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The efficiency of a photo-redox system for a photogalvanic cell can be 
tested by measurin g the kinetics of the bleaching process. A wave separating 
the bleached and unbleached system is observed to pass through a 10 Cm cell. 
A theory is developed to describe how the velocity of this wave depends 
upon the kinetics of both the bleaching reaction and the back reaction. For 
the iron-thionine system theory and experiment are shown to be in good 
agreement in 1 cm and 10 cm cells. 

1. Introduction 

In this work we describe theory and experiments for the kinetics of the 
processes leading to the photostationary state when the irmdiance is suffi- 
ciently large for the photogalvanic solution to become bleached. The particu- 
lar system we studied is the iron-thionine system [ 1 - 43 : 

hV 
Th - Th* 

Th’ + Fe(II) fhy S’ + Fe(III) 

S’ + Fe(III) k-1 
- Th f Fe(I1) 

S'4S' 
ka -Th+L 

L + Fe(II1) % S’ + Fe(B) 

where Th, S’ and L are given in Fig. 1. The notation for the rate cons$ants 
has been given’previously [ 5, 61. With sufficiently intense hradiance the 
thionine can be almost completely converted to leucothionine and thb solu- 
tion becomes bileached. This photostationary state is unusual.in that the 
concentration of leucothionine is then nearly equai to the concentration of 
thionine in the dark; the much smaller concentration of thionine has to he 
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Fig. 1. The forms of thionine in the iron-thionine system. 

sufficient to absorb the photons necessary to maintain the photostationary 
state. Another unusual feature of the transient behaviour on the way to the 
photostationary state is that the bleaching starts at the front of the cel.l and 
traveIs through the cell as a wave. Our theoretical treatment describes the 
concentrations with respect to both time and distance. 

2. Theory 

Under conditions of high irradiance (and low [ Fe(III)] ) the iron- 
thionine system reacts by the A2 B2 Cl mechanism [4 - 6]_ This mechanism 
can be conveniently written as 

where 12L2 = k--2 [ Fe(III)] . 

We write 

a = [Thl/[ThlD 
b = W-1 /[ThlD 
c = [Ll /CThl D 

where [Th] n is the concentration of thionine in the dark. Then for mono- 
chromatic light of irradiance I 

fhv = CslIe [Thl ~a (1) 

ac aa -=-_= 
at at 

* qlIea - $ kl_,c (2) 

and 

a+c=l (3) 

Here b is assumed to be neghgible compared with a or c, the factors of 4 
arise from the dismutation reaction and cpl is the quantum efficiency for the 
formation of S ’ _ It should be noted that eqn. (2) would also apply (without 
the factors of *) for the folIowing simpler system: 



3 

The variation of I with distance x through the cell is given by 

ar 
az= -1e[Th]g 

By introducing the dimensionless variables 

we obtain 

and 

(9) 

with the bomdary conditions that 

atr=o a=1 

and 

(111 

atx=O 8=1 (12) 

IfweassumethatK issosmaUthattheterminK canbeignoredin 
eqn. (9), then the solution of eqns. (9) and (10) with the boundary condi- 
tions is given by 

a = (l+ exp(7 -x) -exp(T)JS1 (131 

and 

8 = {l + exp(x -7) -exp(-))--I 

where 

aa --exp(r -xl -= 
a7 Cl+ exp (7 -x) - exp (-x)1’ 

= -0a 

(14) 

ae -= --exp (x -7) 
ax fi + -P(X -7) -wKP(---~))~ s-ea 
For a cell of’length I, where 

xl = kIThID S 1 
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the terms exp (-X ) and exp (-r) in eqns. (13) and (14) are negligible for 
most of the cell. Hence we find 

a * {l + exp (7 - X)}-l (15) 

and 

8 = {l + exp (X - r))-l (16) 

These equations describe the progress of the bleaching wave through the cell. 
In particular 

when 

7= X 

and the velocity of the wave is given from eqns. (5) and (6) by 

(17) 

The velocity is determined from the number of photons per unit area per 
unit time 1, which with a quantum efficiency of& are required to bleach 
all the thionine [Th],. The variations of concentration and irradiance with 
time and distance described by eqns. (15) and (16) are shown in Fig. 2. 

