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The Application of Intermittent Illumination to the Bleaching of Dye. 
I. A General Consideration of the Method 

By Masao KolzuMi and Yoshiharu Usui 

(Received June 17, 1963)

It is well-known that intermittent illumina-
tion (the sector method) has been successfully 
applied to kinetic studies of polymerization, but 
it has not yet been introduced in the photo-
bleaching reaction of dye solutions. It is 
certain, however, that this method would also 
afford valuable information about the behavior 
of the intermediate produced by the irradia-
tion of the dye solution. For example, if a
certain intermediate with a lifetime of τ

absorbs light, there is a possibility that the

reaction is accelerated by an intermittent illu-

urination with a frequency comparable with

1/τ,as compared with the case in which it is

illuminated by a light with a lower frequency. 

There will be many other cases in which such 

specific effects may be anticipated. We under-

took such experiments by employing the strobo-

light as a light source. This consists of suc-
cessive flashes, the duration of which is several 
microseconds and the frequency of which can 
be changed within a certain region. Further-
more, one flash can emit a considerable amount 
of light. It is expected that such a light source 
has, in some cases, certain advantages over an 
intermittent light source by means of a sector. 

The object of the present paper is to discuss 
the basic points necessary for such a quanti-
tative application. For example, two factors, 
the intensity and the frequency of the flash, 
when varied over a wide range, may have 
some specific effects on the reaction which 
may be attributed to the method itself; 
therefore, it is necessary to consider them 
beforehand. For example, when the intensity 
of the flash is increased beyond a certain limit,
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the quantity of the reaction will become in-
dependent of the intensity. The present paper 
will first discuss four subjects which are closely 
connected with the experimental results to be 
presented later. 

The Establishment of the Steady State.-When 
a certain intermediate with a rather long life,
τ,is generated by an illumination, its concen-

tration will rise with a successive flash. It is 
desirable to know the number of flashes which 
are necessary to get the maximum concentra-
tion of the intermediate (X) and the value of 
the latter when the net reaction does not take 
place. These findings will be helpful in con-
sidering the situation in which the eventual 
reaction proceeds. 

The Effect of v on the Quantity of Reaction
at Various Flash Intensities when υ<<1/τ. -Even

when the frequency of the (successive) flash-

ing υ is substantially smaller than 1/τ, the

quantity of the reaction is still affected by υ

in a specific manner depending on the flash 
intensity. This effect may be said to be due 
to the method itself. The general features may 

perhaps be summarized as follows : 
A) At a constant light quantity per second,
the larger υ may increase the quantity of the

reaction per second more or less according to 
the intensity. 

B) At a constant light intensity of one 
pulse, the quantity of reaction per each suc-
cessive flash is independent of υ. However,

the average quantity of reaction per flash

decreases with υ.

The Effect of υ when τ=1/υ. -A complicated

effect due to the method itself may be antici-

pated.
Some Relations between I and υ Effects

when a Genuine Frequency Effect exists.-For 

example, the case in which X absorbs light 

and induces an additional reaction will be 

considered. 

I. The Establishment of the Steady State 

Let us consider the case in which no net 

reaction takes place and yet an intermediate,

Fig. 1. Change in the concentration of 
X when no net reaction occurs.

X, with a suitable lifetime, r, is produced. 
Upon successive flashes, the concentration of 
X increases until Xon and Xfn practically 
reach the constant value (see Fig. 1). 

The number of flashes necessary to realize 
this situation can be derived as follows : 
Put the initial concentration of dye as Co 
and the concentrations of dye immediately after 
each flash and just before the next flash, 
respectively, as Con. and Cfn.

If (1-f) fraction of dye is changed to X by 
each flash and if the ratio of Xfn to Xon is g, 
the following relations hold : 

1st pulse

2nd pulse

3rd pulse

n-th pulse

Changing (1-f) to f for convenience :

(1a)

(1b)

(1c)

(1d)

For n→ ∞:
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(1'a) 

(1'c) 

(1'b) 

(1'd)

If X returns to the ground state dye accord-

ing to the first order reaction, then g=

exp(-k/υ), where k is a rate constant and υ,

the frequency of the flash.

