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- ABSTRACT

The purpose of this work was to assess the potential of the
Ru(II)(bipy)3 complexes as photogalvanic systems, using the
criteria obtained from the theory for an ideal photogalvanic
solar cell developed by Albery and Archer. To this end two
techniques were developed to measure the rate of the thermal back
reaction between the high energy photoproducts Ru(III) and Fe(II).
The thermal back reaction is a serious loss process in such a

cell.

The first technique, the Optical Rotating Disc Electrode, was
improved by the design and construction of new apparatus. It
allowed measurement of most of the important parameters of a
photogalvanic cell and confirmed much of the theory for such a
cell. The second technique, Flash Electrolysis, first used by
Perone, was developed for use with a transparent disc electrode.
Further investigations of the thermal back reaction were made

using the Stopped Flow technique.

The results of these experiments on Ru(_III)(bipy)3 and its
derivatives show that the reaction obeys the Marcus theory of
electron transfer. However the activation parameters are
dominated by "compensation effects' which, at the elevated
temperatures of a practical photogalvanic cell (> 6OOC), reduce
the differences between different derivatives. The very similar

" rates of reaction so produced are much too high for the



development of an efficient photogalvanic cell. Ru(II)(bipy)3
systems thus provide a useful model for other possible

photogalvanic systems buc cannot be of any practic. 1 use

themselves.



ceean hts dectroscophonius photosensition
under suprasonic light control may be logged for by
our none too distant futures as soon astone values
cah be turned out from Chromophilimos, limited at

a millicentime the microamp .....

Finnegans Wake, James Joyce
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CHAPTER 1

INTRODUCTION

Photoelectrochemistry is the study of all electronic
processes in which a flux of photons can cause a change in the
flux of electrons at an electrode. The definition may be
subdivided into three main categories according to where the

lighé is absorbed:

1) Absorption by the electrode (e.g. at a semiconductor

electrolyte intexface).

2) Absorption at the surface of an electrode (e.g. in a dye

layer attached to the surface of an electrode).

3) Absorption in the electrolyte.

This thesis 1is solely concerned with 3), photogalvanic
processes, in which light is absorbed in the electrolyte and the

photopivduct(s) migrate to, and then react at the electrode.

. . N
A hv B migration _ . te

Absorber Photoproducts Electrode reaction
at the surface

B is usually the electron transfer quenching product of the

excited state of A.



. in solution
B +e——m—=A at electrode
where A/B and Y/Z are redox couples.

This general scheme has the advantage that the starting
material, A, is regenerated by reduction/oxidation at the electrode
so that the process may be repeated indefinitely. The scheme
suggests a photogalvanic cell in which a flux of photons into
the solution is converted into a flux of electrons at the
electrode. Light is thus converted into electrical energy; a
welcome device in view of the present energy shortage, and the

main reason for pursuing this line of research.

Figure 1:1 shows the processes occurring in such a cell.
Light is absorbed by A to produce A*. A* is electron transfer
quenched by Z and the electron transfer products, B and Y, migrate
to opposited electrodes where thef are converted back to A and Z,
giving up their charge and passing current through the external

circult.

It is worth noting that, if A* were to react at the electrode,
this too would be a photogalvanic process. However such systems

are not considered in this thesis for two reasons.



hy
llluminated Electrode

NN
\\\\\IQR\\

Dark Electrode
a. Absorption

E

AN
;\\\\\Y\\\BX\

b Electron Transfer Quenching and Diffusion

X 0, \\

Load

C. Electrode Reaction and Regeneration of Starfing Materials

Fig 1:1
- The Photogalvanic Cell




1) Excited states are very short-lived in solution and do not

have time to migrate to the electrode before deactivation.

2) Electrodes act as very good quenchers of excited states.

Figure 1:2 shows this schematically. There is no net electron
transfer and the energy is degraded as heat.(An exception to this

. . . . ]
is the reaction of some excited states at semiconductor electrodes .
The eélectronic structure of the semiconductor bcth prevents rapid
quenching and allows a net electron transfer. However 1) limits

the efficiency of these systems and they are not considered here.)

The most important requirement for a photogalvanic cell is
therefore electron transfer quenching which traps the photon
energy for long enough to collect it at the electrode. Electron
transfer quenching was first observed for the Thionine/Ferrous
system by Wei332 and studied in more detail by Rabinowitch3 in
1940, However it was not until more recently that work on this
and other electron transfer quenching systems has been directed

towards the production of an efficient photogalvanic cell.

It is apparent that the efficlency of a photogalvanic cell
will depend on the rates of various electron transfer reactions.
A brief summary of the Marcus-Levich theory of outer sphere

electron transfers is therefore given.

MARCUS-LEVICH THEORY

The theory describes the electron transfer in terms of a

number of separate steps.
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Characteristic Time

(1) Diffusion together of the reactants >10—8 S
(2) Reorientation of the ion atmosphere «»10-8 S.
(3) Reorientation of the solvent dipoles vS z]O-l] S.
(4) Alteration to ligand-ion bond distances a»lO_14 S.
(5) Electron transfer 10-16 S.

The very good time separation of the various processes
allows them to be treated one at a time. The electron transfer
occurs so rapidly that all the nuclei are "frozen'" as the
electron moves from one centre to the other. As no energy is
radiated or absorbed during this process 1t is isoenargetic.
This lead Marcus and Levich to deszribe a one electron transfer

in terms of the following model with P/P+ and Q/Q as the two

couples.
P+ Q P +Q
! )
(1)&(2) (1)&(2)

Ku N
J 3) & (4 +, = (5 + V
P |q ==L (b ) T (p | Q) Tm——==r | @

T p——

Encounter Transilition State Encounter
Complex Complex

where + refers to the transition state.

They described the solvent reorganisation around the
encounter complex, (3) & (4), as due to the chance fluctuations

of the solvent dipoles. The variation in energy with displacement



along the reaction coordinate was assumed to be parabolic
(i.e. the solvent undergoes simple harmonic motion).

Figure 1:3 shows this schematically.

s . 4 . .
Simple coordinate geometry then gives a relation for

the free energy of activation of the reaction

+ -
P|Q =P[Q
Encounter A ‘Encounter
Complex Complex
(GA + G )2
here Gy = °
v $ 4G,

where G, G, and G_ are as defined in Figure 1:3.
$2 VA S

If it now assumed that the free energy changes for formation
of the two encounter complexes from the separated reactants are
similar
1

e.g. &~%~1w

then a number of relations can be deriveds-8 for the general

system:

The subscripts 11 and 22 refer to exchange reactions and 12 refers
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to the cross reaction.

i In k
= 2 12 .
In ky, = In(k, kK )% + e (1:1)
4 1g 11012
Ky Vs
S
L Acf1 Acﬁz AGY,
AG]2 == + 5 + (1 +0) (1:2)
asT 4 ast AS®
As’f2 N 5 22 ) - 40?4 ;2 (1 + 20) (1:3)
AH+ + AH+ AR®
AHTZ - 5 22 (1 - 40?) + ;2 (1 + 20) (1:4)
A,
where o (1:5)

T T
4(AGll + AG22 )

These expressions relate the kinetics and thermodynamics

of the -symmetrical exchange reactions to the kinetics and thermo-

dynamics of the cross reactions.
the rates of reactions which can be expected

which 1s now described.

THE IDEAL PHOTOGALVANIC CELL

Albery and Archer in a series of papers

the theory for an ideal photogalvanic cell.

for such a cell is shown in Figure 1:1, The

thin layer between the two electrodes. The

They provide a useful guide to

in an ideal cell,

6-11

have developed
The best geometry
electrolyte is in a

top, illuminated,
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electrode is transparent so that lighg passing through it can
be absorbed as close to it as possible. This allows B to migrate
the shortest possible distancz to the electrode. This is impoftant
as B must reach the electrode before being destroyed by the
thermal back reaction

hv,¢

A+ 25— =B +Y (1:6)

k—2

The thermodynamic equilibrium lies heavily in favour of A
and Z. The thermal back reaction simply generates heat in the
solution and makes no contribution to the electrical power

output.

Having generated B and Y, with quantum efficiency ¢, it is
important that they migrate to opposite electrodes and react
there., In such a cell the concentration of electrolyte is high
so that there is no electric field, as in a photovoltaic cell,
to separate B and Y. (Moreover in most of the systems studied
so far B and Y have the same sign charge so that an electric
field would not direct them to different electrodes.) The only
transport mechanism is thus diffusion jand B and Y are equally
likely to diffuse to either electrode. The electrodes must
therefore discriminate between the two couples. There are sixteen
different combinations in which the two couples are either active
(reversible) or inactive (irreversible) at the two electrodes.
Four of these are represented in Table 1:1. Of the twelve cases
not shown eight are when both couples are irreversible at one

or both electrodes. These are rejected as no current can pass
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TABLE 1:1
Photogalvanic cells with reversible (R) and irreversible

(I) electrode kinetics

I1luminated Dark
Electrode Electrode
Couple A/B Y/Z A/B Y/Z
Case 1 R R R I Reject
Case 2 R I R I Concentration Cell
Case 3 R I I R D_.fferential
Electrode Kinetics (&)
Case & R I R R Differential

Electrode Kinetics (B)
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and thus no power can be produced. The other four, in which the
Y/Z couple is reversible at both electrodes are rejected as no
voltage is produced. The reason for this is that it transpires

that for an efficient cell [B] << [Z] =[Y] in the light and

[B] = 0 in the dark. The concentrations of Y and Z are thus

little different at light and dark electrodes and, as they determine

the potential, no voltage is developed.

