphenylpho%phlne and triphepylarsine
and its greater tendency to ligate axially.

/
(

3.4. ABSORPTION SPECTRA AND ELECTROCHEMISTRY OF THIN
PORPHYRIN FIIMS. |

t

%.4.1., Choice of redox couple'and selection of

experimental conditions for thin £film electrochemistry.

[
-

Characterfization of thin fiim\modified electrodes are
traditionally performed in non - aqpeodb solvents like
acetonitrilé.}Due to the solubiiity of the porphyrin films
under study in organic solvents, a suitable aquecus redox

cquﬁle had to be chosen to evaluate the properties of the

thin porphyrin films on §n0p semiconductor electrodes. -

Thin semiconducting SnO, films on glass have been used as

indicator electrodes in various investigations (120). fhe

oxide éﬁrf@ce is very Pensitive to pH and the kinetics of

.electron transfer of a simple redox couple like Fe(CN)53-

/4- can be adversly infiuenced as seen in figure 3.12. The

By/2 of the redox couple Fe(CN)53'/4 shifts from anodic to

cathodic and back %o anodic as tﬁé pH is .varied between 1‘

and 133~The Ey/2 reaches a- maximum cathodic value at pH 5.

The shift in Ey /5 with pH can be attributed to protonation
‘ . S

-

S
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~of the oxide surface. Protonation of Fe(CNy63-/4- can

"
also take place. The varlatlon of the Eq/2 VS8 pH curve for

Pe(CN) g3~ /4- on' the surfaces Pt (c)-and Sn02 '/ ZnTPP -
pyrldlne (b) are 'less complex. The anodic ehift at low pH

for the curve can readily be attributed to protonation

effects’on the Fe(CN)53‘/4“ couple. . Rz

- To be able to evaluate the propertles of the porphyrin'

thin films effectively, the Fe(CN)63 -/4- couple in1 M KClV

at pH 7.0 was thus chosen as a working solution for all

7

subsequent experiments, unless otherwise stated.

3uh2.*Absofption eﬁeqtra of porphyrin thin fiIms“on‘SﬁOé

electrodes. - -,

’ Flgures 3. 13(a), 3 14(a) and 3. 15(a) shows the absorption~

" Spectra obtalned of thln films of ZnTPP, ZnTPP -'pyridine

and ZnrTPP - trlphenylphOSphl

je spin ¢oated onto Sn0p°
eiéc@rodesf Eleetrqde prepaﬁz

outlined in sectﬁon'2.4.2 and

-

obtained as described in section .2.6. The absorption
spectra of ,the porphyrin ?nd modified porphyrin filmg have
,tﬁe“same general features‘as their respective solution

counterparts (section 3.1). The distincﬂ. o ,B8 and
' . @, ‘ ’
soret bands are observed. Iwo significant differences are

A
A}

evident, 1) there is a sign{%iqant red eh;ft'of‘the entire

. / 1
spectrum in a condensed phase-and 2) peak broadening of

-the soret band accompapfed by a large undérlyﬁng

{
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Figure 3.14. Absorption spectra of ZnTPP-pyridine
“films on Sn0, electrodes before (a) and (after (b)
eleétrqchemistry with the ferri/'fétro'cyanide couple,
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absorption in the visible region between 450 nm and 750
nm. The latter can be explained by the effect of
scattéring or-adsorption ¢6f the first few monolayers of
porphyrin on the Sno02 surfaci?/mhe changes occuring in
the spectrum after electrochemistry and
photoelectrochemistry will be more fully treated 1in
section_3.5.2. ’

: { , s
5 ) ” 'y
3.4.3. Electrochemical effect of modifying the Sn05

. . "
surface with porphyrin and axially ligated porphyrin.

Figures 3.16 .and 3 17 shows the current voltage

relatlonshlps of 2mm Fe(CN)g " -/4-.in 1,0 M KCl when 1in

contact with the different surfaces. Experimental

—conditions are as outlined in section 2.5.1. In figure

3.16(a), the Fe(CN)63—/4- couple shows' quasireversible
behaviour when in contact with bare SnOé with a difference
between Ejc and Epa as 270 m V. When the Sn0s electrode is
modified wjth ZnTPP, there is a dramatic decrease in
anodic and cétpodic peak currents and peak bfoadenﬁng ié
oﬁsérved as in 3.16(b). The A.ﬁ is difificult to estimate
but is > 300 mV. On modifying the S 02.e1ectrode with
ZnTPP - ﬁyridine, volfammogram‘(c is obtainéd. The
quasireversible behaviour qf’thg Fe( N)63—/3- couple éeen
in (a) and (b) is replacéd by a reve gible Qoltammogram

{E = 105 m V) and anodic and cathod/ic peak currents which

are slightly higher than those or the Sn0p surface. This

behaviour of the SnO, / zZnTPP - pyridine electrode suggest

-
1



-l
' |

A .2
v
0
e
- AN
- B
a ' .
. I
. d
e
e,
te ¥
. rL
v .
P
. P
e
a
N emamm
o
. " P,
” .
.
\S -
-
w
. N .
+
. . -
1, ’
, "o .
-
.
-
* .

. Figure 3.16.

-02 00 02

. A ‘

. ‘
* A ’
~ » ¢
Lo . B Te
A I3 - .
£ MY
v o . \
3 s A2 >
. A “ Y
o ' Ky
. ) v
", N T
R - .
N . ' .
B a *
v ) . B .
. . .
s . . L.
S . . : .
s . . N
4% LIS 4 ' ¥
Lt Ve » -
s s : P

. o
4 N
a 5 < ", N
- s
o ,
. T ) s
D .. N ., 2
. . L (I,
R - . . ‘.
B . ‘¥ D
LY AIIN
R Cow .
. . , .
. ‘ I .
PEEAE SN ~ . N
. 1
. o

04 06

, - B+« vs Ag'AgCl,

“

. .
» ‘VI

Volt

»

Voltammbgram of Fe(CN) '/“' on (a) Sno,,
— (%) Snoz/ZnTPP and (c)- SnOZ/ZnTPP-pyridine electrodes.

s -
~
v . »
o . - »
. . L
LA .
~ . v e .
* . . R
L [ e
4‘:'- rd v *
. . . ot
. 1 -
L
YI'I
. .
t .
.
i .
"' fr
«

o/
4
ot
P
s
‘
.
.
A -

DA

i
po—
.8
-
.
»
P
.
v
>
« ~
.
¢
Lele




-03 oo ‘03, 05 07
E vs. Ag AgCl Volt -

ﬁigur.e 3.17. Voltammogram of" Fe(CN) 3- / “- on
(a) Sn0,, (b) SnOZ/ZnTPP-Triphenylphosphine and
(c) SnOz/ZnTPP-PVP electrodes. Co

I

. \




—_ : , 98 . ! (™

. -
[ \ - . "

" ! B

enhanged catalytic effects. The large pedk broadening

observed for (b) is due to the increased resistivity of -

the- ZnTPP coating in Sn02 electrode

In figure 3.17,'similar effects are observed as that for
Sn0y / zZnTPP - triphenylp\hosphine and Sn02 / ZnTPP - PVP.
3,4u4.‘Hejerégenaous electron transfer kinetics of

2 .

Pe(CN)63-144 at Sn0y and ZnTPP.modified electrodes.

' ” v . L]

The electron_transfer rate of the Fe(CN)63;/4' couple on -a
Pt eurface is well known.. am@ it follows 31mp1e qua81—
Teversible kinetlcs To understand all factors 1nvolved 1n
producing the:change in v&@tammograms with surface
modification, it is necessary to determlhe the electron
transfer rate of Fe(CN)sz-/4- on each modified sur}ace and
’ to ‘compare it with the rate of the couple on Pt. . "
Thidlketerogeneous rate constant for electron tfadsfer can |
be calculated from cyclic voltammetric studies.. The
'potential dependence of the rate constant for a forward

. o electron transfer k(E), is given by the convenfional

expreesioﬁ (106)

K(E) = kg exp |( &,nF/RI)(E - EO)) 3.3
‘where E is the electrode potential, lxa = the transfer e

coefficient ~n the number of electrons and Eo the standard

A

potentlal. ] ‘ ) : . .

. \

The solution of a system of differential equations by -

’
%
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Nlcholson and Shain (119) predicts a current peak at the .

-

applied voltage as“
o &) N ~

" Ep = EO + (RT/xanF)(o 78 + 1n (n-canFV/RTﬂ/?—- In kg
]
S : 3.4.

Algebraic rearrangement of equation 3.4 followed ' by

comparison with{eqﬁation 3.3 gives equations 3.5.and 3.6.

o ~ .

ks exp L(*%a nF/RT)(Ep - E0)] = 2.18[D ¢a°nFV/RTJ1.(2
| ' ¥ 3.s

k(Ep) =,2.8(0 %, nV/RT|1/2 ’ 3.6.

1

For a totaliy - reversible process, the electron transfer

rate constant at the peak p0uentiay k(Ep) is directly.

related to the sweep rate v. From egns 3.3 and 3. 6 then°

Y

kg = 2.18|D o(aan/RTJUZ expl( KgnF/RT)I(E - Ep)J 3.7 v

By substltutlng for all the constants, aesuming'the same

«n

approximations for X as in (122) and D as}.in (123) ie.

.nP/RT = 39.2 mole eq"1 volt-', o = 0.25, DOX/pred =
'1/1 21, an equation is obtained which is depéndent only on

the heterogeneous rate constant the scan rate, and'the

difference between. the cathodic and anodic’- peak potential.

o'

kg = 1.7197 x 10=2 V1/2 exp |-2.45. 4E] 3.8

where L E = Ep® - Ep?s the difféerence between the cathodic .

-
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the ke becomes independent of AE and’ this represents the
limiting kg for that reaction.: (

Figure 3.1§ depicts the voltammograms cbservsd for the
Fe(CN)¢3~/4- couple in 1.0 M KC1 on varying the scan rate
between 1mV/sec and 100 nV/s at the Snoz electrode.
Similar scans were done for all the other modified
electrodes and fiéure 3.18 can .be taken as reépresentative.
The AE and the peak currénts increase ;ith increasing
scan rate for all the electrodes. At sufficiently high

“scan rates (>1000 mV/s), the peak currents and AE does not

change further ’ signifying that the }imiting rate of
electron transfer has been reached. At these high scan
rates, the rate’ of change in the potential exceeds the
rate of the electrgﬁ transfer and no changes in the

-

voltammograms are ob rved.

-~

BY usins egn. 3.8, the value of kg can be calculated at

each scan rate. Figu&es 3.19 and 3. 20 are shown as plots

of the rate constant k; vg the peak separation for the

different scan rates. Figure 3.19 is for the same, Sn02
electrode used in Figure 3.18 and figure 3.20 is for a

Sn02/ZnTPP - pyridine electrode. The limiting beKaviour

observed for the value of kg in each figure, represents the’’

\

hetérogeneous electron transfer rate constant of Fe(CN)GQ\

/4- at that surface For Sn02 kg is 3. 53 x 1Q

-3 ¢m/s and for San/ZnTPP - pyridine, ks is 6.5 x 10'3

cm/s. Results for ‘other elec@rodes obtained in a similar

~
) -

fashionp are summeri%gd in table 3.1. The reversible

. ¢

and anodic peak poientials. For very large sweep rates,’

%
LW

he
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., elctron transgfer rate on’the Pt surfacg wag -confirmed :

Values Yor ths porphyrin m3dified electrodes show higher

, Tates than on the base SnO, gyrface, but lower rates than

on Pt. The lower values of kg £Or the porphyrin modified-

electrodes compared to Pt can be attributed to resistive

effects of the porphyrin thin films. When a correction is .

made for the thickness of the porphyrin fllm, the rate

" constants obtained are in good agreement with that

’ obtained on the Pt surface. This-indicates a catalytic
. effect on lnodification of the Snop surface with
. porphyrins. ) ve .

The plots of peak current - vs the scan rate'V172‘f0r the

£

™~ . mpdlfied—surfaces are shown in figure 3.21. The slopes of
‘the curves are‘sll linear showing that the reaction of
\Fé(CN)63;/4"°bey fhe Randlles - Sevick equstion (106)
Apparent diffusion coeff1cieqts'bbtained from these plots
are all within the experimental 1limit of-the dlffusion
coefficient for Fe(CN)63—/4~ in agqueous solution and. an
" ionic strength of 1.0 M KCl.'The values'for\Dred
calculaped'ase between 0.5 and 1 l 10-5 cm2/sec. -~

Al

3 ) .
.3.4.5. Effect of porphyrin film thickness on dark
- . ‘ ‘

)“”electrochemlstry. »

stles}3.2f 3.3, 3.4 and 3.5quﬁmerizes the results of. the

v electrochemicgl effect of varying the thickness of the

.~ porphyrin film on the Sn0p electrode. I} all cases, the

\

v
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pwwmaew@ommﬁn? PROPEETIES OF Sno2/ZnTPP w.sm,aewoumm S
No wmwﬁw&:s wmmwunwsmwm Hm.ﬁmmﬁeﬂ.._dma Fe cPao B de u..m.. uws. *
. B%Wmmawu ‘. A v (1 ...,3 mV mV . nV =>.. _.,~> ua
1 0.15 100  ..0.067 memjw_o 260 370 390 0.40
2 0.20 130 0.088 40 340 300 350 340 0.65
3  0.55 - 360 . 0.224 O 340 340 330 300 1.40 -
4 0.70 470" - 0.276  -15 340 355° 320 266 1.60
5. 0.5 . 5100 0.292  -25 360 385 318 260 1.75
‘6 2.05 . 1400 0.620 -175 385 560 252 105 3.75
7 2.40 + . 1620 0.676 -200 395 595 265 70 3.80: -
o \ ~ o
: / ,
) L . ,u..
P ) -‘ )

ar

i h o,
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ELECTROCHEMICAL PROPERTIES OF Sn02/ZnTPP-PYRIDINE ELECTRODES.

9

‘ "~ . “TABLE 3.3 . . . : - v

.

- ' ' . Y
b [
7 - g
. k4 i)
3 . \ Fl
R $ v
- ) No. Porphyrin
; conccn.
‘ . . mol dm-3
; : . . x 109

. .
. ’ s

Light mO Ea
abs. -

(1-1)

Film - - _ .
thick. E-ic’ ia Jph

2

A mV mV mV uA uA uA w

0.25
0.30
© 0.40
0.50

- N

0.55

=

.149.
0.168

170 130 315
115 310
100 325
“115 330

120 335

0 185
195
225
215
215

375 400- 2.30 \ )
430 470 2.30 (
481 506 2.30 . )
206 200 2.35 -

125 88 2.40 . ° o

200
2600 0.224
340"

-~

0.276

» . / ” , . . f !
. 0.70 . 100 335:235 163 ,._ 56 4.35 . .
o 2.50 - . 315 2.55 =~ .
- { . . \\\ - B \l
’ N 'S s ) o . - ) \./ - ’ , ¢ ...
- ) - ) «/.v‘ - . . r
. . { i ‘ : N
= . ._n». : ) - ﬂ
. ‘ . - - , ) ’ : .
\ N .. . . - ) ” B
. - R : » R ’ i
) . ~ . . e - . ) Y
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TABLE 3.4. - ,
Electrochemical properties of m:ow\Naewm - Triphenylarsine electrodes
.~ Electrode Porphyrin’. Light E, E E i, 1 Photo-
" " Number conc. absorbed = current '
, Bo“_.\&u.u (1-1) -mV mV nV nA nA nA - / '
pou " .
- { - ) L ) '
" 1.00 0,437 130 340 210 395 395 0.65 -
2 1.30 . 0.527 190 .,.uwo : 130 ‘430 Lio 0.75 )
3 140 - . 0.583 186 330 .- 150 450, 460 10.95 o
4 2.60 0.776 180 320 - . 1ko 395 425 0. 3/
Co + - : o o :
5 - 2.70 0.789. 150 N\wq ~- 170 mu..wm 442 0.80
6 2.75 0.795 160 330 170 328 370 0.80 oL
7« .50 0.925 150 320 170 —— -— 1 0.75 :
- = : .