If the light absorption is proportional to 
CS (assuming the cell length to be 1 cm.), f
can be written as φ εα, where α is a fraction

of the excited dye which reaches X, and φ is

the light quantity per pulse (see II).

As an example, let us consider the case when

f=0.1 and k=10sec-1. For 100 pulses per

sec.(100 pps),

It can be estimated that the second term in 
Eqs. 1a, b, c and d becomes less than 1 % of 
the first term when n=20. For 10 pps, g is ca.
0.4, Xf∞ is ca. 6% of Co, and two or three

flashes would be enough for Xf to get within

10% of this Xf∞ value.

If f=0.01, k=10sec-1, and υ=100, Xf∞

would be about 8 % of the concentration of 
the ground state dye, and the second term in 
Eq. lb becomes one per cent of the first term 
when n equals 40. 

II. Intensity Effect (v«1/z) 

The high intensity of the flash is favorable 
to a large reaction rate. However, if it is too 
large, the absorption of light is so close to 
the saturation point that a quantitative treat-
ment is rather troublesome. What kind of 
effect may be expected when the intensity 
approaches the saturation value ? How is it 
influenced by the frequency of the flash ? 
What is the largest possible intensity which 
is not accompanied with complicating effects ? 
These questions must be answered before we 
can deal with our problem quantitatively. 

Let us take the case when the reaction pro-
ceeds through X with a rather long τ. At first,

however, only the υ<<1/τ region, where no

genuine kinetic effect is expected, will be

considered. The scheme is written as follows

Product

a) The 1 pulse per sec., total light quantity;
φo (photons per cm2)。

In case the absorption is more or less close

to the saturation (1000φoε α≦1; see below),

the fractions of light absorbed are a little 

different in the earlier and in the later 

stages of one flash, although its duration is 

as short as several microseconds. Differenti-

ating φo into small partS, One can put

assuming C to be small enough. If a part of

the molecules excited is transferred to X,

Hence

Integration gives

Putting the decrease of C during the flash as

ac,

The quantity of reaction by one flash (Ro) is

(2)

Now let us treat the case in which the follow-
ing approximation holds, i. e., the case in 
which f in I, where f is approximated by
φoα ε, must be replaced by f-f2/2. Besides,

1000φo will be replaced by φ from now on.

(3)

b) The υ times illumination for one second

with the flash of φ.

For the first flash

For each successive flash, the initial concen-

tration, C., and the quantity of reaction, R., 

may be given as follows :

* Rn: Quantity of reaction to each flash

** ΣRn: Total quantity of the reaction
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The total quantity of the reaction for one

second when υf'<1

and

Hence,

(4)

In order for Συn=1Rn to be proportional to the

light intensity (within 10 %), the second term 
must be less than 10 % of the first term. 

 So,

(5)

This shows that the limit for the linearity 
largely depends on kr/ks. For small values
of kr/ks, the critical value of φ does not

depend on υ, and for the value of kr/ks close

to 1, it apProaches to 1/υ of that for 1 PPs.

For instance, in the case of 100 PPs, φoε α

must be less than 0.004 when kr/ks=0.5. It

is desirable to perform the experiment in the

φ region where the hnearity holds approximate-

1y irrespective of υ. In the region of φtreated

here, (1/υ) Συn=1Rn decreases with the larger υ,

and so a correction is needed to get a genuine

effect if it is observed-

For example, in the case of 100 pps,

(6)

(6')

c) The light quantity per second Io=υφ is

kept constant. 
The critical intensity (light quantity per

second) below which the linearity holds, in-

creases remarkably with the value of υ-Putting

the light quantity per second as Io=υφ, the

quantity of reaction per second,Συn=1Rn, is given

by:

(7)

III. Specific Effect When the Lifetime

of X is Comparable with 1/υ

Even when no genuine kinetic effect is

present, a certain frequency effect may be

expected when the lifetime of X is comparable

with 1/υ. Therefore, It is necessary to examine

such an effect before the quantitative investiga-
tion can be made. It is, however, perhaps 
impossible to get an exact expression generally 
applicable to all cases. Here one has to be 
satisfied with treating two problems approxi-
mately. 