In the treatment so far we have ignored any back reaction described by 
K . For the solution to become bleached, n Q 1. Low values of K do not affect 
the bleaching process at the wave front. However, the back reaction in the 
bleached part of the solution behind the wave front has to be balanced in the 
steady state by the forward reaction which therefore consumes photons: 

From eqn. (9), aalar = 0 after the wave front has passed and 

U=(1+8/K)-1 (18) 

Substitution into eqn. (10) and integration gives 

Klne+e=l---KX 

Expansion of the logarithmic term shows that, for small values of K 

e * l--KX (19) 

Hence there is a linear decrease of the irradiance with distance in the bleached 
part of the cell. This decrease in irradiance means that the velocity of the 
wave slows down as it travels through the cell. In describing the wave front 
we replace 7 as defined by eqn. (6) with 

rx* = It - tl&rPlIoee 

= (t - fl,d+&dl - KX,) (20) 
where t,,, is the time at which the solution at x* becomes half bleached. 
Then, for X close to X * and t close to tli2, we can follow the previous argu- 
ment and hence obtain for the &radiance 



Fig. i . A plot of eqrus. ( 16) and (16) deecribii the bleaching wave moving throw the 
cell. The curves labelled 8 refer to the kradiance and the curvee labelled CI refer to the 
thioaine concentration. The two $&es acmma the dii show “photographa” of the 
k-radiance and tbionine concentration at particular times. The slice into the diagram 
shows the transient behaviour at a particular point down the cell. The broken line through 
the midpointe showa the velocity of the wave as it moves through the cell. 

e (1 -KX*) 
a 1 +exp(x -xt -7x*) 

(21) 

This equation does not hold at the front of the cell for x < 5 since weihave 
ignored the terms exp (-_x) and exp (-7). For the velocity we find 

“x* = uo(l - KX) (22) 

where u. is given by eqn. (17). 
The velocity is measured by observing the time tllz taken for the, solu- 

tion at the end of the cell of thickness 1 to become half bleached. Then from 
eqn. (22) 

jdx 
tW4 = J 

ln (1 -BBI) 
- = - 

0 4 GG 

llnf91 =- 
vov --e,) 

where 

cw 

B = KEIThlD 

= kl-2 CThl,/a&, (24) 
and from eqn. (21) the irradiance in the steady state of the light passing 
through the cell is 

e1 = 1 -Bl (251 
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From eqns. (16) and (20) the shape of the transient as the wave front 
reaches the end of the cell may be written as 

In (0 ,/0 - 1) = ---rX* = , 

We studied this system in a 1 cm cell and in a IO cm ceii. In the 10 cm 
cell x was approximately 55 at the end of the cell and, on opening the camera 
shutter, a we&developed wave was seen to pass down the cell. For this 
experiment we could therefore measure the time tllz for the wave to reach 
the end of the cell and the transmittance t?l of the solution in the cell, and 
we were able to analyse the shape of the transient when it reached the end of 
the ceil according to eqn. (26). For the 1 cm cell the distance was too short 
for the wave to be fully developed and e1 was very close to unity. Hence for 
this cell the back reaction is negiigible and we analysed the transient accord- 
ing to a rearranged form of eqn. (16): 

ln(K1 - 1) = ln {exp (x) - 1) - +plIoet (27) 

We also obtained a value for u. (when x = T) by finding the time t, when 

B = {2 - exp(-Ze[ThJn))-’ (23) 

and 

UQ = i/t, 

From these experiments we obtain information about the rate of photo- 
generation of leucothionine from cpl Ioe, from analysis of the transient’ or 
from uo. The measurement of B using the 10 cm cell gives information about 
the ratio of the generation rate to the rate of the back reaction; because the 
solution is bleached a 10 cm cell is needed to measure the small fraction of 
unbleached thionine. The rate of the back reaction can be very simply ob- 
tained by combining B and uo: 

kL2 = 2Bvo (30) 

This quantity can be measured directly from tllz measurements on the 10 cm 
ceil (eqn. (23)) together with d1 from eqn. (25). 

The iron-thionine system will react by three different mechanisms 
depending on the irradiance of the light and the concentrations of Fe(H) and 
Fe(II1) [ 5, 61. So far we have assumed that with high irradiance (and low 
[Fe(III)] ) the mechanism is A2 B2 Cl. In practice it is difficult to make this 
mechanism completely dominant in the steady state. There is some significant 
back reaction of S* with Fe(II1) with rate constant k_l - the Al B2 Cl 
mechanism. However, whilst this route contributes significantiy in the steady 
state, it is insignificant in the transient behaviour at the wave front. This is 
because at the wave front the high flux of photons acting on the unbleached 
concentration of thionine produces sufficient semi-thionine for the dismuta- 
tion reaction of S’ to be completely dominant (A2 B2 Cl). Thus it is possible 



for a system at a particular value of x to start with mechanism Al B2 Cl, to 
change to A2 B2 Cl as the wave front passes and then to return to Al B2 Cl 
in the bleached steady state, where the photogenerating flux has been reduced 
because of the bleaching. In our case the analysis assuming the A2 B2 Cl 
mechanism is correct for the transient behaviour. However, we have to modify 
the treatment for the steady state in the bleached solution. The reaction 
scheme becomes 

where kL1 = kdl [Fe(III) J . Because the solution is bleached [L] = [ Th]n. 
Hence in the steady state 

k,[S-1’ = kLz[ThlD (31) 