Considering now the four remaining cases in Table 1:1

Case 1: This is rejected as. both couples are reversible at
the illuminated electrode. The electrode will simply catalyse
the homogeneous back reaction with the generation of heat and

no net electron transfer.

A+ Z;;:ééé:f:B +Y ¢ In solution
p__+¢© —=A
¥ e At the electrode.
Y —=7,
B +Y A+ Z
Case 2: These are the conditions for a photogalvanic

concentration cell for the A/B couple. Calculations by Albery

and Archer12 show that, although 2 respectable potential can be
generated at open circuit, on load only ~ RT/F = 5% mV can be
obtained. This is because, at open circuit, a large concentration
difference in B between the two electrodes can be maintained.

But as soon as a current is passed B is produced at the back

electrode and the difference is greatly rcduced. The conversion



efficiency for photons to electrons passing around the external

circuit, N (the photoelectrochemical collection efficiency)

hv’
is also low «~0.3¢. The maximum efficiency of such a cell

would be <0.37 which is much too low to be of any practical use.

Case 3: This represents the best system in which the electrode
can differentiate between the two couples and thus set up the

boundary conditions needed to separate B and Y. A respectable

0] o

potential can be developed m(EA/B - EY/Z

). = AE under 1load, and
th approaches ¢. This leads to a maximum possible efficiency
of 187 for the conversion of sunlight to electrical power,

although, as will be discussed in the next section, a wore realistic

figure might be half that.

Case 4: This also represents a solution as good as Case 3,
as the illuminated electrode can differentiate between the two

couples, and the dark electrode potential is still determined by
the Y/Z couple because no B reaches this electrode as it is

destroyed by Y before it can diffuse across the cell.

CALCULATION OF EFFICIENCY OF AN IDEAL PHOTOGALVANIC CELL

Using Fick's second law of diffusion across a unit area

-a-(—:- 1z D.Q_._

2C
(1:7)
3t .
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where ¢ 1s the concentration

t 1s the time

X 1s the distance

and D 1is the diffusion coefficient,

‘A differential equation describing the mass transport of B in

the cell can be formulated.

oc

A steady state is invoked so that T 0 and the equation
for B 1is
32 [B] |
D 5 +  ¢Ie[A] - k_z[B][Y] =0 (1:8)
ox
Diffusion Photochemical Thermal Back
Generation Reaction

. . . . . . 2
where D 1s the diffusion coefficient of B 1n cm s
x 1s the distance from the illuminated electrode in cm,

[ALIB] and [Y] are in mol cm-3.

I is the light intensity in moi photons cm-2 s—l

€ is the extinctiocn coefficient of A on the natural logarithmic

scale

and k_, is the rate constant for the reaction of B and Y in M—l S—]

There is no convective mass transport as it is assumed that

the electrode spacing is too small to allow natural convection.



This assumption is justified by the conditions found below for

maximum efficiency.

The light intensity is given by
. wz = - efAll (1:9)
with I = Ié at x = 0.

It is convenient at twis stage to introduce several
characteristic lengths.,
1) The Cell Length, XL’ is the distance between the electredes,

2) The Optical length, Xé, is defined as

]

X€ = (e.[A]D) (1:10)

where [A]D is the concentration of A in the dark. Most of
the light is absorbed in this length as the cell is not bleached.

i.e. the concentration of A is little changed in the light.
3) The Generating length, X is defined as

X, = (D/¢€Io)% (1:11)

and is the average distance which A diffuses in a light intensity,

I , before conversion to B,
o

15



4) The reaction length, Xk’ is defined as
1
X, = (D/k_,[¥])* (1:12)

and is the average distance which B diffuses before conversion

to A.

The solution of equations (1:8) and (1:9) for the maximum
power per unit area of cell, wmax’ is not simple because of the
number of independent variables. However it can and has]] been
done and the result is

T 6T €

0.8F¢T_[|AE| + 2= (In Ko7 - 1-6)] (1:13)

max

1t

0.8F¢IOAE (1:14)

where k is the pseudo first order rate constant for the reaction

cf Band Y

k = k_,[Y] (1:15)

The conditions for this maximum are that

20X€ N Xk = 2XG < XL (1:16)

These conditions for the  characteristic lengths have sensible

. hd . ) (
physical explanations. The most 1important 1s that X€ << Xk'
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This is to ensure that the thermal back reaction does not destroy
the phétogenerated B before it can diffuse back to the illuminated
electrode. The condition for XG ensures that the solution does
not bleach. 1If this happens there is no longer any A present to
absorb the light and the cell produces no power, XL is the
longeét length and this means that the dark electrode does not

interfere with the trapping of the photons and the reaction of

B on the illuminated electrode.

If a typical value for the God-given parameter, Io‘ is
inserted
-3 -2 13
Io = 1.6 x 10 © mol photons m

and optimistic values for AE and ¢ are used

AE = 1.1V and ¢ = 1

then W = 140 W m—2
max
which corresponds to a conversion efficiency of 18%. 1In order to

achieve this very good conversion efficiency quite severe

constraintsare imposed by equation (1:16). For the best possible

values of D = 10_5cm2 s_l and € = 108 cm2 mol-l
- 1n—3
X 10 ~ cm (1:17)
G
-4
and thus X€ ~ 10 cm (1:18)



A must therefore be quite soluble although this is by no

means a prohibitive figure.

A much more difficult condition is found for the electro-
chemical rate constant, k', for the conversion of B to A on the
1lluminated electrode, which must satisfy the condition

k' > D/X. ~ 107" cem s (1:19)

This is unlikely to be fulfilled as most electrochemical

=2 -1
rate constants are <10 cm s

Another constraint is imposed by the value of XG of ]0--3 cm
which means that the kinetics of the reaction of B and Y must
satisfy the condition

k_,[Y] < 40 s~ (1:20)

and the concentration of Y must be at least twice the photogenerated
concentration of B to ensure that there is no concentration
polarisation at the dark electrode so that the concentration relation-

ships are:

[Y] > 2[B] ~ 1072[A] ~ 10N (1:21)

(1:20) and (1:21) lead to

k,<4x100 M s

19



This is a comparatively slow second order rate constant for
electron transfer given the very high driving force (AE = 1.1V)

for the reaction.

Figure l:4 shows the concentri:tion profiles for the ideal
cell (note the change in scale between [B] and the other
components). The light is absorbed in a very thin layer close
to the top electrode and most of the B generated diffuses to and
reacts at the electrode. The Y/Z couple must be inactive at
the front electrode and both diffuse acdrss the cell. Because

Y and Z must carry the current across a much greater distance

20 X¢ ~X

the concen*ration difference, caused by the constant concentration

gradient, is much greater than for B.

The concentration of A is affected little by the light and

remains at its high value of 10—] M.

Thus summarising:

1) [al ~10 ' n

2) The electrochemical rate constant for A/B on the illuminated

. -1 -1
electrode must be very rapid, k > 10 s .

3) Despite its large driving force of 1.1 V the electron transfer
between B and Y must be very slow (k_2 < 4 x 103 y“] s—l)'
. *
4) The electron transfer for the quenching of A and Z must be

rapid so that all the photons are trapped.

19
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Unfortunately electron transfer reactions which obey the
Marcus theory are very unlikely to satisfy 3) because of the
relation between the driving force of the reaction and the rate

constant.

It is clear that the ideal photogalvanic cell is very

difficult, if not impossible to achieve. However a relaxation

of (1:16) to

gives [A] ~ 10 ° M

and k_

which greatly reduces the difficulty of meeting the conditions

and leads to a drop in efficiency of only a factor of ! to 97%.

PHOTOCALVANIC SYSTEMS

There are many systems for which there is evidence of
electron transfer quenching. The two which have attracted
the most attention, because their properties are closest to

ideal photogalvanic systems are

1) The complexes Ru(II)L3 where L is a 2,2'bipyridyl or a
1:10 phenanthroline derivative (Fig 1:5) and

2) the thiazine dyes and in particular thionine (Figure 1:5).
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Their properties with reference to a photogalvanic cell

are now reviewed.

Ruthenium Systems

a) Absorption and the excited state

Ru(bipy)3C1 was first synthesised in 1936 by Bursta1114.

2
Figure 1:6 shows the visible absorption and emission15 spectra
for ‘the compound. After some debate]6-]9 the band a: 452 nm
has been assigned as a d »> ™ charge transfer transition. After
rapid thermal equilibration and intersystem cressing of high
efficiency this gives rise to an excited state of ewiss:ion
lifetime 0.6 uszo(at room temperature). This excited state

is describedZI as a g-oup of closely spaced levels with no well
defined spin 1abe122 due to strong spin orbit coupling.

This explains the anomalous lifetime of the state which is
intermediate between that of spin allowed fluorescence (<10_83)

and spin forbidden phosphorescence (>10-33).

The absorption characteristics of the Ru(II)L3 are not ideal.
The decadic extinction coefficients lie in the range

] - 3x 104 M—] cm—1 which is a factor of 5 short of the

> M_1 cm—l. The wavelength of the

theoretical ideal of ~ 10
absorption is also not perfect as the band covers only a small
proportion of the solar spectrum. However some modificiation

of the absorption band has proved possible. Klassen23 and

Daul24 have synthesised the biquinoline complex (Figure 1:5)
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Ru(II)LB. In this complex the d orbitals on the central metal
atom are unaffected in erergy but there is a large drop in

*
the ™ energy of the ligand due to the greater delocalisation.