a) An approximate expression for the 
quantity of reaction by n pulses when nf<1. 

b) An appoximate expression for the quan-
tity of reaction in unit time as a function of
υ when fo=υf=const.(<1).

a) X produced by each flash goes to 
the product by the fraction q=kr/ks. The 
remaining portion returns to the original dye 
step by step according to the flashing condi-
tion and contributes further to the total 
quantity of reaction. Thus, if Xn represents 
the quantity of X produced by the nth flash, 
then (1-q)(1-g)Xn goes back to the original 
dye before the commencement of the (n+l)th 
flash. gXn represents the portion of X„n at the 
commencement of the (n+1)th flash. In the 
same way, gXn (1-g)(1-q) returns to the 
original dye during the period between (n+1)-
th and the (n+2)th flash. These processes 
continue until the end of all flashings ; the 
situations are similar for all Xn. 

On the basis of the above reasoning, one 
gets a general expression for Xn produced*

* The meaning of Xs is different from Xon, or Xfn.
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by the nth flash. For the sake of simplicity, 

(1-g)(1 -q)_ is set as r. 

For the 1st flash,

for the 2nd flash

for the 3rd flash,

for the 4th flash,

for the 5th flash,

Hence, for the nth flash,

This is simplified as follows :

(8)

Similarly,

To get a simple expression, one has to draw 
attention to the condition nf<1 and has to 
cut down all the terms higher than f 3.

Then,

This is reduced to the following equation :

In the same way,

By means of the formula of the geometric 

progression, one gets
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(9a)

and the quantity of the reaction, R, is given 

by:

(9b)

It is to be added that when g=0, the above 

equation leads to

(10)

This is just the expression obtained from 
Co{ 1- (1- f )n}, which is the quantity of reac-
tion when the interval of flash is long enough. 
From Eq. 9a one can easily calculate the quan-
tity of reaction by n flashes for arbitrary values 
of f, g and q. These calculations must be per-
formed for a set of successive flashes irrespec-
tive of the time spent by n flashes. For 
example, if one sets f=0.001, n=101, g=0.5,
and q=0, then the quantity of reaction is

about 5 % smaller than when g=0. Thus, it is 
expected generally that the shorter the period 
of flash, the less the quantity of the reaction. 
It is worth mentioning here that the above
formulas (9) hold only when nf<<1; a much

larger effect would be expected if f is larger.* 
b) The quantity of reaction per second
when fo=υf=const.(<1), where υ is the fre-

quency of flash, is easily obtained by an ex-

tension of the treatment given in a). The

case in which υ is very small neednot be

considered, since the situations are just the

same as with a). When υ is large, g is approx-

imately equal to 1 and is written as follows

Further, one can replace (1-f)υ by e-fo.

Starting from Eq. 8, one can derive following 
expression by substituting the above relations. 
(It should be added that all terms higher than 
f3 are disregarded.)

(11)

If υ is large enough, Eq.11 is simplified as

follows (in the approximation to fo2)

(12)

This is to be compared with the quantity of 

reaction per second obtained under the assump-

tion of a steady state illumination, when X 

and the product, P, are respectively, produced 

according to the following relations:

(13)

(14)

Equation 13 is restricted to the case where

αεC is small enough. When Io is moderately

large, the quantity of the reaction per second, 

R, may be approximately given as follows :

(15)

Thus, when υ is large enough, the quantity of

reaction per second is (1/2)fO2q(1-q) less than 
that of the steady illumination. It is to be 
noted that Eq. 15 is different from Eq. 12 in 
the fo2 term and that it is equal to Eq. 10 if
one replaces n with υ and takes it large enough.

Comparing Eq. 15 with Eq. 7, one can say

that when τ<1/υ, the quantity of reaction per

second(when Io=υ φ=const.) for the frequency

υ is (1/2υ)(1-kr/ks) Ioα2ε2 (kr/ks) less than

that of the steady illumination at lo.