We define a quantum efficiency rp2 for the fraction of S’ that form L com- 
pared with those that form Th [7] : 

Ms’l 2 
cp2 = 

2k2 [S’] 2 + kL, [S’] 

= {2 + k’1/(kak’21Th]n)1’2)-1 

Then for the steady state we must redefine K in eqn. (7) to give 

(32) 

k:2(1-92) 
fc= 

VlVZk 
(33) 

where (1 - cpz) and p2 describe the partitioning of S’ for the back reaction 
and the forward reaction respectively. Substitution of eqn. (32) into eQn. 
(33) gives 

kL2 + kll (kL2/ka [Th] D)1’2 
K= 

rP1Ioe 
I341 

In this expression the k!_, term derived earlier is associated with the As B2 Cl 
mechanism and the extra k’, term is associated with the Al B2 Cl mecha- 
nism. It is interesting that the analysis of the bleached photostationary state 
is much simplified by the fact that the flux through transition state’2 is 
independent of the light intensity; this then fixes the concentration of the 
semi-thionine intermediate (see eqn. (31)) and hence cp2. 

FinaIly in order to bleach the solution we have to irradiate the system 
with polychromatic light. A detailed analysis comparing the equations for 
polychromatic radiation with those for monochromatic light shows that the 
corrections are of the order of 10% Hence we write 

F=E ul,,/l.~O (35) 

where E is the effective extinction coefficient and emPr is the extinction 
coefficient at the maximum absorbance. SimiIarly we replace I,-, by ! 
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0 

To = z-1 J I’e dX 
0 

where I’ is the h-radiance per unit wavelength. * 

(36) 

3. Experimental 

The apparatus has been described previously [6]. Moderately parallel 
light from a 250 W quartz-halogen projector lamp was passed through either 
a 1 cm or a 10 cm cell, then through a monochromator and finally to a 
photodiode. The monochromator was set at 600 nm, which is h,,, for the 
thionine absorption band. The irradiance of the light was varied using a set 
of neutral density filters. The transients were measured using an Edwardian 
Camera shutter with a time constant of 2 ms and were recorded on either a 
Gould OS 4000 digital storage oscilloscope or directly on to a Bryar~s 29000 
A4 XYt recorder. The preparation of chemicals and solutions has been 
described previously [6]. The 1 cm cell was thermostatted at 25 “C; experi- 
mentsin the 10 cm cell had to be carried out at room temperature, 23 f 2 “C!. 

4. Results and discussion 

We carried out two sets of experiments as given in Table 1. The irradi- 
ante was decreased by up to a factor of 4 for the 1 cm cell and by up to a 
factor of 2 for the 10 cm cell through the use of four and five neutral density 
filters respectively. Photodiode readings were taken with distilled water in 
the cell and throughout t9 is the photodiode reading divided by the value 
with distilled water. 

Typical photo&ode transients are shown in Fig. 3. The long *‘induction” 
period in the 10 cm cell while the wave is travelling through the cell should 
be noted. The movement of the wave front along the cell can also be observed 
directly. The transients were analysed using eqns. (27) and (26), and the 
results are shown in Figs. 4 and 5 respectively. Good straight lines are found. 
For the 10 cm cell results for o1 as a function of the transmittance @ of the 
neutral density filter are given in Table 2. For the 1 cm cell Br = 1 through- 
out. The gradients of plots such as those in Figs. 4 and 5 are plotted against 
@ in Fig. 6. As required by eqn. (26) the gradients for the 10 cm cell experi- 

TABLE 1 

Experimental conditions 

1 10 50 91 50 
10 42.6 50 100 50 
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Fig. 3. -pical photodiode transients: -, 1 cm celi; ---, i0 cm cell. The d&continuity 
in the time scale should be noted. 

Fig. 4. An analysis of a typical transient in the 1 cm cell according to eqn. (27). 

Fig. 6. An analysis of a typical transient in the 10 cm cell according to eqn. (26). It 
should be noted that, as required by eqn. (26), the straight line passes through the origin. 