Thus the absorption maximum for Ru(II)bipy)3 is at 523 nm23.

One potentially useful feature of all the Ru(II)L3
compounds is that higher energy transitions (e.g. T + T in the
ligands) ali lead to the same dﬂ* excited state with high
efficiencyls. This is similar to the behaviour in semiconductor
solar cells where the whole absorption band leads to the same

- <+ .
energy e - p pairs.

b) Quenching

Electron transfer quenching of Ru(II)(bipy)B* was first
observed by Gafney and Adamson25 and since then a great
many electron transfer quenchers for this excited state have
been found. The excited state has properties of both the
strongly reducing Ru(I)(bipy)3, due to the electron in its ﬂ*
orbital, and of the strongly oxidising Ru(III)(bipy)3, due to
the hole in its d orbitals. Thus the electrode potentials
are (v N.H.E.)

Ru(III)L3/Ru(II)L3 + 1.26 V 26

Ru/D)L, /Ru(D)L, + 0.84 y27528



X
Ru(III)L3/Ru(II)L3 - 0.84 V26

Ru(ID)L,/Ru(D)L, _ 1.26 v¥*

(where L = bipy)

Ru(II)L3 therefore shows both reductive quenching with,

for example, Eu2+ aq.30 and Fe(CN)g_ 28 and oxidative quenching

with Fe3+aq.3], Th3+ aq;32, Eu3+ aq.26, Cu2+ aq.33, paraquat3],

. . 3
and many niltroaromatics 4.
. . 3+
The reaction with Fe aq.

k

* h
‘Ru(ID)L; + Fe(III) _.ﬂ__a.Ru(III)L3 + Fe (II) kq = 2.7x10°

]

where L = bipy
has been most extensively studied and it is this system which is

studied in this chesis.

The most important feature for a photogalvanic cell is

that the overall quantum yield, ¢, for the whole process

Ru(IDL, + Fe(111)___;E3-c,Ru(111)L3 + Fe(II) ¢

should be as near unity as possible. This depends on the efficiency

of all the individual steps.

M? [

-1

26

26
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Ru(II)L3-———E!——=-Ru(II)L; (1:17)
Ru(iD)Ly————=Ru(IDL+hy  k (1:18)
Ru(II)Lg-———¢>Ru(II)L3+heat Ky (1:19)
Ru(II)L;__Eiﬁllll-Ru(III)L3 kg (1.20)
Ru(II)Lg——EE££E£L>Ru(Ilhfyfheat k& (1:21)

kA is small as the efficiency of (1:20) is found to be 0.8 i_0.226.

The combined processes (1:18) and (1:19) give rise to the lifetime

T (~0.6uS) and thus to give a high yield of Ru(III).
kq[Fe(IIi)] > 1/T.

or [Z] = [Fé(III)] >> l/qu =6 x 10—4 M.

This is easily fulfilledas [Z] must be greazer than ~10—2M to

carry the current in a photogalvanic cell.

(c) Back reaction kinetics

The electron transfer between Ru(III)(bipy)3 and ‘Fe (II)
k_,,K

Ru(III)(bipy)3 + Fe(II)ér———————-Ru(II)(bipy)3 + Fe (IT11)

. B 6 -1 -1 31
k_2 in 1.0 M HC104 ="1,0x 10" M S



2%

has been the subject of a number of studies by both stopped
flow26 and flash photolysis31. In general the reactions for
various Ru(III)L3 complexes (where L are substituted bipyridyl
and 1:10 phenanthroline derivative ) are rather faster than
required for an ideal cell ( <4 x 103 M—] s—]). In this
thesis the reactions are studied further in order to predict
ways in which the systems might be modified to slow down this

fast loss process. - Further discussion of this reaction is

thus left until the end of the thesis.

Thionine Systems:

(a) Absorption and Emission

An absorption spectrum for Thionine is shown in Figure 1:7.

The absorption process is a singlet to singlet transition.

hv 1

Th~———Th

The excited singlet has a lifetime of 0.66 us35 and converts

with high efficiency to the triplet

k
lTh* £ ~—Th + hv
k
*
]Th ISC 3Th
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The triplet has a lifetime of 2011335 and it is the triplet

which is electron transfer quenched.

1

2)

3)

There are three main problems with the absorption of Th.

Thionine is only sparingly soluble (~ ! mM) so that despite
its high extinction coefficient (Emax = 5,8 x 104 at 597 nm)
the optical length cannot be reduced enough for a photo-

galvanic cell.

A photogalvanically inactive dimer is formed at relatively

low concentrations

2 Th<,_£<__-."[Th]2 K = 750 M) 3°

this feature is common to many of the thiazine dyes.

The absorption band is typical of an organic dye and

covers only a small part of the solar spectrum.

An attempt to solve 1) and 2) by synthesising sulphonated

thionines has been made by Suoto Bachiller>’ in this laboratory.

Some measurements on the properties of these sulphonated thionines

are described in this thesis.

As yet no systematic work has been done to solve 3) by

modifying the thionine chromophore although some work has been

done by Lichtin38 on dye sensitisation of the ferrous/thionine

system.

30
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(b) Quenching

Both the singlet and the triplet of thionine have been

shown to be quenched by Fe(II)

T 35

% -
JTh + Fe(II)—————g——c’Products k =4x 100 M s

3
k 3 7 -1 -1 35

*
I* + Fe(11) — L - 5° + Fe(I1T) q

I
(9%
2
o
c-
|
»n

where S° 1s the semithioninc radical.

It is not clear yet whether the singlet quenching is by
electron transfer or energy transfer, however the very short
lifetime of the singlet allows efficient conversion to the
triplet and subsequent reductive quenching by Fe(II). The overall
quantum efficiency for the production of semithionine has been

39

. 0 .
measured by Harriman and in this 1aboratory4 and 1s 0.55;

lower than the ideal of 1.

(c) Back Reaction Kinetics

The thermal back reaction for thionine is complicated by the
semithionine intermediate which dismutates rapidly and reacts

with Fe(III) and possibly Fe(II).
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vhere k_, = 7.9 x 0% w7 3
k,=2.6x10° 0 g P
ky =24 %100 M s P

and Th is thionine, S° 1is semithionine and L is leucothionine.

However a simplification is possible because at moderate
light intensities when an appreciable quantity of S° is produced
the dimutation is so rapid that most of the photoproduct 1is
present as L. k_.2 thus becomes the important back reaction
process. The reaction is slow enough to meet the requirements
of a photogalvanic cell and it and the back reactions of some

modified thionines are investigated in this thesis.

THE EXPERIMENTS IN THIS THESIS

. . . . . . . 0-41
Previous photogalvanic investigations in this laboratory4 4

have centred round the use of the optical rotating disc electrode
(ORDE). The electrode is a semi-transparent conducting film
deposited on the end of a quartz rod. Contact isimade to the

side of the rod, which may be rotated. Light is shone down

the rod and through the electrode and is thus absorbed as close
as 1s possible to the electrode, where the photoproducts may be
detected. fhis configuration allows great sensitivity by
reducing the distance which short-lived intermediates must
migrate to an electrode. Tt has the great advantage that the

controlled mass transport of the rotating disc allows the flux
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of photoproducts to be calculated.

i)

ii)

1i1)

Three types of experiment are described in this thesis.

A new ORDE apparatus was designed and built. It was then
used to investigate a number of Ru(II)L3 complexes.

A technique first used by Perone 49 was developed to
measure the rate of the thermal back resction using a
stationary optical disc electrode. The technique is
essentially flash photolysis with electrochemical detection.
A short flash of light was passed down the electrode aad

the photoproducts weré detected as a function of time by
following the current at the electrode. The technique

was used to investigate a number of Ru(II)L., complexes

3
and some of the modified thionines synthesised by Suoto

Bachiller.

Further investigations of the thermal back reaction were

carried out using the stopped flow technique
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CHAPTER 2

THEORY

This chapter begins with a brief description of the theory
for the rotating disc electrode, R.D.E. This is followed by
more detailed accounts of the optical rotating disc electrode,

0.R.D.E., and flash electrolysis at an optical disc electrode.

THE ROTATING DISC ELECTRODE

The mass transport to a rotating disc electrode has been

) ‘ 50.52 . .
described by many workers . When a disc elecirode 1s rotated
a steady flow pattern is imposed on the solution as shown in
Figure 2:1a. The system is described in cylindrical polar
coordinates ¢, r and x. The solutions to the velocity components

Ve Vi and v, found by von Karman  are

¢

v, = (wv)% X(X/XHy) (2:1)
v, = 1w R(x/XHy) (2:2)
Vo = rw @(X/XHy) (2:3)

L] L] —]
where v 1s 1n cm S

w is the rotation speed in radians s
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V(= n/p) is the kinematic viscosity in cm2 s-l

X, R and ¢ are functions of x/XHy

xHy (= YW/w) is the thickness of the hydrodynamic: layer

in cm.

X, R and ¢ are shown in Figure 2:1b. The most important
feature of these solutions is that v is independent of r which
means that transport of material to the disc is uniform. This
is not an essential feature of an electrode; the tube and the
ring electrodes both have non uniform accessibility. However
it simplifies the theoretical treatment for the RDE and greatly

simplifies the treatment for the ORDE,

The solution of the hydrodynamic flow allowed Levich to
solve the mass transport to the electrode. The full differential

equation is

ic _ 3%c L 1oc 1 32c + 82c _ oc _ Vo dc ac
9t 2 r or 2 2 2 Ve 9ar r 55 - Vx'§§
or r 9% ox
(2:4)
where ¢ is the concentration in mol cm

t 1s in s

D is the diffusion coefficient in cm2 s

This equation is simplified for the RDE by the following conditions
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1) A steady state is achieved so that oc _ 0.