[ S



TABLE 3.5.
Electrochemical properties of m:o»\wseﬂrwﬁu electrodes.

e

110

‘ .

Electrode Porphyrin: E.msd . . .Mo m.,m. m. ,. Mo B | m.; Photo-
number , conc. absorbed . - ;" current
. hsouwaau (1-7) ©  mv mV mv .- MA . pA uA
Ho . [N )
T 7 i . VD \
1o 0.40 0.127 - - - - - . 0.61
2 0.45 0.141 165 330 165 20.8  18.8 ° ' 0.70
3 T 0.49 0.153 180: 335 155 50.8 48.5 0.80
b e 10333 0.360 135 350 215  67.3  61.5 0.66
§ - 0297 0.029 160 320 160  50.0  44.0 0.50
6 1.h2 . 0.380 160 360 200 37.5  36.3 1,09
7 4.6 -\ 0.993 - - - - - -7 1.60
8 . 11.96  0.982 185 . 300 115 1.4 2.1 1.58
9., 16.8 . 0.997 175’ 315 140 5.6 5.6 1.72”

Lo
o §

.
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POTENTIAL (mV-VS. Ag/MgCl) -

e
-

O

"0 500 1000 1500
. FILM THICKNESS (A)
Figure 3.22; Variation of dark potentials with film

thickness for the electrodes (M) ZnTPP, (A) ZnTPP-

pyridine, (@) 2ZnTPP-triphenylphosphine.

(a) = anodic and (C).= cathodic. N
‘l. o _ . "
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effect is such that coneiderabl%fpeak erﬁdening occurs in
the voltammogram as tﬁe porphyrin film thi&kness an?ease.

P

There is also a-general decrease in both the anodic and

v
—

cathodic peak currents. For the electrodes Sn02/ZnTPP in
table 3.2, the shift.-of cathodic and anodic peak
foﬁehtials are larger than for the othér modified
élect?odes'in tables 3.3 and 3.4. Figure 3.22 shows the
variation of dark potentials with film thickness for the
different electrodes.’ The large peak separation and lowerh

< currents w}th ingreaging film thicknegs is ‘attributed to
the increase 'in résisténce of the film yith increase in
gilm thickness. Thisa;s not surprising:since the o?ganic

, potphyrin molecule is more of an insulator than a

conductor. The porphyrins have been described (97) as

molecular semiconductors with low carrier mobilities.

" 3.4.6. Determination of flat - band_potentials of

-’

porphyrin films.
4 " # ‘ \
. An expianatgpn of the dark currents and photocurrent

! R \ ,
behaviour of the porphyrin thin films require a2 kno;iéagg\ \

of the position of the flat band 1;c’>tentia1 of these fi lms. \
The flat band potential can be estimated by Eﬁe
photopotentials developed by these fllms with the dark
pdtentials of a series of electrolytes as in (30), or the-
Ppotovoltage for a particular film can be observed with
éﬁpiied(potential. This~latter methHbd has been

9 /

ﬁ‘ . succesfully abplied for determination of flat- band

+ . . -

- O
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‘Pigure 3.23. Flat band deternination from photovoltage for

. the film ZnTPP-pyridine on Sno

(—--) 1.0 M KCl1 as electro],yte . C
(—) 2.0 mM F;‘(CN)63'/’+° in 1.0 M KC1 as electrolyte.
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Fe(CN)g3-/4~ (in 1.0 M KCI, pH 7.0) . 40,53 . ‘
Nitrophenol (in 1.0 M acetate buffer,pH 7.0)'40.30 . . | ..




3

potentials in semiconductors (130) and in thin ﬁorphyrin
films (125). Figure 3.23 illustrates the steady - state
photovoltage ve. potential curves for the Sn0,/znTPP-
pyridine electrode in agqueous electrolyte solutions. In
the presence of background electrolyte only (1.0 ﬁ KCl) as
in curve ka), only small photovoltages are observed over
the potential ranée -0.4 V to +0.8 Q vs SCE..This occurs

~ under irradiation of the ZnTPP/ShOZ‘PYridine iﬁterface‘
with white 11ght from the tungsten - halogen lamp under
-conditions deecribed in section 2. 5 2 The onset potential:
(where the photovoltage - potential curve cuts 'the zero~
photovoltgge axis) of +0.53 V is taken as, the~Efb of the
~film. When a redox couple such as Fe(CN)63 -/4- is added ‘
to the background electrolyte (curve.b), the photovoltagea'
1ncreasee eharply over the potential range, but the onéet
potential of +0.53 V is unaffected. Similar oboervations

- were ‘made for all the other films tested and the.re'sults‘ .
\of flet,band determfnetions are summerized in table 3.6.
The flat band potentLal is also unaffected by the . use of
other ‘redox couplee, except for methylviologen. Figure
3. 24 shows the onset “potential of +0.2 V v8 Ag/AgCl for
the SnOQ/ZnTPP - PVP electrode in nitrophenol (1.0 M
acetate buffer pH 7. O) to be the same as that observed in
Fe(CN)g3-/4=. The values in table 3.24dshows that the fiat
‘band botentia1~ie shifted more cathodic with respect to
the ZnTPP f£ilm ';Efb on addition 'of axial ligands to the

ZnTPP. The effect is most pronounced for the ZnTPP — PVP
, N o :
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£iln. The fact that the PVP is not a simple ligana®but @

multifunctional chain might play a role. The efPects of
polymer solid state on"theﬁ flat bard. potential will be

more cloeely'eveluated in chapterl6. : .

I

.

-

3.5. PHOTOELECTROCHEMISTRY OF ZnTPP AND MODIFIED PORPHYRIN

s
3.5.1. Photocurrent traﬁaient spectr&.

i

13 ~
&

Figure 3. 25 represents the phctocurrent traneient apectra

for the porphyrin thin films at close circuit. The

k=]

‘ experimental conditions are described in eection225 2.

Irradiation took place with white light from the tungsteén

¢ - halogen lamp at a power of 100 mW. Irradiation was

: throush the Sn0jy g1ags but no difference was observed in

the/transients'wheﬂ'imrediation'was through . the

—

_ electrolyte solution The photocurrent profile in figure
3.25 (e) is typical for the filme modified with ZnTPP,

&

ZnTPP - pyridine, and ZnTgP - triphenylarsine. It is
- ~ l

'chdracterized by an initial fast rise followed by, a fast

decay  to reach a steady ®tate under ‘irradiation. On

switching off the 1light, the procesg is reversed. This 1is

~@ssociated with capacitive charging and discharging

effects in the film (126).,Irradiat£bp of the porphyrin

thin fidm causes electron- hole pairs. Accumulation and

depletion. of holee at the- porphyrin /electrolyte~

interface 1is reeponeible for the capacitive effects

s
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‘obeepveq. It should be observed thet the;g;scharge underf
irradiated conditions are larger than in the dark.

;Gerischerﬂ(526)fshowed that the capacitive discharge can
be avoided by introducing a redoi €6ﬁple such.as I-/I3‘ba
which can rea®t rapidly with the photogenerated holes.

‘In all cases gimilar to figure 3 25 (a), the photocurrenta

were of a cathodic nature when the redox couple in‘
solution Was. F@(CN)63 /4- . This indicapes that under
irradiation an electron is transferred from the porphyrin
£ilm to the electrolyte 1n solution. The photocurrent -
transients for the ZnTPP - PVP £ilm in Fe(CN)g3-/4-
(figure 3.25b) show the sdme.ppotocurrent.diecharée on
irrediation._The capacitive discharge is 8lower. In the
dark .nd neverse'discharge takes place, rather a slow
‘relaxatiop of the photocurrent. This slow relaxation is
agsociated with charge trapping in the PVP moiety of the

© film (127, 128). The photocurrent changes from cathodic to

N, v
‘anodic when the electrolyte is changed from Fe(CN)6 314~

to- nitrophenol.

”* o

. BJLZ.\\Photqéur;eﬁf action spectra and absorption eiecfrn
of thin films. L

2 4
Figure 3.26.ehowe,the photoaction spectrum of the
Sn0>/ZnTPP electrodé. The'ﬁeasurements of action spectra
"were carried out for all the porphyriq thin f¥1lms, and

fiéure 3.26 is representative.-The photocurrent action



. )q‘,t
Iy
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© L3850 .. 450 550 « . 650 -: 750
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" Figure 3. 26. Photoaction spectrum (a) vs. the absorption ‘
spectrum (b) for a ZnTPP film on Sn0,. The electrolyte was

2 mM Fe(CN)6 in 1.0 M KCl.
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shows that the origin;of the photogenereted charge is the
porphyrfn -excited states'sineé,in all cases the
photoaction spectrdm«fo}iows the eiectronic.aoeorptiqn
spectrum. The photoaction specfrum for fhe ZnTPP - PVP
film is similar to that obtained by Kido and Langford'
(32)."

The absorption spectrunm of* the  thin films after

"

photoelectrochemistry (figures 3.13, 3.14.and 3.15) show
signdficant changes in the spectra. For the SnOp/znrpp
electrode (figure'3.13(b)) the two eignifieant\changeé
which occur is a decreaee in the soret. band and the
development of =.new band with a peak at 660 nm. The band
at 660 nm has been associated with the diacid form of the
demetallated porphyrin (13)[vbut it doeé not seem to ﬁlay
a role in the'photogenerefion proceeoﬁ"The abpearance of a
shoulder on the soret band at 408 nm indicates the
formation of a cationic species. This is e reversible
In figure 3.14 (b), the spectrus of the SN0y /znPp -
pyridine electrode after photoelectrochemistry show
decreases in the, and soret bands with the appearance of
peaks at 510 nm and 660 nm. Again this hints at the
formétion of cationic type speoies toge%her with
isoporphyrin like species (35, 36). Figure 3.15 (b),

spectrum for SnOp/zn7pp - ﬁribhenylphoephine, shows a
broad absorption in the visible region which is aeeociated

with the cationic porphyrin radical species.
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3.5.3. Dependence of Photocurrent on film thickness.

An evaluation of the film thickness is important in

:determining the. charge carrying mechanism in the porphyrin

fllms. Axial 1igation of ZnTPP changes the bulk solid
state properties of the £ilm as can be seen from a film
thickness profile of- the photocurrent in figure 3.27.'The
film thickness parameter is represented here as the'amount
of light absorbed by these films at the band of the
abeorpﬁion spectrum. Allkmeaeurements depicted in figﬁre
3:?7 are taken at closed circuit and in contact with 2mM
Fe(CN)GB'/4"in 1.0 M KCi as redox solution.

The photocurrent profile increases linearly with film‘
hickness for the ZnTPP film (a) This linear increase
reaeh a plateau and eventual;y decrease again for very
thick film. Onlj films which fall within a range between
100 -A - 20007A are represented on the, gi‘aph The decrease
of photocurrents at 1arge film thickkness is associated
with resistance effects and filtering effects.

For the ZnTPP - pyridine films, an initial linear rise is
obtained at low thickness which quickly reaches a plateau.
The observation of photocurrents with very thick £ilmg (>
5000 A) are similar to that observed for ZnTPP films.
The\ZnTPP - PVP films (c) generally éives lower
photLqurrents than eitﬁpr the ZnTPP or ZnTPP - pyridine
films. The films ZnTPP - triphenylphosphine and ZnTPP -

1

' ' ' ¢
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triphenylarsineg gives pr}ofi«lee‘ similar to

?VP and is not represented on‘the"graph.
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. The copolymer described in section 2 2 5. was blended in a

125
' . CHAPTER 4.

18

. RESULTS AND DISCUSSION II.

ELECTROCHBHISTRY ' AND PHO‘!OELECTROCHEHISTRY OF PORPHYRIN-
POLYMER MODIFIED ELECTRODES.

PR

Porphyrin frag'ility and the Tincreasir;g resistance of

thick films allows sensitization of wide bandgap Sn02 only ‘

to acertain limit. To overcome this limit and to increaee

the ruggedness of the porphyrin, it is necessary to imbed-

“ the porphyrin dye into a suitable polymer matrix. Such a
polymer matrix should allow a high capacity for and not
'largelyl-- change the physical properties of the porphyrin. ‘
"lt should also allovw efficient transfer of operge

throughout t}e polymer matrix.

\-

) 'Lhe results in. this chapter reports the in‘beraction of

porphyrin with an ionically conductive polymer.

4.1.. ELECTROCHEMICAL PROPERTIES OF THE IONICALLY
* CONDUCTIVE POLYMER BLEND. : -

4.1.1," Ion rétention ability of polymer. - ' -

¢

1:1 ratio with PVP costyrene from 2% solutions of the

polymer in methanol. This blend, which is 1% in PVP and 1%"

in copolym'er was used to modif

-,

7y a énoz electrode.

~

\
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I“igure 4, 1. Voltamograms of continuoua scanning showing
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Modification -was accomplished by drop ‘evaporation as
» - ~

described in section 2.4.1. This electrode was lett in u

solution Qf 2mM Fe(CN)63-/4—ain 1.0 M KC1 for 24 hours to
allow ion exchange of the Fe(CN)go~/4- inio/}he film. Th?
electrode was mounted in the flow through cell.in contact
with 1.0 M KCl’Qs ;hé eleétrqute. Cyc;ic voltgmmetry
shows that a pdnsiderable amount of’Fe(CN)631(4~1has been
preconcentrated in the film (figure 4.1). Cnntinuous

scanning for a period of 4 hours shows:that out -

-’;/7<paftifioning of the counterion Pe(CN)g3~/4- from the

'poljmer film is & gradual ﬁrbcess and reaches a limit of

46%. This high ion réténtion benaviour of the‘polymer

blend corresponds withuthat réborted by_ Anson.(89;‘909 for:

s

a\81m11ar blend on glassy carbon-electrodes. This property

l“).—

of the 'polymer is advantageous s1nce it «can serve aBs a’

source of preconcentratlon of gnlonlcally changed dye

molecules such as,ZnT?PS-{.? L
[ . , ' -

4.1.2. Apparent diffusioun cbefficiénta of ions-in the

s

polymer thin films. o J L

-
he .

¢

The 51gn1f1cance of large diffusion coefflc1ents for .

reactants which "are conflned withln an electrode coating

has been extensively reviewed in section 1.3.5.