TABLE 2 

1 0.484 
0.71 0.409 
0.60 0.373 
0.47 0.268 

ments have been divided by the values of e1 in Table 2. A good straight line 
is found for the 1 cm cell experiments; the results from the IO cm cell 
experiments are in reasonable agreement but there is more scatter. From the 
gradient for the 1 cm cell experiments we obtain 



10 

0 I I 
QO a5 a!T? 

Fig. 6. A plot of $lpl&Fagainst the lxansmi ttance CD of the filter for four different types 
of analysis: +, 1 cm transient anal.Jsis, eqn. (27), Fig. 4; 0, 10 cm tzausient analysis, 
eqn. (26), Fig. 6; 0 , values of ~~I~Bcalculated from ug for the 1 cm cell using eqns. (29) 
and (17); *, similar values calculated from eqns. (41) and (17) for the 10 cm cell. 

(37) 

This may be compared with a value calculated by convoluting the lamp out- 
put with the thionine absorption spectrum and using cpl = 0.56 [ 7,8] to give 

+(P~(~~)~=~T = 16 s-l (33) 
Reasonable agreement is found. These results from the 1 cm cell transients 
are an interesting way of measurin g the effective forward reaction for a 
photogalvanic system driven by polychromatic light. 

Figure 6 also shows the values of u. for the 1 cm cell calculated from 
eqn. (29). The values have been multiplied by F[ Th J n since from eqn. (17) 
+v&,E = u,,e[Th]u. As required by eqn. (17) the values of uc vary linearly 
with a, and it is satisfactory that these points lie on the same line. 

Next we consider the values of B which can be obtained from the 
analysis of t?l for the 10 cm cell experiments using eqn. ( 25). In these experi- 
ments the long path length allows us to measure the small amount of thionine 
present in the bleached solution. Unfortunately we have to make a correction 
for other species which also absorb significantly when the thionine solution 
is bleached. This absorption is small and the Beer-Lambert law may be 
expanded to give a term that is linear with distance. Hence from eqns, (24) 
and (25) we obtain 

l-0,= ZfX!l +B*,l/* (39) 

where E ECU describes the absorption due to the other species and S/O 
describes the absorbance caused by the photostationary concentration of 
thionine; this is inversely proportional to the irradiance described by Cp . Two 
plots of eqn. (39) are shown in Fig. 7. One plot is for the conditions given in 
Table 1 and the other is for the same conditions except that there was no 
added Fe( III) ( [Fe( III)]n = 0). The concentration of Fe(II1) in the bleached 
photostationary state is given by 

[Fe(III)],,. = [Fe(III)]o + 2[Th]n (40) 
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Fig.7. Plotsofeqn.(39)shawingthattheresidualoptical denaityinthelOcmtilIi0 
partlycausedbyanimpurity:+,conditionsgiveninTable1;~,experimentewithpo 
addedFe(III). 

Both plots are good skaight lines and have a common intercept caused hy 
the other absorbing species. Because of the bleaching and the long path length 
these species are observed at concentrations of less than 1 PM. From the 
gradients we obtain the values of B e m I given in Table 3, together with values 
calculated from eqns. (24) and (34) using the values of the rate constants 
which we have previously measured [ 73. Again reasonable agreement is found. 

We now turn to the measurement of u. in the IO cm cell hrom the time 
tllz taken for the wave to reach the end of the cell. Allowing for the residual 
absorption we obtain a modified form of eqn. (23): 

(41) 

wheredl = exp (-IS&) * 0.70. 
The values of uoc [ Th] n are plotted in Fig. 6 as a function of the irradi- 

ante. Reasonable agreement is found with the values obtained from tk 1 cm 
cell and from the transient analysis for the 10 cm cell. Hence the passage of 
the wave down the 10 cm cell is well described by the theory. 

TABLE3 

Valuesof B@ml 

85 9x 1o-s 8x 16' 
185 1.9 x 1o-2 1.8 x 1O-2 

aCalculatedfrom eqn.(40). 
bFrom gradientsin Fig. 7. 
CCalculatedfromeqns.(24)and~(84). 
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In this work we have therefore described how measurements of the 
bleached photostationary state in the 10 cm cell together with transient 
measurements in either cell allow the rate of photogeneration (eqn. (37)) 
and the rate constant for the back reaction (eqn. (30)) to be calculated. 
While there are other techniques for measuring the back reaction, such as 
stopped flow, flash photolysis, flash electrolysis [ 7,9] or the transparent 
rotating disc electrode [ 73, it is particularly useful to have a technique that 
measures the photogeneration rate for polychromatic light directly since 
the convolution of lamp intensity with the absorption band of the dye is 
tedious and somewhat inaccurate. 
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