I
2) As the system has an axis of symmetry all the velocity

ac

components are independent of ¢. Thus 56-= 0.
3) 9¢ must be zero as r > 0. I: not the term-—]—-éS >
or r or

as v > 0, which is impossible. And, as v is independent

of r, g%-= 0 for all r.

This simplifies equation (2:4) to

320
3 2
X
There is one important boundary condition for this equation, that

c > c_as x > ®, where ¢ is the concentration of species in the

bulk of the solution. Solving for the surface flux, j, gives
J Jc ‘0 7 %
5 = (5;) = — (2:6)
x=0

-1
where X. = 0.643W 2 v '® D? (2:7)

W 1is the rotation speed in Hz

-2 -1

j is inmol cm ~ s

. . . -3
and c is the surface concentration in mol cm ~.



The flux must be equal to the rate of reaction at the

sur face so that

where k' 1is

Defining the

where kD is

Substitution

Several

j = k'e¢ (2:8)

the electrochemical rate constant in cm s .

diffusion rate constant kD as

k, = % (2:9)

in cm s .

in (2:6) gives

1 |
= e ‘e (2:10)

(—l'[ (=Y

important relations for the current, i1, at the RDE

may now be derived, as

where

=do

= nFAj (2:11)

i 1is in Awmps
n 1s the number of electrons transferred
1

F 1is the Faraday in C mol

. . 2
and A 1s the electrode area in cm .

36



l) The limiting current : When k' >> kD the current
is limited by the diffusion to the electrode and c, 0.

Equation (2:10) be:zomes

1 1
LI (2:12)
k| choo
L 2, 1
or i, = 1.554 nFA ¢ v D W7 (2:13)
2) The current-voltage curve: For the system
e , kj
0= — —"R (2:14)
-e”, kll
The surface rate constants are given by
- R |
K] = ke a(E-E")F/RT (2:15)
o
- ' r
k= k! e MBETEDE/R (2:16)
where E' 1is the formal electrode potentjal in V
E is the potential of the electrode in V
ké is the surface rate constant when E = E'
and o and B are the transfer coefficients. At any potential E

for the simple one electron system a+8 = 1, by the principle of

39
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microscopic reversibility.

a) Reversible systems : when ké >> kD the electron
transfer at the surface of the electrode is fast enough to
maintain thermodynamic equilibrium. The surface concentrations

are thus given by the Nernst equation

_ [0]
E E' + 5 In R] (2:17)
o
Taking [0],=c and [R] =0
r =
then [0]o + lR]o_ c
[0]
and E=E'+ RT 1n S — (2:18)
nF
c - [0]
o)
and substituting equations (2:6) and (2:12) in (2:18)
RT (iL )
@t o4 RL L .
E=E'+ ~ 1n T 1 (2:19)

This equation describes the typical shape of a reversible

"wave".

b) Irreversible systems : when ké << kD the system is
termed irreversible. The exchange currents when E = E' are no
longer sufficient to maintain thermodynamic equilibrium at the

electrode. They are very much smaller tharn the diffusion limited



current. In general for the steady state
j o= k;iolo - kll[R]o O—==R at electrode
(2:20)

= kl')([O]oo - [O]O) Diffusion of O towards electrode

(2:21)

kb([R]w - [O]o) Diffusion of R away from electrode

(2:22)

From equation (2:12) the limiting fluxes for O and R are

g = kDIO]Oo and jp = kD[R]oo (2:23)

Eliminating the concentratiors from these five equations

Jogky = dgkl
_ 30%1 T IR (2:20)
kpt K+ K,

Figure 2:2 shows a typical current voltage curve for
kg << kp. It is clear that,to pass a current,E must be significantly
different from E'. And from equation (2:15) and (2:16) it is

clear this will produce a great difference in k; and k' This

1

allows simplification of equation (2:24).

41
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Taking E < E'

then kl] << k;

and equation (2:24) simplifies to

Jok]
j = 01 (2:25)

or JO ER

(2:26)

k!
RT o} RT .
- ' —— — —— 1 - .
E =E"+ F In ] + 7 1n (1L/1 1) (2:27)

This is the current-voltage relation for the irreversible

"wave'".

- THE OPTICAL ROTATING DISC ELECTRODE

As described in Chapter 1 uniform parallel light shines
through the electrode into the solution generating B with quantum

efficiency ¢



L

In order to set up the differential equation for the convective

diffucion of B we make various assumptions:

1) That the light makes only a small perturbation on the
concentration of A. This means that the light intensity, I,

follows a Beer-Lambert profile.

-e[A]x
I = I e (2:28)

where 1, Io’ €, [A] and x are as described in chapter 1.

2) That [Y] >> [B] so that the back reaction is pseudo

first order with rate constant, k, where

ko= k_,[Y] (7:29)

and k is 1n s-].

3) That the X/Y couple is irreversible at the electrode
and that the potential of the electrode is such that all the B
reaching the electrode is converted to A. This is the condition

necessary to measure the photogenerated flux of B arriving at the

electrode.



All three of these assumptions agree with the conditions

necessary for an ideal photogalvanic cell found in chapter 1.

Given these assumptions the convective diffusion equation

1s

2
D QL%A vv Sl gr crage A Ly 20 (2:30)
X o
0x ox
Diffusion Convection Generation Back reaction

The system has four characteristic lengths.
1 . .
xHy = (V/w)? the thickness of the hydrodynamic layer

X, (eq. 2:17) the thickness of the diffusion layer

and Xk and XG the reaction length and optical length are as

defined in chapter 1.

(XG, which features in chapter 1, is not used as assumption 1)

means that XG is very much longer than all the other lengths.)

From these lengths three further parameters are defined which
describe the ratio of the diffusion layer thickness to that of the

other layers.

-1
H, = XD/XHY ~ 10 (2:31)
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K = XD/Xk (2:32)

B = XD/XG (2:33)

The concentration is normalised by defining

u = [BID/¢BXI_

and the distance from the electrode is normalised by defining

X = x/XD.

Then equation (2:30) becomes

-Ku =0 (2:34)

As the electrode destroys all B reaching it the boundary condition

for u 1is

at x =0 u=0
and as the light penetrates a finite distance

as X > @ u=> 0
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The equation must now be solved for the flux of B at the electrode

which is
_ d[B] _ ' ]
j =D e = ¢BIouo (2:35)
X=0
where u' = (93 (2:36)
o) ox /. _
X=0

"In order to solve the differential equation a simple expression
for v is needed. Vo is however a complex function obtained by
Cochran51 by numerical integration. It is shown again in Figure 2:3
(solid line) with an approximation to it (dotted line). The

approximation is used to solve the equation in three separate

regions:

1) for x> XHy or X > XHy we define

1
v, = 0.88(wv)? (2:37)

where Xgy = 1.3 H

Equation (2:34) then becomes

-2 9Ju -B8X

3.7HO B—X"*'e - K u

0 (2:38)

There is no diffusion term as convection dominates.
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This equation is then solved with the boundary condition

given above (at Y » « u + 0) for u at ¥ = XHy and gives

-Bx
H -2
Uy = (e y)/(K2 + 3.7Ho R) (2:39)
and this is the boundary condition to be fed into the next
region.
"2) For 1< yx< XHy (the hydrodynamic layer) we approximate

vx'by putting

v = Cx2 (2:40)

where

@]
"

1, 2

2 .
0.88(wv) /XHy (2:41)
and equation (2:34) becomes
-Ku=20 (2:42)

This is in turn solved for u at X = 1 and gives

2 X 2
LR I [ R4 Hy ~[BX- 5—=
_ U700 = x?), (B /2'1][ e 21X &
u] = tu + e i 2
2.1 X
(2:43)

This apmlling expression happily simplifies. When «k > 1 any

[B] made outside the diffusion layer decomposes before reaching the
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electrode. When B > I very little light penetrates through
the diffusion layer.Thus for & significant contribution to the
current from material genercted outside the diffusion layer both

B and K must be less than 1. Under these conditions equation

(2:43) reduces to

up o= o+ 0.48 (2:44)

This boundary conditicn is now fed into the final stage of

the calculation.

3) For x < 1 (the diffusion layer) equation (2:29) becomes

-%u = 0 (2:45)

(directly comparable to equation (1:3) for the photogalvanic
cell). It is solved with the boundary conditions at X = 0 and

X = 1,for the conentration gradient at x = 0, ug, and gives

.. -8
' K cosh k=(B/k)sinh k- e .
o  simhrk W17 2 _ g2 (2:46)

Figure 2:4 displays the approximate solutions to this equation
on the Bk plane. The solutions are given in terms of the photo-

electrochemical collection efficiency, th, defined in chapter 1 as
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54 . .
Bartlett  has recently used a much more accurate approximation
to v_ usin
x ng

v, = (wv)% vX(x) (2:47)

2
where X(x) = 0.886 tanh ?%i (2:48)

and a=0,57588.

Then by numerical integration of equation (2:34) he
obtained values for th displayed as a contour diagram in

Figure 2:5.