In principle, apparenu diffusion COeff1cients can be

calculated from potential step chronocqulometry or 1inear‘

sweep=woltammetry at dlffement scan ‘rates.
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~

Chronocoulometric ézégurements were Emploxed by steppiné
the bog;ntial betw ;n +0.4 V and -0.4 V vs Ag/AgCl. The
apparent diffusion coefficients obtainedlfrem Cottrell
ploés for three polymer electrodes are summegized in Table
4 1.-The values of Dapp for Fe(CN)63 /4~ vary between 1.1

x 10-T and 3:x 10-7 cm2 s—1. These values obtained are one

~

~order of magnitude smaller than those obtained by Anson’

{(90) and two orfers of magnitude smaller than the
. : » ' .

<iiff%§ion coefficient of Fe(CN)g3~ or Fe(CN)g4~ in

solution (123). . b

.

Plots‘of¢peak current vs scan rate for electrode 1P in

‘Table 4.1 indicates that l.inearity is obtained for scan
! , .

rates up to 600 mV/s (flgure 4 2). This is oﬁéerved when'

\

the bulk electrolyte is 2mM.Fe(CN)63 /4” in 1 .0 M KCl.

/

These comp031te coatings, despi‘te.the fact that they can

retain ions efficiently, “also shows low barrlers for the

diffusion of counterions. These two propertles have been’

explained by the copolymer structure (figure 4-3 A) which

..5
~- is primarily respons1ble for the eléBtrOstatlc binding of

. . \ N
the counterions since-the PVP portion (figure 4.3 B)

cannot bind counterions unless it is. extensively

o

protonated (which is not the case in this experiment).

Anson (90) showes that the cationic quarternary ammoniﬁb

1

group. retains its charge at all pH's and is the most -

-

likely site of exchange of an{ons L

The high retentlon values as well as the hlgher than
normal dlffu51on coefficients have been linked to the

fnternal morphology ofi%hg;fifms. There is a discrete

i

8

-
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segregation between the hydrophobic and hydrophilic

"domains of the polymers This property is important when

chromophores are imbedded in-this polymer blend.

£

4.1.3. Potential of byridiniqh'group in the p‘olyner

blend. ) ) ,

8 |
y!glen the. _composgite polymer film on Sn0, ig
electrochemically’ scanned in 1.0 M KC1, no electrochemical

activity other than the reduction of thé pyridine grroup in

the polymer is observed. THis is,show'n in figure 4.8(a).

The value calculated at the peak helght was found to be -
0.51 V vs Ag/AgCl.

; . Lo

(-4 2. SOLUTIOB ABSORPTIOR SPBGIRA 'AND KLECTROCIIEHIS!BRY )

ZIHC !BTRAPHEHYLPORPHYRIH—!BTRASULPHOHATB A ZnTPPS—4)

4.2.1. Absorption spectra of HéTpPS"4 and ZnTPPS-4.

1
Y

-

The abéorption spectra of HoTPPS-4 and ‘ZnTPPS-4 ip H20 are

'shown in figure 44(8.) and {b) respectively. The spectral

'interpretation is the same as that of "the neutral arlogs

deacribed in section 3.1. g ;e
s ' .

I
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4.2.2. Solution electrochemistry of ZnTPPS-4 in aqueous

media.

£ 4L

]

Figure 4.5 shows phe ﬁtitnation" of ZnTPPS-4 in aqueous

meditm with 1.0 M KC1 as the background elecfrolyte with a
1% solution of PVP: copolymer blend in methanol. The

.initial scan showé/zﬁg\(}rst reversible oxidation

reduction peak with Ey/p at 0.62. V vs Ag/AgCl to

wcér;espdnd to the literature value cited in Table 1.1.
The second ring oxidation could not be determined
efficiently due to the electrochemical window of;the
~aqueous éleqtrolyte. T™ration of this electTochemical
splution‘with 0:1 ml portions of the polymer blend shows a
decreaée in the peak cﬁrrent of the first reversible
oxidation reduction. With an excess of poiymeriblend the
f%rsf oxidation - re&ucfion&peakidisappears comple£ely

with thé'appéaranpe of a broad irreversible oxidation peak

at 0.95 V-vs Ag/AgCl. The reduction in the C V peaks is

aftributed to the'slower diffusioﬁ of polymer Dbound
porphyrin. The binding of the ZnTPPS~4 to the PVP moiety

‘of the polymer is demonstrated by the abég;ptibn spectrum'

of the solution taken at each step in the titration.
Extensive binding takes place betweep the cationic sites

of the copolymer and the anionic sites of the porphyrin.

The porphyrin is essentially immobilised by.thgaei

-interactions and at large polymer concentration it does

E not show any heterogeneous electroactiﬁityi This binding'

and redistribution of the ZnTPPS-4 in the polymer will ﬁe



134

\||'...
e
\\.\. .\\\
C:’.Olllll\\\\l\ 0 \\\.

Smm—— .
g . . — \

—— Y
-

~

] ._« _, :
: PN | ' !

“ F———
0O 02 04 06 08 10 12 14

.« . .E vs Ag/AgCl, Volt .-
" Flgure 4.5. <o.._,deBomHmBm of Naemme., in aquedus anﬂca
ﬁﬂ‘m&*n swg wmpncoam of . w.mu mﬁunoobowﬁ.ﬁ. mou.za»oz in

Bmgn:au.. . P - v

.




135

@
.0 Y I I | T T O

350 450 550 . 650 750
- WAVELENGTH (nm.)

Figure 4.6. Absorption spectra of ZnTPP-PVP-copolymer on
Sn0, before (a) and after (b) electrochemistry with the
Fe(CN) 3 -/t~ couple.
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further demonstrated in.fluorescence studies in chapter 5.

"4.3. THIN FILM ABSORPTION SPECTRA.

- P

Absbrption spectrum of S°°2/anrp - PVP - copolymer and
SnOz/ZnTPPs-4 - PVP copolymer. . ,

L
Figure 4.6 (a) presents the absorption spectrum of ZnTPP

in the polymer RYP - copolymer as a film on Snf2*

The ZnTPP is axially ligated to the pyridine of the PVP"

component of the polymer as can be seen from the relative

intensities of the and bands. éhe absorption peaks are’

not as broadzas observed for tﬁe ZnTPP in PV?Fonly, but
there is still some degree  of an underlyihg broad
absorption in ths visible region of the spectrsm.'Figure
4.7(a) shows the absorption spectrum of the anionic form

: ZnTPP fe. ZnTPPS-4, which is red - -shifted by 8nm.

Assignment of the bands are parallel to those described in

\

gsection 11 1.

4.4. DARK ELECTROCgEHIS&RY OF ZnTPPS-4-PVP-COPOLYMER
FILMS ON GOLD AND DIFPERENT SEMICONDUCTING SURPACES.

4.4.1. Electrochemistry of SnO,/znrppg-4-PVP-copolymer

electrodes.

.Figure 4.8(a) represents the voltammogram of a f£ilm of PVP

i
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H

7 ‘ ' .
- copolymer on SnO, in 1.0 M KC1 ‘('see section 4.1.3.). If

a chromobhore is incorporated into the polymer as in
'section 2.2.6 and a film is formed on aﬁ Sn0, eléctroée _
to give a SnQZIZnTPPs-4»- PVP - copolymer electrode, this
film shows no electrochemical activity for the ZnTPPS-4_if
scanned in a solution of 2.0 mM Fe(CN)g>~/4- in 1.0 M KC1
(figure 4.8(5)).'The peak current of the‘vol£ammogram is
also significantly lower fhan the'peak'cur;ent oﬁtained in
a film of comparable thickness, -but with no chromophore
imbedded in it. This signifies a 15wer preconcentration of
Fe(CN)¢3-/4- in the film in the presence of chromophore.
Thié is understan@able since the chr;mophore anpﬁs-4 can
compete for the cationic eleE}réstatic binding sites of
the copolymer.

The voltammagram of Fe(CN)63-/4- is quasi-reversible,
showing that incorporatiop of the chromophore did not
change the kinetics of charge transport through the film
significantly. If this electrode is 'transferred to a flow
- through cell with only the backgrgund eléctrolyte
_present ie. 1.0 M'KCi, the voltammogrém'obtained on
scanning the potential is represented in figure 4;8(0).
The reversible peaks of the Fe(CN)g>~/4- couple is still
obtained, but at a réduced current.\Thé aréa'under the
anodic and cathodic peaks will represent,thé(concentratioﬁ:
of Pe(CN)g3-/4- retained in the film. The broad reduction
peak of the pyridine:groups a}e alsé present, although

these could not be clearly observed when the film was in
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‘Figure 4.9. Voltammograms at*différent scan

rates for the Fe(CN)63’/h' couple'QhTSnOZ/ZnTPPS'u

~ -PVP-copolymer. Scan rate is varied from 1 mV/s
to 100 mV/s.
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an éléctrolyte containing a redox couple, even if’tﬂe
potential was varied past that réduction range. '

By varying the scan rate of the potential for ihé ZnTPPS-4
- PVP —hqopolymervfilm in th'e redox couple (figure 4.9)
anq by plotting the peak potentials vs the square root of
the scan rate, (figure 4.10) 2Pe observes that the slope
for the cathodic peak remains independent qf scan rate at
lé&er scan rates, but becomes scan rate dependent at

higher scan rates. Thig signifiés diffusion controlled

conditions for the reduction of Ee(CN)g>~ to Fe(CN)g4~-

For the anodic reaction, the peak current vs scan rate
shows that deviation from linearity occurs at relatively

low.scan rates. For the reaction Fe(CN)g4- to Fe(CN)g3- in

"the film, processes other than diffusion are contributing

!

to the charge transport process. The apﬁarént diffusion
coefficient for Fé(CN)63‘ in the polymer films wefe also
détermined for a series of filme of different thickness.
The potential in the chronoamperametrié experiments . were

stepped between +0.4 V and and ;0.44V vs_Ag/AgCl. Figure

- 4.11 shows a Cottrell plot for electrode 10P. This

Cottrell plot is typical for all the other'electrodes. The

other electrochemical data for Sn02 modified electrodes
are summerized in Table 4.1. The Cottrell plot in figuré

4.11 shows a curve with two distinct slopes. These two

slopes afre more distinct for the thickér films (11P anad

12P) and signifies the invoivement of two ‘diffusional

”proceéses, one slower and one faster. The values of

diffusion coefficients reported in Table 4.1 only shows
.J‘ : '

.
o



TABLE 4:1. S T , \ s
* . Dark electrochemistry ow\,msoM\NMemmwuklwéloowogwa.. i ‘ : . )
 Electrode E,. E, . i, ° i, - \|Thickness i, Do S \
) mV mV ua _~uA T um’’ . ul cm \m I . .
SR , ©107% 1077 | 1077 L=
Hm. © 180 . 360  19.6 5.% 2.0 = 2.1
2P - - - - - . -sa - 14 o
. 3P - - - - . 5.2 - 3.0 )
4p 90 230 " 3.3 5.6 T 4.3 10.0 - . .
3 5P . 70 270 ° 2.9 5.3 W 6.2 - SN
- 6P 90 220 4.3 6.4 4.0 13.5 - - ’
7P 55 170 . k.0 7.8 L 1.9 1.5 - - : .
. 8P . 35 210 w4 8.1 8.0 [ 15.0 - S
. 9P 50 170 4.0 7.6 5.1 11.5 - . ;
"~ 10P 20 270 3.7 10.57 8.1 1s.0 1. -, "
11P 30 200 7.0°  14.8 12.0 6.2 0.51 R
12P Lo 200 8.0 - 16.0° :. 15.0 3.0 . 0.29 . Tl o e
13P 230 310 3.4 k.o " 1.0 . 1.3 0.32 e
1P 20 450 6.1 3.7 1.2 " 0.8 . o.2 .
"t16R 70 . 210 3.2 5.6 2.0 C1.7 7 0.49 - .
199  -60 290 7.2 6:1. 2.2 1.7 0.91 . A
20P 30 _ 310 - 5.8 3.4 2.3 . 1.5 - 0.20 . A -
o AR |
a * : £ v - N ] \ R
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the value for the faster process. The values of apparent

diffusion coefficient Dapp ¥ere found %o éompare with

those” films which does not have chromophore incorporated,

Ttbhut there was no definite sequence in Dapp 2nd the

-thickness of the film, Inqgeneral the values for P
~ varied between 1 'x 10- -7 and 2 x 10-8 cn2s-1 for these
filqs. No reasonable’ explanation can be offered for thia

trend of Dapp with thickqess. I? does indicate tpat film

-

.Jproperties déﬁendfon details of preparation..
U". - | . ,
The variation &f the dd{f}fea@ﬁpotentialq yith thipkneee
shdw‘thatitpere.is.a general anodic shift in potential
witﬁ thin filmg,‘ﬁpt thelpgéy~§oten£ial repains relatively
_constant in films thicker.than- 4 um. The péak current
generally increases vith film thickness with e higher
1ncreasedobserved‘in the anodi peak than in the cathodic
peak. The increase in "peak current ehows a higher
incorporation of Fe(CN)63—/4— with thicker films. In all
_cases the ratio of,chfomqphore to polymef were the same.
1 ' :

4.4.2. Electrochemistry of I70/ZnTPPS—4 ‘= PVP copolymer.

Pigure 4.12(a). shovs the voltammogram of the Pe(c)> /4
coyple -at the surface of an indium doped tin oxide

‘electrode. The reacfion is jrreversible as obee?ved’by the

. broad, ﬁidely‘separated peaks. This is'¢ue to the high

" resistance of the ITO condugtiyeﬂglass. I1f. the electrode

A
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. E vs Ag/AgCL, Volt

Figure 4.12. Voltammograms. of Fe(CN)63'/4' at diffent

-

surfaces. (a) at IT0 , (b) ITQ/PVP-copolymer .
(¢) IT0/ZnTPPS-PVP-copolymer and (d) Voltammogram

‘ ITQ/ZnTPPS-PVP-copolymer £ilm containing Fe(CN)63,

écanned 1h background electrolyte.
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TABLE 4.2

s

DARK ELECTROCHEMISTRY OF ITO/ZnTPPS-4 — PVP - COPOLYMER.

