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Introduction

Although our information about the photo-
<hemical behaviour of excited dye molecules
has been much. increased through many in-
vestigations on the photosensitized reactions
induced by fluorescent dyes, there are rather
few cases in which the primary processes of
the reactions are definitely established.

In addition, few investigations have been
‘made for the settlement of the problem
-whether the excited state of dye participat-
ing in the reaction is singlet or triplet,
though the problem has become quite impor-
tant since the confirmation of the triplet
state as phosphorescent state by Lewis ef
alv.

Now, the following three types of primary
process have been presented for the photo-
sensitized oxidation in general®:

1) Energy transference from an excited

dyve molecule to the molecular oxygen.

2) Direct combination of oxygen with an

excited dye molecule.

3) Univalent oxidation or reduction pro-

cess.
‘The latter two seem at present to be most
favorable for many cases.

For example, the second scheme has re-
cently been applied by Sc¢henck® to photo-
sensitized oxidation of various organic sub-
stances, while the third scheme has long been
claimed by Weiss, Franck, Livingston and
others® for many reactions.

It seems to be quite essential to decide,
on the one hand, whether the excited dye
molecule (or ion) produced in the solution
primarily interacts with the molecular oxygen
or alternatively with solvent molecules, and,
on the other hand, to make clear whether
the excited state of dye in question is singlet
or triplet. The objective of the present series
of investigations is to elucidate these ques-
tions through kinetic studies on the irrever-

1) G. N. Lewis and M. Kasha, J. Am.Chem.Soc.,
66, 2100 (1944), etc.

sible photobleaching of dyes by oxygen.

Now, there exist rather few investigations
published in this field, among which the
work of Blum and Spealman® seems to be
most prominent. They studied the photo-
bleaching of the aqueous eosine solution
under the atmospheric oxygen and proposed
such a scheme as is abbreviated in the fol-
lowing way:

1) D*+0,——D+0,*

2) 03£9+H30_)H0+H02

3) Oxidation reaction induced by HO,, for-

mation of H,0,, etc.

The experimental facts which led them to
the above conclusion were mainly the re-
cognition of the induction period and the
detection of hydrogen peroxide.

It must, however, be noted that they used
a relatively concentrated solution of dye in
which the interaction of excited dye mole-
cules and those of the ground state is so
great® that it is liable to make the features
of the reaction rather complicated. The em-
ployment of more dilute solutions seems to
be demanded and from such a view point
the present authors have investigated the
photobleaching of eosine, erythrosine and
uranine in the aqueous solutions or in the
mixed solutions of water and ethyl alcohol,
the concentration of dyes being chosen as
10~% mol./1. in most cases.

Though the definite answers to the above
questions have not yet been attained, some
remarkable results have been obtained and
from them certain deductions have been .de-
rived, which we believe to be valuable for the
further attack of the problem. The present
paper reports the essential points of the ex-
perimental results and some discussions about
them ; the details of the experimental pro-
cedure and full data obtained will be publi-
shed in the J. Inst. Polytech. Osaka City
University.

Experimental

A. Procedure.—The following method was
employed to measure the quantity of bleaching

2) For example, see Th. Forster, Z. Elektroch
56, 716 (1952).
3) G. O. Schenck, Naturwiss,, 40, 205, 229 (1953).
4) For example, J. Weiss, J. Soc. Dyers and Colour-
_ dsts, 65, 719 (1949).

5) H. F. Blum and C. R. Spealman, [J.Phys. Chem.,
37, 1123 (1933).

6) N. Mataga and M. Koizumi, This Bulletin, 28, 51
(1955).
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successively for one sample. The solution was
put into A (diameter 25 mm., thickness 16 mm.) of
the reaction cell, Fig. 1, and was irradiated in
the thermostat for a certain
time with the light of constant
intensity. The cell was taken B
out of the bath occasionally, and
after the sample was poured into
part B (inner diameter 15mm.,
length 25-30 mm.), the quantity
of bleaching was measured colori-
metrically by use of RCA 931A
photomultiplier.
As a light source a tungsten
projection lamp (100v.-500w.) was A
employed and the range of wave
length was adequately chosen
by means of Matsuda color
filters. The intensity was control-
led with blackened metallic nets.
B. Results.—1. Features of the photoblea-
ching under atmospheric pressure—The de-
grees of photobleaching in the aqueous solu-
tions of eosine, erythrosine and uranine, the
concentrations of which were all 10~ mol./1.,
were measured at first under the atmospheric
pressure. The concentration-time relations,
Fig. 2, which show only the results for eosine,
are all simple and monotonous without any
slight indication of the induction phenomenon
which was observed by Blum and Spealman.
The percentage depicted along each line con-
cerns the relative intensity of the light
source. The results for erythrosine and ura-
nine are similar to those of eosine.

Fig. 1.
Reaction cell

1075 mol./L.

(] ™ ) El )

- Concentration of dye in

Time of irradiation in min.
Fig. 2. Photobleaching of eosine in aque-

ous solution under various relative light
intensities from 100 to 36% at 30°C.