This shows that the initial crude approximation to X(Y)
is very good. Deviations from the true values occur only when
both Xk and XE are between X and XHy (i.e. where the approximation
is worst). The maximum deviation in the valies of th are only
15% in this region. In.this thesis all experiments were conducted
with Xk < XD where the deviations from the analytical solutions

are < 0.27 so that the analytical solutions are used in the

analysis of the experimental data.
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FLASH ELECTROLYSIS AT AN OPTICAL DISC ELECTRODE

As described in Chapter 1 a very short pulse of uniform
parallel light is flashed through a stationary electrode into
the photugalvanic solution. This generates an appreciable
concentration of B. In order to set up and solve the differential
equation for the transport of B to the electrode a number of

) 42-49
assumptions are made:

1) The flash is of infinitely short duration and occurs

at time t = O,

2) The optical density of the solution is low so that the
concentration of B at t = 0, [B]o, is constant as a function of
distance from the electrode. (If the flash is powerful enough
it will bleach the solution, 1i.e. XG << Xk’ Xe’ and this condition

becomes redundant.

3) [B]o << [Y]. This means that after the flash B will
undergo a pseudo first order decay in the bulk of the solution,
well away from the electrode perturbation. This gives a boundary

condition

[B] = [B]o e as x &> (2:50)

where k-= k_,[Y].



4) The X/Y couple is completely inactive at the electrode
so that the concentrations of Z and Y remain constant for all

x throughout the exzperiment.

5) The electrode is held at & potential where all the B

reaching it is converted to A. This gives the boundary condition

[B] = 0 at x = 0

Equation (2:4) thus becomes

2
o[B] _ o_[B] _ .
S C D .2 k[B] (2:51)

The time dependent term is kept in this equation as a steady
state is not invoked. There are no convective terms as the

electrode is stationary and all transport is' by diffusion.

The equation is now normalised by defining

w o= (Bl e < - [BD)/[B], (2:52)

T = kt | (2:53)

X = x/X - (2:54)
where X, = (D/k)%



Equation (2:51) becomes

2 ,
%;% = _g_g - u (2:55)
oX

and the boundary conditions become

u=0 at tT=0 (2:56)
~-T

u=e at x =0 (2:57)

u=0 as Y = © (2:58)

Solution by Laplace transform gives

;22) oo T (2:59)
(3x o (1) ?

Thus j o= (D/ﬂ)%~[B]o t—%.e_kt (2:60)
or In(it?) = -kt +Q | (2:61)

where Q is a constant.

_1 [ L4 » L L] »
The t ¢ term is the simple solution for semi-infinite

linear diffusion of B io the electrode. The e-kt term describes

56
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the first order decay of B. Figure 2:6 shows concentration
profiles for B and current-time transients. Thus if the
kinetics are infinitely slow the current time transient is given

by t—i. The bulk concentration stays at [B]O and ordinary
semi-infinite linear diffusion is observed. However if the
kinetics are significant the bulk concentration falls exponentially
with increasing T(Figure 2:6) and the current time transient

includes this exponential term.

‘This theory predicts that at t = 0 i - », This is impossible.
In order to understand the early part of the transient the equivalent
circuit for the system must be considered. This is shovmn in

4
Figure 2:7. 7

The important festure of this circuit is that the double
layer capacitance of the working electrode is included. The
resistance of the solution between the reference electrode and
working electrode is given by RS. Further it is assumed that
potentiostat has an infinitely fast response and therefore that
the potential between reference and working electrodes is fixed

MonJ

at Lp' The instantaneous generation of B at t = 0 is considered
as a current generator across the double layer capacitance. It

generates a current, i,, which is known from equation (2:60) to

be

. -1 -kt
i, = a(mt) % e

where a 1s a constant.
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Fig 2:7

Equivalent Circuit for Flash Electrolysis
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As the potential Ep remains fixed throughout

t
- —- . v, - 1 . - .

P o
Solution of this equation by Laplace transform for k < l/RS C,

gives

a okt I 4
-1 = | - k] t (2:62)

obs
Yy RSCW(I/RSCW— k) s W

where F(x) is Dawson's Int;egrals5 . The condition that k < I/RSCw
' 1
is likely for most experimental si‘uations. F(x) and F(t?) are

both plotted in Figure 2:8. For large values of x

F(x) = 0.5/x

and thus

a -kt

1 ->

obs 3.1 _ .
(mt) 2 (1 k/RSCw)

This is the same as the previous solution with the exception
of the smallk/RSCw term. This term represents the slow discharge

of the double layer capacitance after the initial rapid charging.

60
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Flash electrolysis is thus a composite of three
effects. The first is the double layer charging described

by the Dawson Integral. The second is the diffusion of the

Nl

species to the electrode described by the t 2 term and the

third is the decay of [B] in the solution by pseudo first

order kinetics.
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CHAPTER 3

APPARATUS AND EXPERIMENTAL

'This Chapter describes the design and development of

apparatus for the ORDE and flash electrolysis experiments. It

also describes the procedures used in RDE, ORDE and Stopped Flow

experiments.

THE ORDE APPARATUS

" The first ORDE apparatus was designed by Fie1d56,and

developed by Archer and Turner57. It had a number »f limitations.

A new design was undertaken in which the important improvements

were:

1)
2)
3)

4)

The provision of 2 more versatile light source.

The proviéion of more versatile electronics.

The reduction of electronic, and electromechanical noise.
The streamlining of the mechanical design for ease of

operation.

The general layout of the apparatus is shown in Plate 3:1

and the various components are now described.






The Light Source

In the past ORDE experiments were performed with a poly-
chromatic light source (a medium pressure mercury lamp). This
made calculation of the expected photocurrents very difficult.
Convolution of the lamp spectrum with the absorption spectrum
of the dye and the equation for the mass transport and homogeneous
kinetics was tedious and inaccurate. However monochromatic light
allows accurate measurement of its intensity and defines a unique

extinction coefficient at any wavelength.

The requirements for a light source are that it should be
1) Monochromatic and variable over the whole spectrum.
2) Collimated and uniform to give an even parallel light
distribution at the electrode.
3) Of high intensity : typically 0.1 - 1.0 mA photons in
a .15 om waveband. (It was found convenient to express
a flux of photons as a current of photons. An amp of

photons 1is

Number of photons/s
Number of electrons/Coulomb

The unit has the advantage that the photoelectrochemical collection
efficiency, th, is simply the ratio of the electron current to

the photon current.)

64



The lower limit of photocurrent detection was ~ | nA.
With a photon current of i mA this allowed photoelectrochemical

collection efficiencies as low as 10_6 to be measured.

A tunable dye laser would have met these conditions
handsomely but happily a cheaper solution presented itself. The
system used was developed around an Al1/223,250W, 24V, quartz-
iodine projector lamp. This had a filament temperature of
3,350°K. The spectral output in terms of photons before (dotted
line) and after the heat filter (solid line) is shown in Figure 3:1.
The bulb was chosen to have as near round and uniform a filament
as possible as the filament image was to be focussed onto the top
of the electrode. The bulb is shown in Plate 3:2. Clearly the
proportions of the filament were not berfect and an attempt was
made to change the shape of the filament image by using cylindrical

lenses (Figure 3:2a). Poor results were achieved.

Coles58 then suggested that the optimum design of a cordensing
lens unit had alreédy been achieved for slide projectors. It was
soon found that a Leitz "Pradovit—Color" projector had a suitable
bulb mounting and condensing lens unit. This unit 1is shown in
Figure 3:3 with the addition of a further condensing lens to focus
the light onto the top of the electrode. The filament image
focussed on the electrode is shown in Figure 3:2b. The system
had the advantage that the rear reflector produced an inverted

image (dotted) which increased the intensity and the uniformity

65
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of the filament image on the electrode. Although more than
507 of the light was wasted because of the difference in
filament and electrode shapes the light gathering power of the

Leitz system more than compensated for this shortcoming.

The bulb was designed to run off 24V A.C. in projectors.
However measurement of the light intensity with a photodiode
showed that there was a 5 to 107 ripple in the output at 100 Hz.
This was unacceptable for a steady state ORDE experiment, so a
 10A, 24V power supply was boilt. Figure 3:4 shows the circuit
diagram for this urit. This reduced the ripple in the light

intensity to <<1%Z.

Between the second condensing lens and the electrode provision
was made to hold Ealing neutral density fiiters to vary the light
intensity. These were reasonably uniform in absorbance across
the visible spectrum. Typical spectra are shown in Figure 3:5
(measured on a Cary 14 spectrophotometer). A holder was also
made for Ealing-IRI 25mm interference filters to provide monochromatic
light. A typical spectrum for one of these filters is shown in
Figure 3:6. The spectra are measured for light perpendicular to
the filter and the band width is ~10nm. However the light source
provides converging light which affects both the nominal wavelength,
XA , of the interference filter and the bandwidth,§A . The

expression for the shift in wavelength is

. 2
A =1 (1- Ei%_g )

n
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where A, is the mean wavelength for an angle of incidence of

¢
(90 - $)°.

» is the mean wavelength for perpendicular light and n is
the refractive index of the filter. Thus small deviations from
the perpendicular would produce only minor variations in A.
However the maximum ¢ for the light source was 20° due to the
large aperture lenses used. It was therefore important to check
the average wavelength in this converging beam and also estimate

the bandwidth. A simple method was devised to do this.

A coloured glass filter with a reasonably linear change in
absorbance in the appropriate wavelength range was used. The light
intensity, with and without this filter; was measured and the
absorbance obtained was compared with the absorbance measured on
the spectrophotometer. Table 3:1 shows the perpendicular sPecifications
for the interfererce filter and the experimental values found by this

method. The deviations from A are small.