-~

E. Eg ic ig- Thickness i ph
"mv @V uA uA un . wA
x10‘-_-2, x10-2 ’
3
A8 4.30 10 . :
N A9 . ‘ 3.80 8.3
' A10 -100 370 0.76 0.37 4.5Q 11.5
| M1 - 15 300  1.09  1.21° 1.20 2.0
) - A12° - 20 270 , 1.21  1.13 0.85 1.0
A3 - 10 300 0.88 1.29 1<75 2.2 S
‘A14* - 50 350 1.65 2.17 1.75 2.4
At5 - 90 350, 1.17 = 1.45 2.80 7.4
A16 g 1.80 2.8
SAMT = 60 350 1.7 2.20 3.90 - 9.4
i M8 ~50 350° 1.5  2.01 3.90 6.8 T
o <
)
1 . -
}/
’ )
S - | 7\ |
\ R
; v ;j;>2 o %
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18 modified with a PVP - copolymer film, some

preconcentration of Fe(CN)63 -/4- occurs in the film and
the voltammogram becomes’ more reversible (fTZU?e 4. 12(b),~

X

but is still the voltammogram of a quasi - reversible
reaction.' ) - . . 9

When a film of ZnTPPS—4 - PVP - copolymer is cast onto the
ITO electrode, the voltammetry observed for the ferri -

ferro cyanide couple on this surface changes to an almost
reversible vwave (c). i
S The ZanPS-4 thomcphore~in'the polymer matrix thus
supplies a’cata}ytic environment for increased kinetics
Vo for the'electron transfer of the Fe(CN)é3-/4- couple. ' When
this same electrode vas pla&ed-in the backgrgund
electrolyte (1.0 M KC1), vgltammogram (d) was observed.
The peak currentd are reduced, but the Fe(CN)63'/4" in the,
thin }ilm shows an almost reversible volfamgogram. ‘
Table 4.2 summerizes the results of the ZnTPPS-4 - PVP - -
copolymer at different thickness on the ITO surface. In '
general, the E1/2 values for the Fe(éN)53‘/4‘"C°uP19 is
" more anodic on the ITb‘surface compared'to‘the Sﬂ02
R eurfacé. Generally, pesak currents_ and peak posi&ions
follow the same trend as that obse?ved for the Sn0,
e}qctrodes. Peak cufpenfs are generally lower for the
films on ITO compared to similar thickness on Sn0Op, Again
this can be attributed to the hiéher resisyancé of the ITO
film. ‘ '
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4.4.3.ZB;ectrochemiatryror Ap/Zn!PPS—4 - PVP - copolymer

-

electrodes.

v

Dark electrochemistry on.Au and modified Au electrodes
shown'in figure 4.13 show that rates of electron transfer

f ¢ R
at these surfaces are largely reduced. In (a), the

voltammogram of the Pe(CN)g3-/4- couple on naked Au, a
quasi reversible wave is seen. On mop}fyinéﬁxhe Au
electrode.with PVP - copolymer, the voltammogram for the
redox couple shows no recognizable peaks as seen in (b).
Modification of the Au surface with ZnTPPS-4 - PVP -
copolymer does not change the voltammogram in such a way
that waves for Fe(CN)g3~/4- could be observed. Sluggish
kinetics of the Fe(CN)63-/4— couple at the Au surface
should promote clqé;r interaction between the chromophore”
and the r&doi countqp—ion, especially 1in
photoelectrodhemical experiments;where the back reac¥ions,
can reduce quantum efficiencies for the electron transfer
processes. L , ) -
I

4.4.4. Electrochemistry of'TilTiozlznTpp3-4 - PVP -
copolymer electrode.

The TiOp j1ayer formed on the Ti plate as in section 2.4.4.
is essentially an insulating film. The dark

electrochemistry with the redox . couple FeﬂCN)63-/4— does

not show any identifiable peaks as seen in figure 4.14(a).
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. E vs AgAgCl,Volt '
) Figure 4.13. Voltammograms of the fgerro/ferri-"
cyanide couple at different surfaces.
(a) Au surface, (b) Au/PVP-copolymer and -
(¢) Auw/2nTPPS-PVP-copolymer.  °
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Figure 4,14, Voltammograms of the Re(CN)63'/h' couple
at diffent surfaces. {a) Tioz. (b)~Tidz/PVPchpolymer,
and (c) TioZ/ZnTPPS-PVP-gopolymgr.
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Modifying the Ti0, surface with PVP - copolymer (figﬁre
4.14(b)) or with ZnTPP - PVP - copolymer (figure 4.14(c))

does not chahge the voltammogram.

4.4.5. Electrochemiatfy and absorption spectra of
I70/CdS/ZnTPPS-4 -~ PYP - copolymer electrodes,

Thin films of CdS electrodeposited- on ITO elecyrodes were
-Aransparent enough to allow spectral characterization by
absorption epeétroscopy. Figufe 4-15(a) shows the
absorption.spectrum of CdsS eleptrode A27. The onset of
absorption at 500nm corresponds to the band gap of n
doped CdS at. 2.45 eV. Modification of this electrode

© with a film of ZnTPPS-4 - PVP - copolymer with a -

thickness of 2 um shows the absorption spectrum of \
ZnTPPS-4 - PVP - copolymer superimposed on that of CdS
(figure 4.15(Db)). \ |
Figure 4.16(a) shows the voltammogram of fhe'redox couple

: Fe(CN)63'/4' in contact with this surface. Identifiable
waves for the reduction and reoxidation of Fe(CN)¢3-/4-
.are observed, but there is an édditional quési -
reversible wave ;n the voltammogram with an oxidation peak

at +0.45 V vs Ag/AgGi. This peék has been associated with
.the formation of a CdFe(CN)g2-/1~ overlayer (128).
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TABIE 4.3

- .mmdeowhwoemoomMZHmeww,ow CdS/ZnTPPS-~ PVP - COPOLYMER.

N

‘.

; dwmm.ﬁ.onm Thickness ' Photovoltage w:oaom:ﬁwm:d
. nm . _volt | nA

A26 1.55 )

A27 1.95 0.43. . 190

A28 1.75° 0.72 . 133

A29 2.65 0.74 o 90

A30 . 2.75 0.70 108 -

N A

~r

.
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4.4.6.. Electrochemistry of ItO/CdSé/ZntPPS—4-PVP&cOp01ymer

electrode.

The formation of n - type'CdSe electrodes on ITO
, ' » ) .

substrates leaves the C@Se overlayer as an insulating
lhyer on the ITO. The electrdchemistry for an electrode

IT0/CdSe/ZnTPPS-4-PVP-copolymer is.shown in figure 4.16(b)

with the redox couple’ Fe(CN)g3-/4-. The Fe(CN)g3~/4- wave

cannot be seenf'buf extension of the potential scan to the

anodic region shows an irreversible peak at +0.7 V'which

oo
can again be assigned to the oxidation of the CdFe(CN)G

- complex as seen for the CdS electrodds. .-

4 +
4.5. PHOTOELECTROCHEMISTRY OF ZnTPP-PVP-COPOLYMER AND
ZnTPPS-4-PVYP-COPOLYMER FILMS ON GOLD AND DIFFERENT
SEMICORDUCTING SURFACES. - -

4.5.1. Transient photocurrent behaviour'of thin pbrphyrin
-' polymer films. . Y

The photocurrent transient spectra for the film ZnTPPS-4 -

PVP -.copolymer on different surfaces and in.czntaét with
the redox couple‘Fe(CN)63-/44 are shown in figure 4.17.
All the phofbcurrents'werélmeasured at short circuit
Setween the working and the auxilliarj electﬂode.r(a) and
(b) are theAphotocurrent transients for the. film on SnO2
apd ITO electrodes respectivély. These transients show‘an

B -~
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!

P

1 min,

Piguz:"'e"k:.l'?. Photocurrent transients of different
electrodes. (a) Sn0,/X, (b) ITO/X, (c) AWX, .

(d) Cds/X and (e) CdSe/X where X = ZnTPPS-PVP-copoly
-mei‘. h ' ) H ’



. periods longer than 4 hours before photocurrent drift sets

LS

o

1ﬁitial slow rise during ths first 20 sec..of irradiation
with white 11ght from a tungsten ~ halogen lamp at 100
mW/cm2 followed by the reachlng of a stsady state.

This steady state photocgrrept can be’ matntalnsd for

in. The photocurrent is paintained only under, contlnuous
sti;rlng of the electrolyte mixture. On sw1tch1ng off the
light a slow debayAproéesslof the photocurrent takes
place. The rate oflthis-decay prscess is dependent on the
time of 1rradiat10n . For~irradiation of ﬁeriods up'to 5
minutes, the decay process is 31m11ar to that shown in
figure 4.17(a) and (b). For longer periods of
illumination, the decay pfbcsss in the dark also becpmes"
slower. This slow rise and decay p%ocesses‘hsve been

associated with charge trapping within the polymer matrix.

It has also been attributsd to the formation of blocking

_contacts between the polymer film and the SnOy or ITO

gubstrate. More will be said éoncerning the mechanism in
Chapter'6. The spectra in (c), (d) and (e)‘ane those of
tﬁe\film on Au, CdS and 6d8e respectively. The fast
resps—se on Au seems to suggest that the previous slow
resps:::\on sn0p and ITO were due to non.- ohmic contact,
but one should also keep in mind that the reversiblllty of
the redox couple with the‘host surface might play arole.
For CdS and CdSe modified electrodes, the photocurrent

response represents those of the photogenerstem charge in |

.the narrow bandgap semiconductor rather than that of the

-
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’obaerved are similar to thoee obeervéd for the thin

0

porphyrin £ilmé in Sno2 described in sectlon '3.5.1. . :_t'
1, ‘
4.5.2. Effect( of vhite light intensity on bhotocurrent:
> \ . . °

. .
¢ -
,

&

ﬂfhe phetqcurrent vafipation with the white light intensity
for a thin film of ZnTPPS-4 - PVP - copolymer on ITO is
T o " shown An figure‘4:18. The phgtc;cu'r‘rent increases li"n.early ‘
: wjith increaeiné ipn’cen'sity'= up to'a limit of 375 nW after

wvhich a eaturation point Is reached At low photon flux,.

) "Ithe photocurrent transients resemble a capacitive.
discharge effect. At higher intensities, this. effect is

! . re;lueed einee not only cnromophores at the interface are
- . eﬁ;ccited but also chromophores in the bulk. This li'riear

.,‘ - . relationehip shows that photocurrent generatlon is related

*‘to the cross section of chromophores which are excited

thrqughout the bulk of the ‘iaolymer‘,ﬁln_r;

X "

.

4.5.3. Photoactio'n. spectra of thin .polynér‘;‘filns.i ‘ }

. C ‘9 . . . - .
The origin of the photocurrents in these thin fl/lms are
‘ seen to be from the lowest singlet exc'ited state of the
K | . InTPPS-4 as exemplified 'in figure\4 19 The photoaction
. spectrum followa the’ absorption spectrum cIosely in the Q
/\ ‘region of the gpectrunm. The peak in the action spectrum ate
N “ \458 nm can be attributed to a cortribution from the’
' complex "fo'rm‘ed between Fe(CN)g3-/4- and pyridine, These

8
A
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complexés have been shown to have a cﬁarge transfer band
which is red-shifted with respect to .the Fe(CN)g>~ band at
420 nm. Significant filtering of the light also occurs
since irradiation of the electrode gurface takes place
through the solution and only light of wavelengths greater
than 420 nm reaches the electrode surface. This could
account for not observing large photocurrent contributions
from iight with wavelenghts similar to that of the Soret
band. ' ' |

4.5.4. Dependence of photocurrent on polymer film
thickneas and chromophore concentration.
Film thickness is a good measure of fhe extent to which

f
the polymer film can be used to incredse the photon -
absorption per cm2. Thicker films were earlier found:

(section 3.5.3.) to be the limiting factor in that

‘ -~

although the chromophore concentration is increased; the
thicker films poses barriers for conduction of the
photoexcited speciest'With polymer films, a wide range of
film thicknesses could ﬁe stgdied easily, but‘the wofk
reported here concentrates on‘filﬁs with a maxinmum
thickness of 20 um. Films thicker than 20 um showed
irregularities in their surface structure. Figure 4.20
shows the photocarrent - tﬁickness profile for films
consisting of ZnTPP - PVP - copolymer.dn Sn0, elgctrodes.
Photoelectrochemical qond;tions are the same as those

&

discussed earlier in section 2.5.2. Thefihotocurrent

~
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profile for thig chromophore in the polymer blend does not
differ significantly from those of the ZnTPP in PVP' The
ad?ition of a conductive copolymer did not change the

photocurrent characteriatics. A plateau in photocurrent is

reached with a film of 5 um thick. The anionic analogue

of ZnTPP, ZnTPPS~4 shows a much higher photocurrent

response over the same film thickness range when films

consisting of .ZnTPPS—4 -~ PVP - copolymer are irradiated on
Sn0s and ITO surfaces (see figure 4.21). This difference
in photocurrent for the diffe{ent chromophores can be
attributed to the electrochemical ahd photophysical

behaviour of the chromophores and also the conformation

they assume in the polymer matrix. A detailed discussion

~—0f this will follow in chapter 6.

The increase in the photocurrent for the ZnTPPS-4 - PVP -
.-copolymer also reaches a plateau for films > T um'aﬂxer
which the photocurrent steadily.decreases for very thick
films. The linear relationship of photocurrent vs
thickness does.not.hold dt thin films either (Bee figure
4.20 and 4721). The phbtocqrrent'increases only after a
‘certain film thickness (71 um) is reached. ‘

Table 4.3 summerized the photoelectrochemical data for the
‘ZnTPPS-4 - PVP - copolymer films on CdS.eledtrodes. The
photocurrehts are less than that observed for a naked Cds

electrode ( ~ 230 uA)} suggesting. that the quantum
efficiency of the thin chromophore - polymer film is lees

than that of the underlying semiconductor and that the .
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1 . B

film acts as a filter. The thin porphyrin - polymer film;
increases the photovoltage properties of the CdS

electrodes sigﬁifican&ly. ; . ‘ . ;
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CHAPTFR 5.

:.  RESUL1S D DISCUSSION 111.‘%\ .

) ] | - | . u\ ‘ ‘ ‘ |
. PHOTOPRYSICS AND PHOTOCHENISTRY OF PORPHYRIN SOLUTIONS AND
. pIms. ; R . o

) )
s
~

' The study of the,photochemistfy and the photophysics of
poyphyrin molecﬁles is important in undefspﬁnding the’
.abilify of the‘porphyrin exbited‘states to undergo
electron transfer reactions and “in understanding the
primary photoprocess in %he‘polyme; thin filmﬁ; Thig”

chapter will be concerned with detérmining energy poeitionu

“

1

of excited states, lifetimes of eXcitéd states and the
detection of intermediates in the photoprocess.

Wt
AN

5.1. FLUORESCENCE SPECTRA OF ZnTEP AED ZnTPPS-4 IN
SOLUTION AND IN SOLID FILMS. T
-, _5..1. Fluorescence maxima in solution and in films.

. N . i N , '
The emission maxima for the - porphyrins ZnTPP and ZnTPPS'4 ,

. in solution and as solid filma.ére summerizéd in table

5.. Illustrated in figqre,5.1'ﬁfe the emission maxime

o »

for ZnTPP in CHyC1p (a) and for a ZnTPP £ilm (b) on Sn02.
Tg;\gmissioh spectra of the Bolid differs from that in

| .
;;TE%TEh in that the bands are generally red - shifted.
. The solution spectra aléoléhbwb the changes observed 1ﬁ

)
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TABLE 5.1

‘ m . FLUORESCENCE MAXIMA wm‘.ow PORPHYRIN SOLUTIONS AND wowwm&szhemHz
FILMS ON w:om ELECTRODES. . . )

’ . .