Summing up the results obtained in III and

II, one can say as follows. As the frequency

of flashing is made larger under the condition

υf=fo=const., then the quantity of reaction

per second increases and tends to the value

of the steady illumination in the τ<1/υ region,

but it decreases when τ becomes larger than

1/υ. Further, one can say that when . fo=0.1,

the ordinary kinetic treatment may be used 
as in the steady illumination. Thus, it would 
be better to deal with the rate constant eval-
uated by the usual method rather than with 
the quantity of reaction per pulse or per 
second. The condition for linearity is more 
stringent for the latter (see IV). 

IV. A Model Case 

One model case will be considered as an 
example in which a genuine kinetic frequency 
effect is to be expected. It is the case in 
which X absorbs light and then reacts. For 
this case, an argument similar to that given 
in III can be made.

* f represents ƒÓƒ¿ƒÃ
, but this is an approximation. An 

exact expression for (1-f) is e-f.
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The first flash produces the intermediate X 
in the amount X1=Cof. During the dark 
period, the fraction of X1 which goes to the 
product is (1-g)q and r=(1 -g)(1-q) returns 
to the ground state. The second flash then 
produces X in the amount Cof(1-f) +X1rf. 
The situations up to this point are just the 
same as in III. The difference appears during 
the second flash, in which the remaining frac-
tion of X1, i,e., gX absorbs light and some 
portion of it contributes to the reaction. Thus 
the g included explicitly in Eq. 8 is reduced 
to some extent and should be replaced by
such a quantity as g'=g(1-ε'α'φ)(when

ε'α'φ is small enough). This implies that the

fraction gε'α'φ goes to the product by the

absorption of light. Analogous processes go on 
to the end of all the flashings and the situa-
tions are similar for all Xn. 

However, the above situations are too com-
plicated to be considered exactly ; one must 
here be content with the treatment of the 
extreme case in which all the gX reacts upon 
the absorption of light. In this case one has 
only to put g=0 in Eq. 9. The contribution 
of Xn to the quantity of reaction is in 
general given by Xn{(1-g)q+g}. Another 
point to be noted, however, is that the sum-
mation must be done to the (n-1)th flash, 
because X. produced by the last flash goes to 
the product by the amount of Xnq. 

Thus, the quantity of the product is given by;

By applying Eq. 9 (putting g=0) and Eq. 8, 
one gets :

(16)

Apart from f2 terms, one gets from Eqs. 16, 
9 and 10:

and
(17)

(18)

The above two formulas are, of course, the 

maximum values possible for given g and q 

values, but they make some general features 

clear. Thus, according to them, the effect is

zero when q=kr/ks=1 and increases with the

value of g. Since g=exp(-ks/υ), the effect

becomes apparent in the frequency region

where υ>_ks. Equation 17 does not, however,

indicate the intensity effect correctly. This is 

natural since the above treatment concerns 

only the extreme case when the light absorp-

tion by X is large enough. If one treats the 

general case, a complicated function involving

gε'α'φ in both denominator and numerator

would result.

The situations will be clarified, at least ap-

proximately, by the steady state treatment.

Thus, if one assumes that α'ε'IoX(=k'ε'IoX) of

Xundergoes the photo-reaction, then

and if one assumes X is very small compared 

with C,

(19)

In the absence of any extra reaction,

(20)

Hence, the ratio R'/R in this case is given 
approximately by

(21)

and

(22)

These values are, in general, not independent 

of Io. To sum up, the genuine effect begins to

appearatsuchafrequencywhenv>ksand,in

addition,k"I0(=α'ε'I0)shouldbeatleastcom一

parable with k,. The intensity exponent for 
R'-R lies between the first and the second order. 

Summary 

The method of intermittent illumination by 
means of flashes of very short duration has 
been criticized, particularly with regard to the 
frequency and intensity of the flash. It has 
been concluded that when ff (the fractional 
decrease of the starting substance per second 
due to the absorption of light) is less than 
0.1, the kinetics for the steady illumination 
will hold within a few per cent. A model case 
in which a certain intermediate absorbs light 
and causes an addition reaction has been dis-
cussed. 
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