TABLE 3:1

Interference Filters

A /nm Band Width / n | A¢/nm Band Width¢/
nm nm
404 .2 11.0 1.45 400 1€
436.2 11.2 1.45 432 16
442.,1 11.0 1.45 438 16
455.0 8.8 1.45 452 13
485.5 10.0 2.00 484 12
508.0 9.6 2.00 507 11
546.0 10.0 2,00 545 11
576.4 8.0 2.00 576 9
588.6 10.2 2.00 588 11
599.1 10.0 2,00 599 17

632.0 9.4 2.00 632 10



The Electrodes

The semi-transparent ORDE was first developed by Fie1d§6.
These electrodes consisted of thin films of Pt deposited on
quartz. However the poor transmittance to resistance ratio
and the very large surface effects (surface factors were found
to be >6) made them unsuitable for the photogalvanic measurements

made in this thesis.

The design of the SnO2 electrodes used in this thesis
was first perfected by Egdellsg. A complete electrode is shown

in Plate 3:3 and Figuve 3.7.

Both ends of a 4mm quartz rod (Spectrosil B, Thermal
Syndicate) were polished in stages, starting with 180 and 320 grit
Bramet carborundum discs (Engis Ltd.) with water as a lubricant.
The next stage was performed with a glycerol/carborundum (600 grit)
slurry on a Hyprocell Pellon,type PSV,polishing pad (Engis Ltd.).
Finally a water/cerirouge (grade 90) slurry, on a similar pad,
was used until there were no scratches or distortions visible with

a X 7 jewellers' eyepiece.

The rods were then very carefully cleaned and a coat of
Johnson Matthey PBC 2532 platinum paint was applied to the side
of the rod for the end 2cm and to a 0.2mm anulus around the face
of the electrode. This was to ensure a good electrical contact

between the face and the side of the rod. The paint wss fired
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up to 800°C in a Carbolite MF3 furnace to remove the organic

components of the paint leavirg a thin Pt layer.

The tin oxide was then deposited on the face of the electrode
by spraying a solution of SnC14/Sb015 in ethyl acetate onto the
red hot rod. The spraying solution was prepared by slow addition
of 16.7 cm> of SnCl, and 1 em> of SbClg to 33.3 em® of ethyl
acetate in a dry glove box. The mole ratio of Sn:Sb was 95:5
. giving the maximum film conductivity60. The pale yellow solution
matured to a deep brown after several weeks and was then sprayed
onto the rod, just previously heated to red heat in an oxygen
natural gas flame, with a DeVilbis spray gun using compressed
air. The rod was rotated at ~5 Hz during the 1-2 second spraying.
Reflected interference rings showed fhat the thickn~ss of the

film was 400-700 nm. Figure 3:7b shows the absorption spectrum

of the film.

The high doping concertration was chosen to produce an
electrode as close to a transparent metal as possible. Semiconductor
effects due to low carrier concentrations were not desired.

61 ) 62
Schottky-Mott experiments by Hillman and Bartlett  showed the

. ; 21 . -
carrlier concentrations to be between 1 and 3 x 10 carricrs cm
which was more than adequate to prevent any drop in potential

across the space charge layer of the semiconductor for the current

densities measured in this thesis.
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Light focussed onto the top of the electrode was trapped
by internal reflection ard passed through the tin oxide layer
at the other end of the rod. Field56 calculated that this
light. would have a significantly non uniform radial intensity dependence.
He predicted that it would be higher at the centre of the electrode
than at the edges. Turner57 confirmed this experimentally.
However Egdell59 showed that the assumption of uniform light

intensity is a good approximation. Three factors are favoucable.

1) The thickness of the SnO2 films was greater in the
centre of the disc. As the films absorbed light evenly

across the visible spectrum this evened out the non-

uniformity in the light intensity for all wavelengths.

2) Radial convection is much faster than diffusion towards
the electrode inside the diffusion layer and rapidly evens

out any non uniformity in the concentration of photoproducts.

3) All the experiments in this thesis were carried ou” in
region B of Figure 2:4 where X, < X, and the radial depeadence
of the light intensity does not affect the photoelectrochemical

collection efficiency.
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The Mechanical Design

The general layout is shown in Plate 3:4. The light source,
electrode and electrochemical cell were all mounted coaxially .
and supported on two 18 mm stainless steel rods set in a cast
iron baseplate. The electrode was rotated by a servo motor

connected by a toothed drive belt and two toothed pulleys to

the bearing assembly.

The bearing block was Luilt to a design by Hesldp63. The
important feature of this unit is the mercury contact. This was
intended to.reduce the noise well below the level generated by
the previously used silver carbon brushes. Initially the mild
steel mercury cup and the rotor were nickel plated so that the
mercury would wet the metal surfaces and provide a good contact.
However the nickel dissolved in the mercury and oxides formed
which broke the contact. The final solution, which provided very
low noise levels, was to put clean mercury into the highly

polished cup and rotor.

The electrode was held inside the central shaft by a collet
and the whole assembly rotated using toothed belts and pulleys

(Aurora Ltd.).

The motor was a printed armature,DC servo motor with integral
tachometer made by Printed Motors Ltd. It was controlled by an

Oxford Electrodes motor coutroller with digital readout of the






rotation speed tc + 0.0l Hz. The servo feedback for the
controller was provided by the integral tachometer. The
rotation speed of the motor shaft was measured using a tocthed
wheel and slotted opto-switch (RS components 306-061) providing
100 pulses per revolution. A frequency counter and digital
display provided the output. As the rotation speed could only
be measured on the motor shaft the toothed belt and pulleys were

used to avoid any difference in rotation speed between motor and

electrode.

The cell wes mounted on a platform, supported above the
baseplate, so that it could readily be lowered and removed to
allow the electrode to be changed without disturbing the bearing
block and optics. Figure 3:9 shows the cell arrangement. Because
of the high cost of the compounds studied and the small quantities
available a low volume cell was designed. The minimum volume of

solution required for this cell was 15 cm3.

The cell was thermostatted with water to i.O.ZOC of the
desired temperature (usually 25°C). White spot nitrogen was
further purged of O2 by passing through three Dreschel bottles
containing a caustic solution of anthraquinone-2-sulphonate in
contact with Zn/Hg amalgam. The oxy-free nitrogen was then

used to deoxygenate sclutions in the cell.
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Electronic Control and Measurement

The electronics were built with various modifications to
L] . 64 L) . . .
a design by Chadwick . The basic electronic unilt used 1s the

operational amplifier (op. amp).

Vo

Vs

This has two inputs, inverting ( - ) and non inverting ( + ),

and an output. The properties of the ideal op. amp. are
i) The op. amp. draws zero current at the inputs.

ii) Vv = V_ if there is a closed feedback loop, i.e. a

path of finite resistance between the inverting input and

the output.

In practice these conditions are almost fulfilled. Typical

| . ,
input resistances of ~ 10 20 and input bias currents of <20 pA

82



are found for FET op. amps. satisfying condition i). Condition
1i) is also met as open loop gains of >10° are found for most

op. amps.
v = (Vv

A number of modules were constructed.

1) Potentiostat : Figure 3:10a. The non-inverting input
and thus by condition 1i) the inverting input are held at a
potential Vs by the voltage source, S. The working electrode,
held at earth, 1s thus at a potential -V relative to the
reference electrode. In order to maintain this condition current,
i, is passed through the counter and working electrodes. The

current is measured by measuring AV and applying Ohms law.

Various values of resistor, Rp were used (lk, 10k and 100k).
The op. amp. output voltage is limited by the supply to + 15V
and it can only supply 2-5mA at this potential. The resistor Rp
is chosen so that the op. amp. does not saturate (i.e. reach its
maximum output voltage). Thus for high currents,e.g. 1-2 mA,a
low value of Rp is used. The advantage of using a high value of
Rp for low currents (1 nA - 10 pA) is that this amplifies AV

directly and it was found that this gives a much better signal:

noise ratio than using a low value of Rp and subsequent amplification

of AV. Thus for Rp = 100 k a factor of 20 improvement in the
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signal to noise ratio over Rp = 1 k was found.

A further improvement in the signal:noise ratio was made
with the capacitor, Cp, for time dependent measurement. The
time constant for the simple R Cp fiiter being chosen to be
much less than the time constant of the measured current change

to avoid distortion.

2) Voltage Follower: Figure 3:10b. Using conditions

i) and ii)

This circult prnvides a means of drawing zero current at
the input, vy, and giving a low impedance output of the same

voltage.

3) Voltage inverter : Figure 3:10c. In this case

and the circuit is used for just this purpose.

4) Summing inverting amplifier : Figure 3:10d. In this

case



B

(V= V)

(V —V3)+(V2—V) =

1 3

X

dv
and aw, +v) = - -2
17 Y2 x

This unit is used to add voltages and then amplify the

sum by a factor -x (x =1, 10 or 25).

5) Voltage Source: Figure 3:1la. This provides a voltage

VS where -2V < VS < + 2V in steps of <l mV.

6) Triangle wave generator : Figure 3:12. This unit

gives a triangle wave with

v _ 1, 2.5, 5, 10, 25, 50 mV/s
dt 0.1, 0.25, 0.5, 1.0 & 2.5 V/s.

The peak to peak voltage is variable between O and 5 V.