Fluorescence Maxima

v~

. ) nm :
. Solution Film
ZnTPP in CHpCl2 | 603, 645 626, 663, 678
NSHNM in M%MMQMSmx . ) 618, 663 628, 695
nTPP - Triphenylphosphine 618, 663 618, 655
ZnTPP.- Triphenylarsine 603, 647 615, 655
ZnTPP - PVP 606, 655 628, 647
ZnTPPS-4 in Qmu.om‘ .Amom. 656 -
ZnTPPS-4 - PVP - copolymer 608, 658 mam.wmqo

v
to s

;
o,
3
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the spectra of ZnTPP with the different 1ligands discussed

" 1in chaptef 3. The lowest energy band for each case was
@

used to determine the lowest excited singlet state of thej, "

porphyrin. ,-‘ , ‘ ) .

5.1.2. Fluorescence behaviour of ZnTPPS-4 on addition of

i

PVP - copolyser.

L

The effect of "titrating" a 5 um solution of ZnTPPS-4 in

. CH30H with aliquots of a 1% PVP - copolymer solution in .

CH3OH is éhown in figure15.2. The fluorescence bands of
the ZnTPPS-4 is ‘shown by (a). Curves (b); (c), (d) and
(e) shows the fluorescence after 5, 10, 50 ul and an
excess of the PVP - copolymer solutidn hge been added.

The fluorescence~1§ first quenched (curves (b) and (c))
and after a certainnconbent}ation of polymer it recovers

again (curves (d) and (e)). The quenching and recovery

coincides with a decrease and a subsequent increase in the

"lifetime of the fluorescence. It is associated with the

ability of the polymer to aggregate th‘e ZnTPPS-4 at low i
concentration, but as more polymer is added, there is a
distribution c¢f the ZnTPPS-4 over separated polymer sites.
Aggregation of the ZnTPPS-4 decreases its fluorescence
lifetime siqnifican%ly, a property which is common ’family
(16). _— |

.
-
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" and (d) an excess.
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WAVELENGTH. (nm.)

Figure 2.2. Fluorescence spectra of the titration’of
ZnPPPS” ' in CHBOH with increments of a 1% PVP-copolymer

solution. Addition of (a) 0, (b) 5 ml, (c) 10 pl, (d) 50 ml
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5.2, SQBHiCROSBCOlD TRANSIENT ABSORPTION SPECTROSCOPY ON
ZnTPP, ZnTPP WITH AXIAL LIGA!DS AND ZnTPPS-4. |
Nanosecond: transient absofption measurements were
/performed as oﬁtlined in section ZJL{. All samples were
thoroughly degassed with Af for periods of 40 - 60 min.
ATranéiént decay was followed at the Wavelépgth of triplet-

b

triplet (T - T) absorption for the porphyrins, which was '

generall&,between 450nm-and 480nm Figure 5.3 shows the
' transient observed after excitating a solution of ZnTPP-4
in methanol with'a 20 ns pulse at 590 nm. The 1ifetime of
the‘yriplet excited state was calculated from the In A vs
time’plot. Li?etimes.for'triplet states.for ZnTPP and
ZnTPPS-4 in the .different media are recorded in table 5.2.

In all cases éxcept for the porphjrins in polymers, the

kinetics were simple first order and the rate constant

could be extracted from the ln - plot. For the cases of

the polymers, the figures pre@%nted represents the faster

of the kinetic processes involved. From table 5.2 it is

Been that the presence of ligands such as pyridine
increases the triplet lifetime of the chromophore - ligand
complex. The pyridine based polymers have a similar,effedt

on the triplet lifetime of ZnTPP and ZnTPPS—4.

)
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TABLE 5.2

PHOTOPHYSICS OF PORPHYRIN AND PHTHALOCYAMINE DYES.

/
: ‘ Singlet Triplet -
Fluorescence T-Tabs. decay
¢ . A. Ts A. v )
| . . nm nsec. nm usec.
ZnTPP in MeClp 645 1.87 470 583
ZnTPP in Pyridine .- 663 1.48 - 470 200.2
ZnTPP in PVP . " 645 - 1.54 #qm 318 a
" ZnTPPS in Methanol - 656 2.18 . 460 785
ZhTPPS in PVP-copol(excess) 656 7.67 460 2180
. ZnTPPS in PVP-copol(at Q) 656 ,0.29
ZnTPPS in PVP-copol film >600 . 0.33
‘ e / ;
. h :
- \,\ )
. / /

~%
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5.3. PICOSECOND PULSE FLUORESCENCE ON PORPHYRIN SOLUTIONS
AND PIINS.

— e ~———e

Time resolved fluorescence measurements were taken in the
Canadian Centre for Picosecond Flash Photolysis. A typical
transient fluorescence decay is presented in figure 5.4
for the system ZnTPP in pyridine after excitation of the
sample with a 30 ps pulse at 355nm. The' ' ln plot shows a
first order relationship. Table 5.2 summerizes the

1igands, ZnTPPS-4 and ZnTPPS-4 - PVP - copolymern. The

fluorescence lifetimes for 2ZnTPP, ZnTPP with fxial'

fluorescence lifetime of Z%TPPS-4 - PVP - copolymer as a
thin film on ITO glass is also Qisted. A comparison of
ZnTPP, ZnTPP - pyridine and ZnTPP - PVP shows that the

singlet lifetime of the chromophore is just slightly

reduced on addition of axial ligand. The ZnTPPS-4 systeﬁ

however shows that the presence of excess polymer
increases the singlet lifetime almost 3. Z§}> “\‘\

The singlet lifetime which corresponds to conditions where
aggregation takes place (figure 5.2(c)) is slso reported
in tadble 5.2. The 1lifetime is much shorter than that of
" the parent ' chromophore ZnTPPS-4 in CH3OH and shows that
sggregation is responsible fop-the gquenching process

abserved ‘in figure 5.2. This lifetime is of the same orden

as that observed for the thin film of ZnTPPS-4-PVP-

copolymer on ITO. Cornditions in the film should correspond

to a situation where the chromophores are sufficiently

~ A /

\~
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~close together for the quenching process to take place.

'5.4. PICOSECOND TRANSIEET ABSORPTION SPECTROSCOPY OF

ZnTPP AKD ZnTPPS—-4 SOLUTIONS.

‘

Fiéure 5.6 shows the difference spectra of a 0.8um
solution of ZnTPP in CHpClp &t different time decays after
excita%ion_with a 30ps pulse at 355nm. The experimental
coﬁditions were as discribeé in section 2.8.2. The
features of the spectrum at 50§s after excitation are such
that it shows a strong absorption in fhe region 450 =~
530nm with a peak at 460nm. There is alsoﬂsome absorption
at\wavelkngths > 575nm. The spectrum shows bleaching at
548nm which correspords td bleaching of the ground state
of the porphyrin. At 1ongé¥ time delays after excitation,
the only notable change in the spectrum is the sliggf
recovery of the ground state bleaching. and a minimal
increase in the absorption to'the red. The spectra are
difficult to assign as either singlet or triplet spe a
since the excited state ébsofption of fhe singletjijd
triplet pi - pi* €tateg of the porphyrin are é;bected to
overlap strongly, but the triplet étates absorb slightly)
more to the red \(130). The small changes that occur in the |
spectrum in the région 450 = 520nm between Ops and 10ns -
\ suggest that the singlet and triplet strongly overlap:\Ths
Binglet excited state lifetime under the same experimental

conditions were mesgsured as'1.87ns, indicating that the

Jpersistance of the 460 nm band even after 3 ns can be
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attributed to triplet absorption.'Thé contribution to
changes in the spectrum from photoe ectron gransf;r from
the singlet to the solvent:is n exéluded, since
precedenté do exist for the Cd and Hg analogs (130). This
may als®contribute to the.absorption growth in the red of
thg spectrum.

The spectral £hanges in figurg/5.6_are more revealing.
This figure rébresents the spéctra of ZnTPP in pyridine
over a time range of -10ns. ‘It has been shown earlier
(séction 3.1) that ZnTPP in this solvent exists as tﬁe'
bis-pyridine species.\Duriﬁé the first 50ps there is some
growth of the 450 - SOOnP region which is associated with

passage of the pulse. ?he subsequent groﬁth of the 470nm
band and the shift to the red of this band after *ns
coinsides with the fbrmation of an isosbestic point at
about 506nm. There is also continuous growth in abegrbance
in the red aﬁﬁ no/indication of redovery of the_éround

state bleaching'at 564nm. The growth of the absorbance

" peak at  475nm and the broad absorbance in the red are

the signature of tne pyridine‘coordiggfgﬁ\aadical cation
of, the ZnTPP (35, 1%1). The changes in the blue
corresponds to similar changés observed in the reaction of
a water/soluble ZnTPPS-4 with nitrobe;zene (132). The 10
ns spectrum in figuré 5.6Jcan,thue be)assigned to as the

charge transfer state ZnTPP+py-.

The development of this state will correspond to the

reactions
/



181

‘ hv

ZnTPP - py — 1ZnTPP* - py
100ps .
1 M 1-2nsg ' .
“ZnTPP* - py \ » 3ZnTPP* ‘'~ py
3ZnTPPj - Py 3 #/-Ams | znTPP+ - py~

The yield of this charge transfer state was estimated from

the ground state bleaching after 10ns to be approximﬁfely

0.5.

-Spectra for ZnTPP - PVP in mqthylehe chloride suggests the
Y

formation of a similar charge'trangfer state, but this
wi}l take place at suffifiently high polymer
concentrations. Experiments were performed only at low PVP
concentration.

The spectra for ZnTPPS-4 in CHz0H shown in figure 5.7 show
slight changes, but it can be reasonably interpreted in
the game way as the spectra for ZnTPP in CHnC12. The
‘coordinating solvent CH?OH have the same effect on the
blue region of the spectrum as that of pyridine in that
the broad peak is slightly red shifted. '
The spectra for ZnTPPS-4.- PVP - copolymer in methanol,
shown in figure 5.8 resembles that of the spectra of iZTPP
in pyridine. These spectra were taken in situations ,where
a large excess of PVP - copolymer was present. The
ass;gnment is the same as that for the ZnTPP - py case.
.Thip gsuggest that the primary érdcess in +the
photoelectrochemical films\is fﬁe formation of this charge

r
\)
p .
- N . . .. ~ -
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transfer state. The subsequent fate of the separated "ion

- pair" forms the basis of a model to try to explairi the
photoelectrochemical and. photocatalytic béhaviour of the

-

porphyrin - polymer films.
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CHAPTER 6

DISCUSSION IV AND CONCLUSION

L

6.1. REDOX PROPERTIES AND ENERGETIC CONSIDERATIdNS FOR -

ZnTPP FILMS.

f

" Pigure 6.1 presents the redox properties 6f the ground and

excited states of ZnTPP and ZnTPPS~4 in solution. A1l the
values ‘recorded are based on the experimental values
obtained here, except for the values of the reduction
potentials, which were taken from tables 1.1 and 1.2. All
these values are reported with respect to the NHE.

In order that semiconductors can be sensitized by dye
molecules to produce photocﬁrrents, excited e;ectrdnsbor
"holes" from the dyes must be injected into-’%h?

semiconductor. Charge transfer from dyes depends on the

relative positions of the energies of the dye and
7

semiconductor. The conduction band edge of the Sn02

sgmibonducto; lies between the ground and excited state of
the ZnTPP as seen from figure 6.2. This figufe presents
the relative energy positions of ZnTPP and ZnTPP with
different axial ligands4 Also presented in the figure are
the relative positions of the redox\couples Fe(CNaﬁﬁ-/4-
‘and nitrophenol.

The thin porphyrin films on the Sn0, semiconductor have
been shown (97) to be p - type semiconductors with low
carrier mobildity. If a porphyrin ‘film (whose Fermi level-

-

p
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lies below that of the highly n—goped Sn05) 1% brought
into contact with the Sn0Op, the Fermi levels will be
equilibrated by electron transfer from the Sn0; to £he
porphyrin. On ﬁhe other hand, if the porphyrin film is in
contact with a redox couple (such as Fe(CN)63-/4-), a

similar equilibration will take place between the redox

'level of the electrolyte and the porphyrin film. Judging

from the relative positions of the Snop level, the ZnTPP
level and the Fe(CN)¢3-/4- level in figure 6.2, the
"bands" in the porphyrin film will bend upwardsf This
"band bending" was earlier used to explain the formation

of Blocking contagts between ZnTPP and ITO (125). The
- / v .

/

- equilibrium (and thgrefor t%f relative bdnd bending in the

porphyrin film) wig

v

fge with respect to the electrolyte in
solution (13%1). Ba% 4 bending for ZnTPP - Triphenylarsine
and ZnTPP - PVP ffi;s will thus be downwards.

On irradiation of the films of ZnTPP and axially ligated
ZnTPP on Sn0Op in contgct with the redox couple, the
Photocurrents observed at short circuit indipate tngt the
"undoped" films, the ZnTPP - pyridine and the ZnTPP -
triphenylphosbhine films gibe cathodic photocurrents. This
suggests that elect;on transfer from the porphyrin excited

states to the redox couple insolution took place. In this

case reduction of photoproduced holes at%t thé

SnO, /porphyrin interface took place. Theé energetics of the

f

redox ground and excited states in figure ©.1 suggests

that the excitéa states of the porphyrin is energetic

N
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enough (- 0.64 -- —-1.10 V vs NHE) to allow electron
transfer to the electrolyte. However, the porphyrin
excited state is also energetic enough to act as an
electron donor to the conduction band of SnOp. The factor

which decides the eventual fate of the electron is

A\

determined by the potential barrier posed by either the
Sn0,/porphyrin interface or the porphyrin/electrolyte
interfage. Band.bend}ng seems to create a lower barrier at
the porphyrin/electrolyte interface for the cases where a
cathodic current is observed. The converse is true if
anodic currents are observed, as in the case of ZnTPP -
Triphenylarsine. Equilibration of the Fermi levels with
Jthe electrolyte seems imporfant since the photocurrent
direction can be switched from anodic to cathodic in the
cage of ZnTPP - PVP and ZnTPP - Triphenylarsine films by
using nitrophenol, a éouple whose redox potential is more
cathodic than that of Fe(CN)63—/4~. In this casé, the band
bending occurring in the ZnTPP - Triphenylarsine and ZnTPP
- PVP films will be upwards, creating conditions similar
t& those in the "undoped" ZnTPP films.

The charge transport mechanism within the films take place
essentially by photbé&merated holes via a "hopping"
mechanism (97). Holes may be represented by the locadized
molecular notation ZnTPP*+. This mechanism is supported by
the indication in the visible spectra immediately aftér
photoelectrochemistry of a significant steady state
concentration of ZnTPP(X)* (where X denotes aﬁligand) in

the films (figures 3.13 - 3.15(b)). This steady -state

Y

&
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concentration of "ZnTPP(X)+ decays back to InTPP(X) after
cessation of illumination in a matter of minutes.

Action spectra (figure 3.26) also suggest'that the oriéin
of the photocurrents is cloéely linked to the porphyrin
excited states. No difference in “photocurrent sign or-
magnitude vas observed when either the
porphyrin/electrolyte or SnOs/porphyrin interface was
irradiated, indicgting that the net photbcurrent

generation depends on the bulk properties of the film.

The magnitude of the photocurrént generated will depend on
the efficiency of the transport procegs_}n the films and
the transfer of the charge at the interfaces. The
transport process in turn depends on the r?sistance 6fthe
fﬁlm, the mobility of the charge and the lifetime of the
excited carrier. Dark elecf?Q:hemistry with the thin fflms
(section 3.4.5) suggest that resistance is not a major
problem for thin films. The limiting process in the thin
films cannot be attributed to the resistance of the films.
Photophysical data listed ia table 5.2 suggest that the
fluorescence of_ZnTPP in solution is dec}eased'qn
addition of axial ligands. The lifetime of the triplet
state is increased by the addition of axial 1igands; This

effect is more pronounced in thin films of ZnTPP and ZnTPP

- pyridine. The excited state lifetimes and the charge

separation at the interfaces- seems to be the factors

controlling the magnitude of the photocurrent. The rate

D
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constants kg, and ky for the reactions discussed in section

1.4.1 therefor become important. The effect of the
lifetime of the excited porphyrin becomes even more
important in the &nstances of thicker films. The
dep?ndénce of the photocurrent on film thickness discussed
'in gection 3.5.3 and illustrated in figure 3.27 shows that
although pyridine "dgped" films show high quantum yields
at lo; film th}cknéss, the yield decreases at larger
thickﬁess. This seems to indicate that pyridine in the
ZnTPP film had increased the efficiency of charge
separationﬂgt the interface, but that the lifetimes of the

excited states are reduced and ‘exciton transport to the

‘interface is becoming 1imiting. The efficient formation of

the ZnTPP+ - pyridine= ion pair in solution (section 5.4)
after flash photolysis seems to support high charge
separation yields.

Dark elect‘ric;zemistry on Sn0,/ZnTPP - pyridine electrodes

(section 3.4. also showed enhanced interfacial kinetics

for the Fe(CN)63‘/4‘ couple at ‘the ZnTPP -

“pyridine/electrolyte interface.

The/liqear slope of the photocurrent - film thickness

curve for ZnTPP is typical for an organic molecule

undergoiﬁg an exciton type transport mechanism (97, 135).

In this instance, interfacial electron transfer might be
limiting. The ZnTPP film '‘seems to be thelbest for exciton
transport and the ZnTPP - Pyridine film best for charge
separation, but the ZnTPP - PVP film seems to combine the

worst of both.
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6.2. EFFECT OF STRUCTURE OF PENDART-GROUP ?OLYﬁBRS: THE
ELECTROCﬁEMICAL ARD PHOTOELECTROCHEMICAL CONSEQUENCES.

- % -
6.2.1. The role of thetpolynmer.

The pyridine moietias'of PVP acfs as pendant groups to
axially ligate dyes likg'ZnTPP‘and'ZnTPPs-4. In this way,
the favourable mechanical properties of the polymgf can be
exploited.}t was howeve? found that the simple model of
pyridine axially ligated to the metal of the dye molecule
is not entirely suitable to explain - the
photoelectrochemical effec%s observed in polymérg. PVP -
dyle films succeed in increasing the chromophore

concentration on the semiconductor, but the PVP film acts

as an insulator and at large thickness charge transport
throughout the film becomes the limiting factor. This
limiting factor can be overcome by ntrqdﬁcing an
ionically conductive c;mponent.in the polymer (see fig.
4.3(A)5, whilst still retaining the PVP/- component by a
process ofﬁ%lending. The polymerj;blend, wﬁich'waé first
reported by Anson (90), acts as a polyelectrolyte even
when 1large concentrations of dye moleculgs are
-incorporated into films. This is clear from the results
p;esenxed and di:cussed in sectianﬂ.4A. This polymer
blend alsolpossess most of the essential propentiee,which

are required for the use of effect#ve electrode coatings,

ohd
by
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ie.x strong irreversible binding to eiectrode surfaces,
moderate ion exchange capgcitiés for ions in the
electrolyte solution,‘high retention for multicharged
counterions for long peri;ds in solutions which do not
contain the counterions, good chemical and mechanieal
stability, and rapid charge pr;pagation rates of
counterions within the films. Most, if not all of these
properties have been demonstrated in experiéents discussed
in Chapter 4.

*a
6.2.2. Diffusion of counterions in the polymer.

The higher than normal diffusion coefficients for
Fe(CN)6é—/4— observed by Anson (90) and in this work can
be explained by the internal morphologv of the films.
Anson proposed distinct hydrophobic and hydrophylic
domains in the copolymer which can be asSociatgd with the
styrene:groups and the quarternary ammonium groups (figure
4.3). It waé found that the copolymer I 1is ektremely

hygroscopic and that the films swell tremendously on

incorpofaﬁion of solvated counterions. The formation of,

hydrophilic domains within the polymer, together with the

large internal aqueous volume, contribute to the high

‘diffusion coefficients observed. From table 4.1 it is

observed that this charge propagation process is little
perturbed by the presence of large organometallic
chromophores, even if the chromophores themselves are

anions such as ZnTPPS-4. The incorporation of dye

3
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molecules in the films Kprecast from solufioh) does
_decrease the anion concentrations in the films, iqdicating

that there is competition between anionic dye molecules

and Fe(CN)go—/4--

t

6.2.3. Polymer band Structure; A Molecular - ion state

approach.

The semiconductor band model described in section 1.4 is |

used sucessfully in explaihing the behaviour of inorganic
crystélline so0lids and even some organic crystals (97,

456). However, materials as complex as polymeric solids

are difficult to fit into the context of the existing band

model. ,
Duke et.al.i127) and Lewis (135) have set forth a model

‘whereby polymer chain ordering, chain length and pendant

" groups can be taken into account in establishing the

states which exist in a random copoiymér consisting

of crystallites interspersed with amorphous regions. This
m&dél, referred to here as the molecular - ion state
approach, represents the different states in a polymer
matrix as large distributions, each depending on a

particular environment, and in most cases associated

closely to the pendant groups of the polymer. These

molecular - ion states are best represented in figure 6.3.
For pendant polymers such as polystyrene or PVP, the

positive and negative ion states of the mol@%ules can be

]
‘

-
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Pigure 6.3. Energy distributions of the donor
' and acceptor statés

in pendant polymer groups.
(from ref. 135.) . " -

- -
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characterised W/{heir ionization energy Ig and electron

affinity Ag respectively. These energies will become
modified in the s0lid by the induced polarization energies

of the surrounding medium. The states Ep and Ep Which are
the acceptor and donor states respectively, will then
have values of -(Ag + P) and -(Ig - P). P, the

reorganization energy, will have components due to

‘collective polarization of the surrounding medium and due

to inner sphere interaction involving local bond changes.

Duke (127) have determined the energy gap between E, &nd
Ep for PVP by photoemission spectroscopy to be 5.5 eV.
Since this "bandgap" is so large, electron transitions do
not occur between Epy and Ep of the same molecule, unless
the energy: input is equal to or larger than the energy of
the bandgap. Ep and Ej states are discrete separate ion
states which are coupled to the polarization fluctuations
of the surrounding medium rather than being 1gcalized
energy-band states associated with polymer macromolecules.
Overlap of Ep and Ep can occur for some polymeric solids
since the value of P can be very large (up to 3 eV) (135,

138), resulting in broadening of theGaussian

di\étributions in figure 6.3.
The values obtained for-N(E), Ep and Ep for thepsat oy
backbone pendant - group polymers PVP and polystyc

be used effectively in the copolymer blend to model the

energetics of the polymer molecular - ion states which

interact with those of the semiconductor, dye,and

electrolyte. If the assumption is made that the electron .

-

f}\N
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engrgies.of the polar ﬁendant groups of styrene and PVP do
not change significantly (also shown by theoretical models
to be the case (127, 138,‘139)), then the other major
»fébtor involved ie. the density of states, will depend on

h ’ the concentratidn of the pendant groups in the polymer.

————

0

6.3. PHOTOELECTROCHEMICAL AND ELECTROCHEMICAL’

CONSIDERATIONS FOR DYE-POLYMER FILMS3.

An evaluation of +the electrochemical and

photoelectrochemital properties of the dye - polymer films;,
3 (chapter A), the photophysical properties of the porphyrin-:

dyes (chapter 5) and the molecular - ion modei set forwgrd

in the previous section sets the stage for the mechanistic

considerations presented in figure 6.4. The energetics of
i
A

the semiconductor, the polymer, the dyes)and the redox
couple are presented with respect to th%e free electron
energy.keV) or the electrochemical potenfial._ ‘

The valence band and conduction band in the present case
. is that of n-Sn0> ét pH 7, although in principle any of
energy levels of the other semicondpctors used in the
ekperiment can bé«used in a pgrallel analysis. The energy
levels of the dyes are placed according to values obtained
for the first oxidation process as well as the value of
the flatiband potential, the first excited singlet state

v (f}om fluorescence mékima) and the lowest lying excited

triplet state (from table 1.3). The redox level of the
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electrolyte used is that reported in table 3.6.

The molecular - ion states of the hydrophobic domain of

. the pol&mer blend used (ie. PVP - copolymer) were

estimated from values obtained in references (127) and
(J38)land from known quantities of styrene and
vinylpyridine in the copolymer. The energy level of the
pyridinium groups are obtained from the voltammetric peak
height'as described in section 4.1.3.

The ZnTPPS~4 dye, which is axially ligated'to the pyridine
groups of PVP can also be electrostatically bound to the
gquarternary groups of the copolymer. It will then be
reasonable to assume that a large number of the dye
molecules find themselves at the interfaces of the
hydrophylic and hydrophobic domains. Visual inspection of
thick fiims showed distinctly segregated aggregations of
dye witﬂin the otherwise homogeneous looking film. Anson
has reported (90) that incorporation of Pe(CN)g>~/4- into
these films induce the similar phenomena.

This property of the environment of the dye within the
polymer is important since photoelectrochemical behaviour
of films of ZnTPP and ZnTPPS-4 are totally different,
although there are not large differences between®their
energetics and their photophysical properties. The only
difference &s that ZnTPP will tend to remain in the
hydrophobic domain of the polymer blend.

To gaplain the photochemical behaviour of ZnTPP and
InTPPS-4 in these films ie. the production of anodic

photocurrents under irradiation in the presence of a redox

P4
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couple like Fe(CN)g3-/4-, it is important for the longest
living 15west lying excited state of the porphyrin to be
at least more energetic than the pyridine acceptor levelst
the molecular - ion acceptors'and the conduction band of
the semiconductor. Anodic photocurrents signifies a;
electron transfer from the redox couple in solution to the
polymer - dye film at the polymer - porphyrin/solution’
interface and an electroﬁ trarsfer to the semiconductor at
the semiconductor/polymer - porphyrin intefface.faking
into account that the primary photoprocess which occurs is

the excitation of the dye molecules in the polymer film,

ané.ﬁhat the photocurrent generation was directly linked -

to porphyrin excited states (section 4.5.3), it is

concﬁgvable that electron transfer from the redox couple
hr ?

takeé}place‘to the photogenerated cation radical of the
porphyrin. The porphyrin excited state can decay to the
long - lived triplet state after which it transfers*an

electron to the pyridine to which it is ligated.” This

process was described and supported by spectroscopy in -

section 5.4. The electron on the reduced pyridine can be
trapped within the molecular‘— ion acceptor states of the
poiymer. The localized nature of the trap states
encouragés charge storage and a low effective mobility for
charge transport. Efficient transport within the molecular
ion acceptor states will only occur when sufficient traps
have been filled to overcome the potential barrier for

charge'hopping from one state to the next (134, 135). From
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figure 6.4, it can be seen that these molecular - ion

__gggﬁptor states should be energetic enough to transfer

negative charge to the conductlon band of the
semiconductor:

This charge %gapping by the polymer, a_phenomenon which
has been anq}jpedﬁby Lewis (135) and Schmi@lin (128)
explainshthe phptccurrent'transients observed for the
films on Sn0p and ITO as seen in figure 4.17(a) and (b).
The slow Tise in photocurrent can be associated with the
‘filling of moiecular - ion traps in the polymer. The slow
ﬁecay is ass001ated with the emptying of these traps. This
\Qiocess is similar to one described by Seanor (136) for
polymers such as polymethylene and pdlyacetylene where
defects in the polymer chains lead to localized trép
éites. ™~
@ .
The relative density of states N(E) also plays a
significant role. A large enoﬁgh hydnéphobic domg}n is
necessary for %olécular - ion condu;tion. This is seen in
figure 4.21, where at low film thickness i<1 um) the
photocurrent produced is low. Thin films will.have low
dénsities of states for the molecular - ions. A similar
behaviiour is observed for the ZnTPP - polymer films in
figure 4.20.

The schematic presentapﬂon Af figure 6.5 compleﬁes tﬁe
c£}cle of the origin of the anodic photocurrents observed
for these films. Electroneutrality is main%ained by a

continuous in - and out - diffusion of the redox couple at

the polymer - solution interface. Because of‘the high

1)

-
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diffusion coefficiehts measured for Fe(CN)63-/4— in these
films, this la%ter process does not seem to be rate
limiting. |

Further evidence that the energetics of the dye dispersed
in the polymer should have the appropriate energy to
transfer an eiectron to the molecular - ion states is seen
for the case of copper phthalocyanine (CuPcTS-4) (140).
The excited singlet state is energetic enough but is short

- lived. The excited triplet state lies below the energy

‘8tate for the reduction of pyridine. Consegquently very low

photocurfengs are observed which can be attributed to
electron transfer from dye molecules adsorbed on the Sn0»,

surface.

4

6.4. CATALYTIC EFPECTS OF PORPHYRIN FILMS ON DIFFERENRT

SEMICONDUCTING "SURFACES.

]

The mechanistic consideration put forward for the
porphyrin films in PVP < copolymer suggest that

sensitization of the wide - bandgap semiconductors 1like

"Sn02, ITO and TiOg teke place preferentially via an

Qxidative‘cycle. Photocurrent behaviour support this. In
casesfyhere both‘the thin porphyrin - polymer film and thg
semiconductor are excited, such as with CdS and CdSe
electrodes (section 4.5.1), thé currents are again anodic.
These anodic currents were attributable to the n - type

character of the semicohducto}, so that we have a

-
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?wsituation where minority qarfiers from'the semiponductof
are injected into the film. The oxidizing poﬁer of the
photoelectrodes in all cases are limited by the oxidizing
power of the porphyrin in the/film. The photoelectrodes
tested for photocatalytic behaviour (Sn0p5, Ti02, CdS)
shows that the intéfmediates observed during photolysis of
2 KsFe(CN)g solution in 0.01 M NaOH are the same as those
that are observed for the semiconduetor powder‘catalysts
tested and reported ' in the ‘annex. This relationship shows
that the processes occuring at macroelectrodes can in some

instances be used to explain redox” processes in

microsystens.

A\ r . r
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CORCLUSIONS.
The general objectives of sensitization of wide bandgap

semiconductors and a strategy for photocatalysis design

have been attained to a‘*certain degree. The simplistic

approach of axial ligation has shown that the

electrochemical and photoelectrochemical properties in thé
solid state are adversely affected. The redox properties
of the ZnTPP is affected, and surface kinetics gf a simple
redox couple 1like Fe(CN)63—/4- is increased on axial
ligation. The solid state flat - band potentials are
shifted and the excited state lifetime‘propertfes‘are

changed. Thé fluorescence lifetimes are decreased apd the

"triplet lifetimes are increased by axial ligation.