7) Photodiode Circuit : Figure 3:11b. The voltage output,
V , is proportional to the incident light intensity, Io. The

o

response time is < 250 ns.

By combining these modules the circuit shown in Figure 3:13
was constructed for photogalvanic measurements. The potentiostat

is as described in 1). The potential difference, AV, can be
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measured after the voltage followers and then the current found

by Ohms law

However when making photogalvanic measurements it is sometimes
necessary to measure small increases in the current on top of a
large background. For this reason the output is converted by

the inverting amplifier and the summing inverting amplifier to

V = x . AV + (2x + l)V3

and dv = x . dAV

Thus by choosing a value of V3 so that

xXAV =~ -(2x + ])V3

the output Vo will be » O and a small change in AV, dAV, may
be amplified by the factor x and measured on the most semsitive

scale of the voltmeter. (Fluke 8000A Digital Multimeter).
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ACTINOMETRY

Measurements of light intensities were made using the method
of Hatchard and Parker65 for ferricxalate actinometry as a
standard. Light was passed through an ORDE into a ferrioxalate
solution of sufficient optical density to trap 997 of the light.
The quantity of Fe(II) generated was measured spectrophotometrically
after complexation with 1:10 phenanthroline and the light

intensity calculated given the absolute quantum yield measured by

Hatchard and Parker .

A Metrologic 60-535 kadiometer was then calibrated to this
standard (at 452 nm). The spectral response of the radiometer
is shown in Figure 3:14a. Using this response curve the
radiometer readings can be corrected to give the true light
intensities for the various wavelengths selected by the interference
filters. These are shown in Figure 3:14b for a typical electrode.
The light intensities are expressed as photon currents. By a
suitable choice of neutral density filter an approximately constant
photon current may be obtained across the visible spectrum which is
- useful for measurements of action spectra. This is shown in the

figure with the appropriate neutral density filter number marked.
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CHEMICALS

1) A1l simple inorganic chemicals were of Analar grade
and used without further purification. All water used was

deion.sed and then doubly distilled.
2) Ruthenium complexes:

a) Ru(bipy)3C12.6H20 was prepared by the method of

Burstalllé. Ru(III)Cl.,.xH.0 (B.D.H.) was heated with excess

3
2 2' bipyridyl at 250-260°C for several hours. The cooled melt

was then extracted with benzene to remove excess organics and the

Ru(bipy)3C12 recrystallised three times from water.

C H N Cl
Analysis Calc. 48.15 4,85 11.23 9.47
Found 49.53 4.79 11.64 9.96

b) All other Ru(II) complexes were prepared by Anderscn§6

who took great pains to prepare the more soluble chlorides and

to avoid the phosphinic acid route67 to these complexes. The
phosphinic acid route invariably leaves trace phosphate impurities
with the complex . Egdell59 and others have shown that phosphate

poisons electrode processes at semiconductor surfaces.
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3) Substituted Thionines:

These were prepared by Suoto Bachiller37 by the routes
shown in Figure 3:15. Only very small quantities

were prepared and they have not as yet been fully characterised.

FLASH ELECTROLYSIS APPARATUS

This apparatus is only a slight modification of the ORDE

apparatus. The major differences are

1) The projector light source is replaced by a camera

flash gun.

2) An oscilloscope is used to store the transient photocurrents

as they are too rapid for an X-Y recorder.

Coles58 suggested the use of a camera flash gun for the
investigation of transient photogalvanic effects,for which it

has proved very useful.

A Prinz 770C was used for all flash electrolysis experiments.
In such a flash gun the D.C. power from batteries (4 x 1.25V Nickel-
Cadmium AA rechargeable cells).is converted to A.C. by an
oscillator, transformed up to several hundred volts and then rectified
to give a high voltage direct current. This is in turn used to charge
up a capacitor where the energy is stored until released across
the flash tube. The flash tube is a "Daylight type, colour coated

Xenon tube with a colour temperature of 5,600 K".
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Figure 3:16 shows the output light intensity as a function
of time and the integrated light intensity. More than 787 of.
the light is delivered in the first 0.5 ms. The dotted lines
show how the flash can be cut short after a given time. This
proved a useful feature both to reduce the time duration of the
flash and to reduce the total amount of light delivered. It
was achieved by using the flash gun on its "auto" setting. In
this mode a photocell on the front of the flash gun is connected
to an integrator which cuts the flash off when a given integrated
light intensity is reached. By reflecting different amounts of
light back onto the photoceli, by adjusting the position of a
small piece of paper close to the flash gun, the flash could be

cut off at any time.

Figure 3:17 shows a block diagram of the flash apparatus.
The optical electrode is potentiostatted and the current transient
stored on a Gould Advance 0S 4000 Digital Storage Oscilloscope
with a 4001 output unit. The oscilloscope was triggered at the
beginning of the flash using the signal from a separate photodiode
with a response time of 250 ns. Once stored the transient could
be rolled out of the output unit slowly onto a Bryans 29000

XY,t recorder to obtain hard copy.
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PROCEDURES

Formal Electrode Potentials

Various methods were used to measure the formal electrode
potentials of the couples studied. The method used depended on
the electrode kinetics and the stability of the oxidation states.
Polarograms were recorded, under potentiostatic control, at a
slow sweep rate (~ 5 mV/s) to screen compounds quickly for

reversible electrode kinetics.

(a) Reversible Systems : If a compound was found to
be reversible the formal electrode potential, E', is equal to
the half wave potential and may be obtained by simple analysis.
Measurements were made at a rotating tin oxide electrode. The
electrode was potentiostatted at various points on the wave and
the current and potential noted. A correction was made for the
small background currents at the electrode. The very small
surface effects made the tin oxide electrode ideal for measuring
polarograms at low concentrations.as many of the compounds were
in short supply and/or sparingly soluble. Figure 3:18 shows the
behaviour of the electrodes in 0.5M H,SO, and 0.5M HCl. In

4

H2804 they behave as 1ideal polarised electrodes between -0.2 and
+1.3V (v S.C.E.) and, in HC1l, between -0.2 and +1.1V (v S.C.E.).

In both media use of the electrodes at potentials mrore negative

than -0.3V causes reductioa of the Sn(IV) to Sn(II) and dissolution
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of the electrode. At positive potentials solvent decomposition
was found to occur at > +2.,0 V. But use of the electrcde ar

> +1.3 V caused a marked deterioration in performance.

(b) Stable irreversible systems : The formal electrode
potentials for the Fe(II)/Fe(III) couple were measured by
potentiometric titration. A known concentration of Fe(II)
was added in small aliquots to a known concentration of Fe(III)

and 'the potential of zero current was measured. A simple Nernst

plot then gave E',

(c) Unstable irreversible systems : Some of the Ru(II)
compounds did not have reversible electrode kinetics and Ru(III)
was unstable with respect to reduction by water. The formal
electrode potentials were therefore measured by electrogenerating
Ru(III) from Ru(II) in situ and then measuring the potential of
zero current and the limiting currents of the two species. This
was repeated several times for different proportions of Ru(II)
and Ru(III). Each measurement could be made in <30 secs. This
was much faster than the reductioh of Ru(III) by the solvent which
had a half-life ranging from 103 - 104 secs. at room temperature.
A Nernst plot could then be constructed as the limiting currents

for the two species are proportional to their concentrations.
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Diffusion Coefficients

Measurements of diffusion coefficients were made using the
Levich relation for the limiting current at a rotating disc
electrode (equation (2:13)). Using krown concentrations of the
pure samples the limiting current was measured at various rotation
Spgeds and the gradient of i. v W% was used to find the diffusion

L

coefficient.

-1 1 -¥.
D = (n.A.F.c,v °. i W? . 1.554) 2 (3:1)

The electrode was under potentiostatic control for these

v
measurements and the cell was thermostatted at 25 C.

Some diffusion coefficients were also measured as a function
of temperature. For these experiments the cell was simply thermostatted
at different temperatures and measurements of the limiting current as

a function of rotation speed were made as above.

In equation (3:1) the kinematic viscosity, Vv, also has a
temperature dependence and measurements of v were thus necessary
in order to obtain the diffusion coefficient. These measurements
were made using an Oswald Viscometer thermostatted at temperatures
between 20 and 50°C. Calibration of the viscometer was made

. 68
using the literature values = for H,0.

) 69 . . .
The Albery-Hitchman method ~ for measuring the diffusion

coefficient by exhaustive reduction or oxidation of the relevant
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ion at a rotating disc was not suitable, despite the advantage
that the concentration of the ion need not be known. The time
of the experiment (typically 1 hour) is comparable with the rate
of reduction of Ru(III) by the solvent. This means that the
electrode cannot exhaustively oxidise all the Ru(II) and the
method thus fails. The method was, however, used successfully

70

by Foulds and Bartlett’® to measure the diffusion coefficients

for some of the newly syrthesised substituted thionine dyes,

quoted in Chapter 5.

Photogalvanic Measurements at the ORDE

Various experiments were conducted with the ORDE apparatus
all under potentiostatic control. The change in current, Ai,
when the shutter was opened was usually measured by the method
described in the electronics section of this chapter. However
in some cases it was possible to run polarograms with the
shutter open and observe the photocurrent as a function of
potential directly on the X-Y recorder without amplification by

the summing inverting amplifier.

Light intensities and wavelengths were varied with the
neutral density filters and interfergnce filters respectively as
described. The Metrologic Radiometer was used to measure the light
intensities for every electrode as both the areas and the transmittances

of the electrodes varied from one to another.



In many of the experiments it was necessary to change the

concentration of one component of the solution, while keeping the

others constant. Rather than change the whole solution for each
concentration a titration technique was developed. To a known
volume of solution in the electrochemical cell small aliquots of
a solution, of the same composition in all components but the
one to be increased, were added. A syringe drive was built to

3

add volumes from 0.0l cm3 upwards. A 2.5 cm™ 1002 LT Hamilton

syringe was mounted in an 2luminium support and driven by a
micrometer screw gauge graduated in 0.01 mm. A Hamilton teflon

needle of internal diameter 0.6 mm was used to introduce the

solution into the cell.

Stopped Flow Measurements

A number of rate constants were measured using a Nortech
Laboratories Stopped Flow apparatus developed by Caldin?l. This
apparatus was a composite of two models. The basic apparatus was
the SF-2A model, however this was improved by the use of a
grating monochromator and the control system for the SF-3A model
(Plate 3:5). All the experiments in this thesis were conducted

under pseudo first order conditions.

One useful feature of the apparatus was a "ratio arm'". This
pivoted lever allowed the reactant syringes to be driven in

various ratios (1:6, 1:3, 1:2, 1:1, 2:1, 3:1 and 6:1) so that the
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concentrations o:i the reactants could be varied without

making up solutions at each concentration.

The two general reactioms studied were

k
1) Ru(III) + Fe(Il)———=TFe(III) + Ru(II).

k
2) Substituted leucothionine + 2Fe(III)—+=2Fe(II) +

Substituted Thionine.

In both cases the reactants, Ru(III) and substituted

leucothionines were not stable and were generated electrochemically

just prior to the experiment. As already stated the Ru(III)
complexes are slowly reduced by water at room temperature and
quite rapidly at 50°C. They were thus generated with a large

Pt gauze electrode potentiostatted at +1.2 V v SCE and used
immediately. The substituted leucothionines were highly sensitive
to oxygen and were also generated with a large Pt gauze electrdde
potentiostatted st OV v SCE and used immediately. A stream of
Argon was used to keep oxygen from entering the reservoirs

containing the reactants.
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CHAPTER 4

FLASH ELECTROLYSIS

This chapter describes the development of Perone'é4 9technique
to measure transient phenomena at the optical disc electrode.
It describes the type of experiment performed and the results

used to prove the theory and experimental procedure.

The following diagram rationalises the types of experiment

possible with the optical electrode

Light Constant Flash
Electrode

Rotating J X
Stationary x J

With a constant light intensity the électrode must be
rotated to set up well defined hydrodynamics so that a steady
photocurrent can be measured. Tﬁis photocurrent can then be
calculated using the ORDE theory. Some of the first transient
experiments were attempted at a rotating electrode by using
a camera shutter to interrupt the light beam. These experiments
proved unsatisfactory because of the noise generated by the
peripheral equipment (lamp p.s.u., cooling fans, motor and

controller etc.). A flash experiment was therefore developed.
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For the flash experiment the electrode is kept stationary
as the theory is most easily derived assuming semi-infinite
linear diffusion. Rotating the electrode both complicates the
theoretical treatment and reduces the observed effect by
convective dilution. A further advantage is gained as all of
the peripheral equipment required to maintain a steady state in
the ORDE experiments can be switched off for the one or two

seconds duration of the experiment, greatly reducing the noise

level.

EXPERIMENTAL PROCEDURE AND RESULTS

The apparatus developed for these experiments is a slight
modification of the ORDE apparatus and is described in the previous
chapter. For these experiments the electrode is potentiostatted
at a potential where all the photoproducts reaching the electrode
will be oxidised (Thionine system) or reduced (Ruthenium system).
The flash gun is then fired and the current—time transient

recorded on a storage oscilloscope.

Solutions The solutions for these experiments were made

up with the following factors in mind.

1) The dye, A. A lower limit on the concentration of the
dye is imposed by the need to achieve a measurable signal above
the noise. This limit was found to be 5 x IO_SM for toth

thionine and ruthenium systems. The upper limit on the concentration
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is set by two constraints. The first is that the optical
length, Xe’ must be much greater than the length, X', over
which photo-porducts diffuse to the electrode in the timescale
of the experiment. This is in order to fulfil the assumption
made in the theory that the solution is subjected to a constant
light intensity as a function of distance from the electrode
during the flash. This assumption is not absolutely necessary
(a Beer-Lambert profile could be used) but it does simplify

the mathematical treatment.

XB is given by

(x!)?

t

D = (4:1)

and assuming values of D ~ 5 x 10-6 cmz/s and of an empirical

maximum t of ~ 2 s.
xb ~ 3 x 10—3 cm,

This puts an upper limit on [A] of 2 x 10-4 M assuming that
X =10 Xﬁ and taking e =1 x ]05 (natural log. extincticn
€ .

coefficient), which is a typical value for the most strongly

absorbing thionine compounds. The second requirement concerns

the ratio of [A] : [Y] and is discussed in 3).



2) The quencher, Z : The concentration of the quencher
was always chosen to give the maximum quantum efficiency,¢],

for the electron transfer quenching

%
i.e. for the system A by ~A (4:2)
x Z
A—— =B +Y kq{‘Z] (4:3)
k
*
At on k (4:4)

k 21> k .
q[ ] .

For Ru(II) systems this is 10-2 M Fe(III) and for Thionine
systems 10_2 M Fe(iI) although the absolute values of kq and kt

are different in each case.

3) The Oxidised/Reduced quencher, Y : The concentration of
this species was varied to give pseudo first order rate constants,
kobs’ in the range 1 - 500. The reasons for limits are discussed
at the end of this chapter. One further condition imposed is on
the ratio of [A] to [Y]. An analytical solution for the flash
electrolysis transient can only be found for a first order decay
of B. If the flash converts a high proportion of A to B then
in order that pseudo first order kinetics for the back reaction

k_,
B +Y A + Z (4:5)

should hold, we must have [A] < [Y]. This is not an easy
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condition to fulfil for k_, > 10° M sl as we must also have

kobs < 500, where kobs = k_z[Y], so. we must have

[A] << [Y] < 500/k_2

4 4

or 100 M << [Y] <5 x 10

which leaves little room for changing [Y].

4) The background electrolyte: For all measurements of
k_, this was standardised as 0.05 M H,S0, for thionine systems

and 0.5 M HC1 or H,S0, for Ruthenium systems.

The Electrode. The stationary optical electrode was

potentiostatted at the potential of zero dark current. This
corresponded to potentials in the region of + 0.4 to + 0.5 V for
both Ruthenium and Thionine systems as the small exchange currents
of the irreversible Fe(II)/(III) couple were sufficient to poise
the electrode at these potentials. The electrochemistry of

the Fo(11)/(I1II) couple at SnO2 electrodes is discussed in the
next chapter, however the important points of potentiostatting

in this region are.

1) The Fe(I1I)/(III) couple is almost completely inactive
in this region so that the only electroactive species is the
photoproduct B, (Ru(III) or Leucothio%g) ana the potential is such
that all the B reaching the electrode is reduced (Ru(III)) or

oxidised (Leucothionine)., i.e. the concentration of B at the
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electrode surface, [B]o’ is zero.

2) The precise selection of the potential of zerodark
current (+ 5 nA) prevents the build up or depletion of Fe(II)/(III)
close to the stationary electrode due to the small but none the
less significant exchange currents. Furthermorel?he electrode
is not potentiostatted at the potential of zero dark current
there 1s a slow drift of this current due to the perturbation
of {Fe(II)] and [Fe(III)]. This causes errérs in the analysis
of the transients, which is very sensitive to the change in zero.

3) At potentials + 0,5 V to SnO, electrodes showed a

2
transient photoeffect of their own even in background electrolyte.

It was therefore necessary to avoid these potentials,

As stated in the introduction to this chapter the electrode
was stationary. This allows the thickest diffusion layer possible.
This in turn allows the longest time for the assumption of semi-
infinite linear diffusion, made in the theory, to hold and thus
extends as far as possible the lower limit for the measurement
of rate constants. This time is >10s as the electrodes were found
to have well behaved rotating disc hydrodynamics, as judged
by the limiting currents obtained (Fig. 5:5 ), at 1 Hz and this
rotation speed corresponds to a time of passage across the diffusion

layer of ~10s.
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The Transient. Just before the flash much of the peripheral

equipment (in particular the water pump and temperature controller)
was switched off to reduce noise levels and the nitrogen was
switched from bubbling through the solution to passing over the

top to prevent convection close to the electrode. The flash gun
was then fired manually and the light, IO, and current, i,
transients followed on the double-beam storage oscilloscope.

The oscilloscope was triggered at the start of the flash as

measured by the photodiode. A typical example is shown in Figure

4:1,

The early part of the transient was found to yield no useful
information on the rate constant because of the slew potentiostat
response and is discussed in a subsequent section of this chapter.
The signal was therefore amplified for accurate measurement of
the latter part of the transient (Figure 4:2a) and analysed
according to the theory (equation 2:60) by plotting 1n/it%) v t

(Figure 4:2b).

It is clear that the shape of the transient is predicted
accurately by the theory and the gradient of the line gives the
rate constant, kobs‘ The second order rate constant, k—2’ is

found by measuring kobs as a function of [Y].

Results

1) Ru(II) systems: In order to obtain quantitative
confirmation of the theory a number of Ru(II)L3 systems were
studied under the same condition (0.5 M HZSOA) as those used

by Sutin26. The rate constants, kobs’ were mea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>