The study showed that thin film sensitization with
porphyrin films will be inefficient sigpe not enough
sensitizer can be coated on the semiconductor without
introducing other negative effects 1like film resistancen_
The alternative approach of sensitization by incorporating
the porphyrin molecule in a suitable gonductive poly@er
was much more successful. _

The redox and photophysical properties of the porphyrin

were not adversely changed by the polymer host at suitable

. loadings. Larger concentrations of sensitizer could be put

on semiconductor surfaces without some of the limiting
effects observed for the thin solid state films. The use

of the conductive polymer enhanced the charge carrier
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Qproperties of the films.. | | |
'Tbe”mechanisms for the photocatalytic behaviour of the
films were elucidated for both the thin films and the
pél&mer‘films. The‘prOposep mgchgnism for the'polymer
films involving‘p;opér tuning of'tﬁé/dye, polymer,
sém;condﬁctor and eléctrolyté lg;els could serve as-'a

model for the design of better and more efficient

photocatalysts.

o

Particulate photocatalysts based on the respective

'phoﬁoeiectrodes have shown catalytic;behaviour for

coﬁplexed‘éyénide degradation and also degradation of
other refactory waste (146) suggesting a direct

;relationship between the macro - and mierosystems.



/ | 207

REFERERCES
Y
1 M. Gratzel, (Ed.), 9Energy. Resources :through
./‘,Photocher\ﬁstry\énd Catalysis", Academic Press, New

York, 1983. |

2. M. Schiavello, (Ed), "Photoelectrochemistry,
Photocatalysis and Photoreactors", D. Reidel Pub.
Company, 1985. | \\A\

3. -J.W. Buehler in D\. Dolphin, (Ed). "The Porphyrins Vol.
", Academic l?réss, New York, ‘{977, Chap. 10. ° ‘

4. P. Hambright in K.M.Smith, (Ed),"Porphyrins and
Metallgporphyi‘ins", Flsevier, New York, 1976, Chap.b

5. H. Brockmann in D. Dolphim, (Ed), "The Porphyrins -
“Vol. 2", Academic Press, New York, 1978, Chap. 9.

6. J.H. Puhrhop in K.M. Smith (Ed), "Porphyrins and“
Metalloporphyrins", Flsevier, &Iew York, 1976, Ch. 14.

7. D. Ostfield, M. Tsutsui, Acc. Chem. Res., 7, 52
(1974) .

8. J. L. Hoard, Science, 174, 1295 (1971).

9. H. Bshar, P. Hambright, L. Wagner, J. Aner. Chenm. —
Socs, 95, 5942 (1973).

10. W.R.Scheidt; M.E. Kastner, K. Hatano, Inorg. Chen.,
17, 706 (1978).

11. H. K'obayashi, Y. Yanagawa, Bull. Chem. Soc. Jap., 45,‘
450-(1972). o |

¥2. B.R. James, D.V. Stynes, J. Amer. Chem. Soc., 94,

A 6225 (1972).



13.

14.

15.
16.

17.

18.

. 19.

20.

21.

22.

23.

24-

25.
26.

27.

i

208 '

-t

M.P. Goutef;an in D. Dolphin (Ed), "The Porphyrins
Vol. 3", Academic Press, New York, 1978, Chap. 1.
¥W.D. Edwards, M.C. Zerner, Can. J. Chem., 63, 1763
(1985). |

M.P. Gouterman, J. Mol. Spectrosc., 6, 138 (1961).
J.R. Darwent, P. Douglas, A. Harriman, G. Porter, M.
Q._Richoux, Coord. Chem. Rev., 44, 83 (1982).

A. Harriman, J..Chem. Soc.’Farraday Trans;, 2, T2,
1281 (1981).

E. Amonyal, P.'Keller, A. Moradpour, Nouf. J. Chim.,
2, 547 (1978).

J. Kiwi, M. Gratzel, J. Amer. Chem. Soc., 101, 724
(1979). ) |
J. Kiwi, M. Gratzel, Nature (London), 281, 657
(1979). |

M.P. Pileni, A.M. Braun, M. Gratzel, Photo. Chem.

Photobiol., 31, 423 (1980).

M. Nappa, J.S. Valeﬁtine, J. Amer; Chem. Soc., 101,
5075, (1978); |

F. Hopf, T.P. 0 Brien, W.R. Scheidt, D. Whitten,
J. Am. Chem. Soc., ‘99, 277 (1975). '

A. Antipas, J. Buchler, M. Gouterman, P. Smith, J.
Am. Chem. Soc., 102, 138 (1980).

K. Yamamoto, Inorg. Chem. Acta., 113,0181 (1986).
C.K. Séhauer} 0.P. Anderson, 8.8. Eaton, G.R. Eaton,
Inorg. Chem., 24, 4082 (1985).

S. Ariel, D. Dolphin, G. Domazetis, B. James, T.W.



[
J
{ 209

__ Leung, S.J. Rettig, Can. J. Chem., 62, 755 (1984).
'28. S.J. Cole, G.C. Curthoys, E.A. Magnusson, J.N.
Phillips, Inorg. Chem., 11, 1024 (1977). |
29. H. Callet, A. Graudeau, M. Gross, J. Chem. Soc.
Perkin II, 1321 (1975).
~ 30. C.H. Langford, S. Seto, Inorg. Chem. Acta, 221 (1984).
31. A.M. Crouch, C.H. Lengford, J. Electroanal. Chen.,
. - 221, 83 (1987).
32. H. Kido, C.H. Langford, J. Chem. Soc. Chem. Comm.;
350 (1983). '
"33, A. Harriman, M.C. Richoux, P. Neta, J. Phys. Chen.,.
87, 4937 (1983).
34. D.G. Davis in D. Dolphin (Ed), "The Porphyrins Vol.
V", Academic Press, New York, 1978, 139.
35.K.M. Kadish, L.R. Shine, R.K. Rhodes, L.A.
Bottomley, Inorg. Chem., 20, 1274 (1981).
36. K.M. Kadish, R.K. Rhodes, Inorg. Chem., 20, 2961

(1981). S
37. A. Wolberg, J. Manassen, J. Am. Chemn. Socx.92, 2982
(1970).

38. H. Kabayashi, T. Hara, Y. Kaizu, Bull. Chem. Soc.
Jpn., 5, 2148 (1972). ﬁ
39. P.ﬂ Gans, J.C. Marchon, C.A. Reed, J.R. Regnard, Nouv.
J. Chim., 5, 203 (1981).
40. H. Levanop, P. Neta, Chem. Phys. Lett., 70, 100
~ (m80).
41. N. Carnieri, A. Harriman, Inorg. Chem. Aéta., 62,

103, (1982).

ta

Vv
FUURLYE SO



S

210 -

42. J. Fajer, D. Borg, A. Forman, D. Dolphin, R.H.
Felton, J. Am. Chem. Soc., 92, 3451 (1970).

43. J. Fuhrhop, D. Mauzerall, J. Amer'. Chemn. Soc., 91,
4174 (1969). '

44, A. Forman, D.C. Borg, R.H. Felton, J. Fajer, J.
Am. Chem. Soc., 93, 2790 (1971).

45. W.R. Browett, M.J. Stilfx;l\an, Inorg. Chim. Acta., 49,
69 (1981). \

46. C.E. Castro in D. Dolp})/,in (Ed), "The Porphyrins Vol.
V", Academic Press, New York, 1978, 2.

47. F. Besolo, R. Johnson, "Coordination Chemistry",
Benjamin Inc., New York, 1964, 164.

48. D. Dolphin, D.J. Halko, E.C. Johnson, K. Rousseau 'in

| F.R.Longo (Ed),,"gorphyrin Chemﬁstry Advances", Ann.
Arbor Science, Mich., 1979, 119.

49. A.G. Padilla, S. Wu, H.J. Shine, J. Chem. Soc. Chen.
Comm., 2%6 (1976).

50. L El Kahef, M. E1 Meray, M. Gross, A. Giraudeau, J.
Chemn. Soc. Chen. Comm., 621 (1986).

51. H.J. Shine, A.G: Padilla, S. Wu, J. Org. Chen., 44,
4069 (1979). . _

52. K. Kalyanasundaran, M. Neumann - Spallart, J.Physn
Chem., 86, 5163 (1982). “ ‘

53. F.R. Hopf, D.G. Whitten in D. Dolphin (Ed),'amhe
Porphyrins VII",Academic Press,New York, 1978, 162.

54. A. Harriman in ref. 1., 163 a -

55. A. Harriman, J. Chem. Soc. Faraday Trans. I, 76,



211 -7

1978 « (1980).
56. A. Harriman, J. Chem. Soc. Fgradpy Trans. I, 77,
369 (1981). —_—
57. A. Harriman, J. Chem. Soc. Faraday Trans; 2, 11,
1281 (1981).
E 58. A. Harriman, G. Porter, P. Walters, J. Chem. Soc.
Faraday Trans. I, 79, 1335 (1983).
59. D. Le Roux, J.C. Mialocq, O. Anitoff, G. Folcher, J. -
Chem. Soc. Faraday'Trans¢ 2, 80, 909 (t984).
60. P.D. Wildes, D.G. Whitten, J. Am. Chem. Soc. 92,
7609 (1970).
'>61;‘D.G. Whitten, P.D. Wildes, C.A. de Rosier, J. Am.
Chem. Soc., 94, 7811 (1972).
62. R.W. Murray, Acc. Chem. Res. 13, 135 (1980).
63. R.W. Murray in A.J. Bard (Ed),"ElectroanalM@lca;)
Chemistry Vol. 13", . Marcel Dekker,New York, 1984,
191.
64. R.W. Murray, Ann. Rev. Mater. Sci., 14, 145 (1984).
65. G.H. Frieke, Anal. Chem., 52, 529R (1980).
66. C.E.D. Chidsey, R.N. Murray, Science, 231, 25
(1986).
67. A.F. Diaz, F.A. Rosales, J.R. Rosales, K.K. Kanazava
J. Electroanal. Chem., 103, 233 (1979)
68. J. Facci, R.W. Murray, J. Phys. Chem. 85, 2870
(1981). ' -
69. D.C. Bookbinder, N.S. Lewis, M.G. Bradley, A.B.

~

Bocarsley, M.S. Wrighton, J. Am. Cheém. Soc., 101,
7721 (1979).

.
s :
YN ,"‘ . R
S N Y



212

7d.«x.w. Willman, R.W. Murray, J. Electroanal. Chenm.,
133, 211 (1982).

N

I

T1. A.H. Schroede}, F'.B. Kaufman, V. Patel, E.M. Engler,
J. Electroanal. Chem., 113, 193 (1980).
72. C.H. Langford, B.R. Hollebone, D. Nadezhdin, Can. dJ.
Chem., 59, 652 (1981). B
73. P. Ghosh, T.G. Spiro, J. Am. Chem. Soc., 102, 55473
‘ | (1980). \
| T74. Y.S. Lipatov and L.M. )Sergeeva,“Absorption on
{ | Polymers", Wiley, New York, 1974.
75. M. Okano, K. Itoh, A. Fujishima, J. Electrochen.
Soc., 134,837, (1987).
76. 0. Niwa, T. Tamamura, J. Chem. Soc. Chem. Commun.,
817 (1984).
77.~%. Ohsaka, O. Takeyoshi, N. Oyama, J. Electroanal.
" Chem., 200, 159 (1;86)~
78. H.D. Abruna, P. Derisevich, M. Umana, T.J. Meyer,
.R.W. Murray, J. Am. Chem. Soc., 103, 1 (1981).
} 79. L. Faulkner, L.R. Majda, J. Electroanal. Chem., 137,
149 (1982). ’
80. J. Leddy, A.J. Bard, J. Electroanal. Chem., 114, 89
(1980).
81. S. Nakahama, R.W. Murray, J. Electroanal. Chenm.,, 158,
323 (1983).
82. J.M. Calvert, T.J. ‘Meyer, Inorg. Chem., 20, 27
’ (1981). ‘

83. L.D. Margerum, T.J. Meyer, R.W. Murray, J. Phys.

= i



213

”

Chem., 90, 2696 (1986).

.84. R. Bhigehara, N. Oyana, F.C. Anson, J. Am. Chem.

' Soc., 103, 2552 (1981).
85. A. Bettelheim, R.J.H. Chan, T. Kuwana, J.
Electroanal. Chem., 110, 93 (19@0).

86. N. Oyama, F.C. Anson, J. Electrochem. Soc., 127, 247,

(1980).

87. N. d}ama, S. Yemaguchi, Y. Nishiki, K. Tokuda, H.
Eatsuda, F. Anson, J. Electroanal. Chem., 139, 371
(1982).

88. H. Braun, F. Decker, K. Doblhofer, H. Sotobayashi,
Ber. Bunsenges. Phys. Chem., 88, 345 (1984)‘.‘

89. D.D. Montgomery, K. Shigehara, E. Tsuchida, F.C.
Anson, J. Am. Chem. Soc., 106, 7991 (1984).

90. D.D. Montgomery, F.C. Anson, J. Am. Chem. Soc., 107,
3431 (1985). ,

91. D.A. Buttry5 F.C. Anson, J. Am. Chem. S‘oc., 105, 685
(1983).

92. Y. Tsou, F.C. Anson, J. Phys. Chem., 89, 3818
(1985) .

9%. B.J. Feldman, P. Burgmayer, R.W. Murray, J. Am.
Chem. Soc.,107,‘8'_7.2 (1985).

94. F.F. Fan, A.J. Bar\d, J. Electrochem. Soc., 133, 301
(1986). '

95. Y.W. Park, A.J. Heeger,\ M.A. Druy, A.G. MacDiarmid,
J. Chem. Phys., 73, 946 (1980). -—

96. S. Yanagida, A. Kaj‘bum:)x_to, K. Mizumoto, C. Pac, K.
Yoshino, J. Chem. Soc. Chem. Commun., 474 (1985).



102. R.W, Murray, P.G. Pickup, C.R. Leidner, P.

214 )

[ ——

97..J. Simon, J.J. Andre, "Molecular Semiconductors",
Springer - Verlag, Berlin, 1985, 240.

98. D.A. Upson, D.J. Steklenski, US Patent No. 12690,
(1980). ,

99. F.B. Kaufman, E.M. Eng%er, J. Am. Chem. Soc., 101'»
547 (1979). ' |

100. P. Daum, J.R. Lenhard, D.R. Rolison, R.W. Murray, J._’
Am. Chem. Soc., 102, 4649 (1980).

101.P.J. Peerce, A.J. Bard, J. Electroanal. Chem., 114,

89 (1980). T

Derisevich, J. Electroanal. Chem., 164, 39 (1984).

103.H.S. Whité, J. Leddy, A.J. Bard, J. Am. Chem. Soc.,

-

s
—

104, 4811 (1982).
104. H. Dahms, J. Phys. Chem., 72, 362 (1968).
105.C.G. Bazuin, A. Eisenberg, J.Cﬁem. Ed., 5§, 938 s
(1981) - } |
106.A.J. Bard, L.R. Faulkner, "Electrochemical Methods, "
Fundamentals and Applications", J. Wiley & Sons,
New York, 1980, 143. |
107.C. Kittel,"Introduction to Solid State Physics", J
Wiley & Sons, New York, 1976, 210: ‘
108. S. Chandra, "Photoelecychheﬁiéal Solar Cells Vol 5",
Gordon and'Bféacﬁ.Science Publ., New Yérk, 1985,. 21.
109. J.B. Goodenough in ref. 2, 3. Qﬁé
110.H. Gerisher in F. Cardon, W.P.‘Gomes, %ﬁSDekgyser
(Ed),"Photovoltaic aﬁd Photoéiectrochemical Sola?o ‘



hi

. 215

Energy Conversion", Plenum Press, New York, 1981,

~

199.
11. H. Gerisher, J. Phys. Chem., 88, 6096 (.1984).
112. A.J. Bard, J. Phy‘s. Chem., 86, 172 (1982).
+t3. M.S. Wrighton, Pure & Appl. Chem., 57, 57 (1985).
114. M. Gratzel, A.J. Frank, J. Phys. Chem., 86, 2967

(1982).

_415. R. Memming in ref. 109, 144.

116. R. Memming, F. Schroppel, Chem. Phys. Lett., 62, 207,

8
(1979). .

117.M. Gleria, R. Memming, Zeitschr. fur. Ph‘ysikalische
Chem., 98, 303 (1975). ' - —

1i8.w.R.‘Fawcett, A.S. Baranski, J. Electrochem. Soc.,

., 2T, 766 {1980).

119%A.S. Baranski, W.R.'Fawcétt, A.C. McDonald, R.M. de
Nobriga, J. Electrochem. Soc., 128, 963 (1981).

120. T. Kuwana, N. Winograd in A.J. Bard (Ed),
"Electroanalytical Chemistry Vol. 8", Marcel DekkeT,
New York, 1973.

421. R.S. Nicholson, I. Shain, Anal. Chem., 36, 7.06

(1964). T Ty
122.R.J. Klinger, J.K. Kochi, J. Phys. Chem., 85, 1731
, Nehd :
(1981). '

123.R.N. Adams, "Electrochemistry at Solid Electrodesn,
Marcel Dekker, New York, ‘1 969, 219.

124. H. Gerisher in H. Eyring, D. Henderson and W. Josh
(Eds),"Physical Chemistry, An Ad\;anced Treatise, Vol.
gAY, Acg.demic Prkess, New York, 1970, 48.5.

-

' -
. N . .
B . ; \ s -
r
>

. e
)



.o 216

125.Y. ngashita, Y. Harima, Y. Matsumura, Bull. Chemn.
Soc. Jpn., 58, 1761 (1985).

126. H. Gerisher, J. Electroanal. Chem.,150, 553 (1983).

127.C.B. Duke, W.R. Salaneck, T.J. Fabish, J.J. Ritsko,
H.R. Thomas, A.Paton, Physical'Review B, 18,

‘ 57177 (1978). ‘

128. F.W. Schmidlin, ‘Physical Review B, 16, 2362 (1977).

{29.H.D. Rubin, D.J. Arent, B.D. Humphrey, A.B.
Bocarsly, J. Electrochem. Soc., 134, 93 (1987). .

130. M.P. Irvine, R.J. Harrison, M.A. Strahand, G.S.
Beddard, Ber. Bunsengesellschaft, 89, 226 (1985).

131. A.M. Crouch, D.K. Shafma, C.H. Langford, - Submitted‘
for Publication, J. Chem. Soc. Chem. Comm., (1987).

132.6.S. Nahor, J. Rabani, J. Phys. Chen., 89, 2468
(1985).

13%.S.U.M. Khan, J.0.M. Bockris, J. Phys. Chem., 89,
554 (1985). |

134.H. Inokuchi, Y. Manyama in J. Mort and D.M. Pai
(Eds), "Photoconductivity and RelatedPhenomena",

. —Elsevier, Amsterdam, 1976, 156.

135.7.J. Lewis, IEEE Trans. Elec. Ins., Vol. E1 - E 21,

289 (1986).

136; D.A. Seanor, "Electrical Properties iof Polymers", New
. York, 1982,
137. M. Ieda, IEEE Trans. Elec. Ins., E1-19, 289 CT984).
138.7.J. (Pabish, C.B. Duke, J. Appl. Phys., 48, 4256
o (1977). A

-



217 .

' - 139. H. Scher, E.VW. Mc\)ntroll, Physical Rev. B., 12, 2455
(1975) ' '
140.1. Ordonesz, A.M: Crouch, M.F. Lawrence, C.H.
: Langford, Shbnitted for Publication, (1987).
141. V. Balzani, V. Carassity, "Photochemistry of

Coordination Compounds", Academic Press, New York,

1970.
N 142. S8.N. Frank, A.J. ‘Bard, J. Phys. Chem., 81, 14é4
(1971). &
143. S.N. Frank', A.J.* Bard,. d. .l;m. Chem. Soc., 99, 303

(1977).
144. N.M. Dimitrijeviec, D. Savic, 0.I. Miric‘,\A‘J. Nozik, d
)

J. Phys. Chem., 88, 4278 (1984).

145. G. Hodes, M, Gratzel, Nouv. J. Chim., 8,- 509 (1984).

’

146. éoHo Lal;lgford, M-KoSc Mak, AoMo CI‘OU.Gh, Canadian % ©
Patent Application, 1986.



o 218 ) %

. PHOTOCHEMICAL TREATMENT OF COMPLEXED CYARIDES BY
PORPHYRIN-POLMER COATED SEMICONDUCTING POWDERS.

The photoelectrochemical naturexof photocatalytic and
photoconver91on reactions described in section 1 4.2 and’
the résults of photoelectrochemistry at semiconductor
electrodes discussed in chapters 3 - 5 forms the basis for
the testing of the catalytic power of the porphyrin films
in a micro photocatalytic environment. ‘

The test solution chosen was the complex cyanide

Kzpe(CN)6 .

-3
° !

A.1. Monitoring of reaction and intermediate products.

The experiments were carried out as described in section
2.3.2. The reaction during bhotolysis of the catalyst -
slurry was monitored in four ways.

(i) By measuring the absorption at 300 nm for the
disappearance of K3Fe(CN)6*

(ii) Measuring the absorption at 578 nm for the appearance
of CN- as described insection 2.3.2.

(iii) Monitoring the pH of the test solution.
(iv),Qualifat;ve detection of Fe (III) by thiocyanate.

~
- - \

e
b
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A.2. Effect of irradiating complexed cyanide solutions in

semiconductor slurries.

Figure 7.1 depicts the results of irradiating the naked
7i0p and porphyrin - polymer coated Ti02 and particles
in KsFe(CN)g for four hours. The compound K3Fe(CN)g is
photoactive by itself (141), and a blank run figure 7.1
(a) containing no catalyst indicates that 75 - 80% of the
original K3Fe(CN)g is still present after a period of four
hours of irradiation. The end product of irradiation is a
mixture of complexed cyanides of the type LFekCN)5H2012—I
and Fe(OH)3,

This reaction has been described in Balzani and Garassiti
(141).

Figure 7.1 (b - d) shows the degradation of K3Fe(CN)6 in
0.1 M NaOH when the photocatalysts used were TiOp and
coated Ti0,. For the coated TiOp, both UV and visible
irradiation was used. For TiOp, only UV - irradiation was
used. It can be seen that the coated TiO, acts as a better
catalyst than the naked Ti0p. This is also true for all
the other semiconductor particles tested. Table 7.1 lists
the efficiencies ofithe different powders in terms of
their tgn ie. the amount of cyanide degraded after 60
minutes. As is apparent from theﬂtable, the composite

bPhotocatalyst is significantly more effective than the

' corresponding base semiconductor. Two other semiconductors

tested (not shown in the table) ie. CdTe and Fep03 do not

Y
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Figure 7.1. Decay of the ferricyanide concentration in the presence of different
irradiated TiO, based catalysts. (O) No catalyst, (O) ewom\x dark control
(®) ewom. (m) _E.om\x irradiated with hv 400nm and (4) ewow\x irradiated with

UV and visible 1fght. (X = ZnTPPS-PVP-copolymer.)
- 4 wv
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' !
show significant degradation for ferricyanide, whether

they are bare or &oated.

In all the above casegt dark controls show.decreases of

ferricyanide of between 5% ,and Ea?'after*a four hour

period. This can be attributed to the exchange of
, Fe(CN)53' in the ion exchange polymer.

Photocatalysis was performed with test solutions at two pRH

values. Photocatalysis of the tests solution K3Fe(CN)g in

- 0.1 M NaOH showed no appreciable changes in pH over the
. ~

four hour period and minimal detectable free cyanide. In.j>
all cases tests for Fe(III) hydroxides were positive:i’
Monitoring of small pH changes at pH 12 can -be difficult
due to adsorption on the pH e%gctrode.

The test solution K3Fe(CN)g in 0.01 M NaOH show more
appreciable pH changes. Free cyanide was also detected.
- Tables 7.2 - 7.7 summerizes the results obtained for this
test solution with dif%erent photocatalysts. In gll casges,
there is no quanitative relationship between the Fe(CN)63-
degradgtion, the free CN- concentration and the pH
changes. In all cases, Fe(QII) is detected by thiocyanate.
No attempt will be made hefe}to try and elucidate the
mechanism by persuance of deteétion of intermediates since
the principle objective is to show the photocatalytic
nature of the porphyrin polymer film.

Bard and Frank (142, 143) have proposed a mechaﬁism for

- CN— oxidation on semiconductor particles (SC%.

" SC+2hV —-mm- >2e+2h+ (1)

\

©
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CN~ + 2 OH- + 2 ht ——eeen > CNO- 4+ HoO0 (2)
Present experimental data suggest that a similar mechanism
for.Fe(CN)63’ oxidation can take place ie.

w4

(A > h+ + e (3)

Fe(CN)g>~ + 30H™ + 3h+ ____> Fe(CN)3(0H)3 + 3CN~ (4)

Althougﬁ free cyanide detected in our experiments is not
quantitative, it is possible that reactions 2 and'4 take
plac; simultaneously. The presence of mixed cyanide
complexes in the irradiated solutions afté}—a 24 hour
period seems to suggest reaction 4.

A photoelectrochemical experiment on the cell IT0/CdS -
ZnTPPS—4 ~ PVP - Polymer/KzFe(CN)g (0.01 M NaOH / Pt (0.01
M KCl), followed by cyclic voltammetry suggest that the
decrease in the ﬁe(CN)63- voltammogram is followed by the
appearance of a voltammetric peak at +0.7 V vs Ag/AgCl
(figure 7.2) which would correspond to the formation of
Fe(Iff) hydroxides. There are precedents in‘the literature
(144, 145) that reactions at macroelectrodes can be
extrapolated to microsystems as long as the particles are

larger than the dimensions of the space charge‘layer

(145).

[
[a—

1

An absorption spectrum of the changes in the K3Fe(CN)5

spectrum is seen in figure 7.3 for the photocatalyst Ti02-
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EXTENT OF DEGRADATION OF FERRICYANIDE AFTER 60 MIN.

TABLE 7.1

s

Photocatalyst . Ferricyanide remaining after
,/ 60 mins. irradiation.
(ppm) ]

Base Ti02 _ 58

Coated BMON ] 37

Base Cds ’ 43

Coated Cds 24

Base CdSe 50

g

Coated CdSe 31
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Figure 7.2. Cyclic voltammogams of 2 mM K

uﬁmnOZvQ in 0.01 M
NaOH before (a) and.after (b) irradiation at a CdS/ZnTPPS-

PVP-copolymer electrode.
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A.3. Photochemical treatment of ‘other refractory waste.

The coated photocatalysts in table 7.1 have been shown to

be effective for the degradation of PCB's (146) in organic

-- wateg-media. A similar catalyst based on the ZnTPP - PVP:

film on Ti0p vas effective for the degradation of HCB in
oil (146).

L4
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- TABLE 7.2
H \
\

Time , LK3Fe(CN)6 L CN-]
— / q min. ppm r mg/ 1
0o . 95, 1.3 0
30 65.7 11.07 0.54
60 1.2 Jp.es' 1.4
90 49.6 10.78 2.78
120 39.6 10.73 4.59
150 27.4 \ ©10.68 6.55
270+ 35.8 10.67 23.72
Catalyst = 0.1 g TiO,
Electrolyte = 93 mg Ferricyanide in 0.01 M NaOH
Irradiation = UV with IR cutoff (water filter)
TABLE 7.3
Time | K3Fe(CN)6) PH | CN- |
min. ppm mg/ 1
0 91.6 1122 0
_ 45 37.6 11.04, 2.81
60 . 37.6 T 4.31
120 30.6 ~ §1o.9{ 10.5
180 30.6 | 10.87 14.4
240 28.2 10:86 t2.27 7
Catalyst = 0.12 g Ti0p/X
Electrolyte = 93 mg Ferricyanide in 0.01 M NaOH
. Irradiation = UV with IR cutoff (water filter)

.
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) TABLE 7.4
Time LK3Fe(CN)6J pH LeN- |
min. ppn ng/ 1
0’ 99.6 11.41 0
30 804 11.09 4.21
60 . 79.2 I11_.01 3.65
90 3.6 10.94 1.56
150 " 75.8 10.89 6.18
7.08

180 73.4

Catalyst = 0.1122 g CdS

10.91

Electrolyte = 93 mg Ferricyanidp in 0.01 M NaQH

Irradiation = UV with IR cutoff (water filter)
TABLE 7.5 -
Time LK3Pe(CN)g | pH LoN- |
min. | ppm mg/ 1
0 96 11.44 0
30 60 1,1.09 9.64
60 56 10.94 12.25
120 48 10.8 . 10.09
180 46.2 10.73 18.34
240 46 10.7 22.43

Catalyst = .1303 g CdS/X .

Electrolyte
Irradiation

cutoff = 400nm
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93 mg Ferricyanide in 0.01 M NaOH
UV with IR cutoff (water filter)
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TABLE 7.6
(9
Time LK3Pe(CN)6 ] pH | CN- ]
min. ppm mg/ 1
0 100 10.66 0
30 79.8 10.73 2.69
60 75.8 10.82 2.64
150 70.2 ///// 10.85 1.59
180 67.8 10.87 2.49
240 46.0 10.7 2.3

Catalyst = .11

02 g CdSe

Electrolyte = 93 mg Ferricyanide in Q.Q] M NaOH

. :
Irradiation = UV with IR cutoff (water filter)

cutoff = 400nm

TABLE 7.7

Time |k3Fe(CN)6) PH LCN- |
min. ppm mg/ 1

0 100.2 1(?13 0
40 65.0 11.07 17209
60 55.8 10.96 1.56
120 38.0 10.82" 1.89
180 28.0 ) 10.84 2.57
240 56.0 10.83 ' 2.9
Catalyst = .1412 g CdSe/X ' | ! |

Electrolyte = 93 mg Ferricyanide in 0.01 M NaOH

Irradiation = UV with IR cutoff (water filter) .

cutoff = 400nm
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