As regards the formation of hydrogen per-
oxide reported by Blum and Spealman, it could
not be detected by the iodometry in the ni-
trogen atmosphere, by TiCl;-method and also
by the polarographic method. The possibility
of the intermediate formation of hydrogen
peroxide in a very small quantity below the
sensitivities of the above methods was scru-
tinized by the test of the addition of sodium
pyruvate or sodium thiosulfate which ought
to decrease the rate, if this be the case.
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The result was that the addition of the rea-
gents . each in several .millimol./1. did not
affect the rate at all. Thus one can deny
even the slight formation of hydrogen per-
oxide in the present conditions.

The difference of the present result as
compared with that of Blum and Spealman
may plausibly be due to a different concen-
tration of dye. In fact we could detect hy-
drogen peroxide by iodmetry when the con-
centration of 2x10~* mol./1. of dye was em-
ployed.

As for the reaction praducts, we have not
yvet undertaken the analysis, and only the
absorption spectra after irradiation were ex-
amined. Similar changes were observed for
erythrosine, eosine and uranine; thus the
main adsorption in the visible region and the
neighboring one declined monotonously with
the irradiation while a slight increase of ex-
tinction was observed in the region of 360-
440 m .

2. Rate formula—In view of the relati-
vely simple form of the bleaching curves,
the following simplest rate formula was test-
ed at first.

If the rate of reaction only depends on
and is proportional to the quantity of absor-
bed light, then

de.
dt
where ¢ is the concentration of dye, « the
average molar absorption coefficient, d the
thickness of the solution, [, the intensity of
light, and % is the overall rate constant. In-
tegrating eq. (1) one gets

In(1—e = %) —1In(1—e~*") + ad(co—c) =adklt(2)
where ¢y is the initial concentration of dye.
The intensity of light was measured by a
thermopile previously calibrated with the
standard lamp and was expressed as a num-
ber of photons per unit time. For example,
I, was 10'® photons/sec. cm.?2 when 90 v. was
applied on the lamp. « was also determined
with the same thermopile. The values of a
were 6.0x10% 5.6 x10* and 4.2x10* for eosine,
erythrosine and uranine, respectively. When
the rate of bleaching is expressed as a num-
ber of dye molecules decomposed per sec.,
then the rate constant %2 obtained from eq.
(2) is nothing but a quantum yield of the
reaction.

Now it was proved that the eq. (2) can ex-
press the experimental results quite well
from the beginning up to 70-80% bleaching,
when the dye concentration lies in the region
from 5x10°% to 1x10~* mol./1. It must be
noted, however that in the case of 1x10~*
mol./1. the deviation is somewhat large, sug-

=kly(1-ee9), 1)
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gesting the non-applicability of eq. (2) in
more concentrated regions. The value of k&
was not affected by the intensity of light,
which was varied from 100% (full light)
down to 25%. Some of the results are tab-
ulated in Table I.

TABLE I
RATE CONSTANTS* (QUANTUM YIELDS)
AT 30°C
Relative
intensi- k<10t ko 10! k3 101
ty (%)
Eosine
100 3.1 2.9 3.3
2.9 2.9 3.2
70 2.9 3.1 3.9
2.7 2.7 3.2
47 2.4 2.6 3.0
2.8 2.8 2.9
36 2.6 2.6 2.8
2.7 2.5 — +0.2
Erythrosine
78 4.9 4.9 5.2
4.7 5.0 5.0
54 5.1 5.3 5.6
5.1 5.1 5.3
36 4.1 4.4 4.9
4.5 5.2 5.4
28 4.7 5.2 5.7
4.4 4.8 5.2 +0.3
Uranine
100 1.4 1.3 1.2
1.4 1.4 1.5
70 1.2 1.2 1.4
1.4 1.3 1.3
47 1.1 1.2 1.3
1.2 1.2 1.2
36 0.9 1.0 1.2
1.5 1.2 1.3 +0.2

#k, k; and k; are calculated from time re-
quired for 25, 50 and 75% bleaching, respec-
tively

3. The effect of the quantity of the dis-
solved oxygen.—Eq. (2) can express the ex-
perimental results equally well, when the dye
solution of 10~ mol./1. is completely evacu-
ated and a certain amount of oxygen is ad-
ded to the sample. The values of % are
plotted against the concentrations of the
dissolved oxygen in Fig. 3. Here the con-
centration of the dissolved oxygen was pro-
visionally calculated from the quantity of
added oxygen on the basis of the solubility
data for pure water.

It is evident from this figure that in the
cases of eosine and erythrosine, the rate rap-
idly declines when the concentration of dis-
solved oxygen is decreased below ca.
1~2x%107® mol./1., while above this critical
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Rate constant (k)x10¢

=

250 m

Concentration of dissolved oxigen in 10-8 mol./l.

Fig. 3. Influence of the concentration of
oxygen on the rate constants.

concentration the rate remains constant and
the k-value under atmospheric pressure co-
incides with it quite satisfactorily, showing no
effect of the coexistent nitrogen on the rate.
In the case of uranine, % increases gradually
with the increase of the oxygen concentra-
tion. For eosine, the effect of the concen-
tration of dissolved oxygen was particularly
examined at three different temperatures. As
shown in Fig.d4, the critical concentration of
the dissolved oxygen at which k reaches its
maximum value, slightly increases when the
temperature is raised.
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Concentration of dissolved oxygen in 10~%mol. /.

Fig. 4. Influence of temperature on the
oxygen effect.

4. The effect of temperature on the rate.—
The rate of photobleaching of the aqueous
solution of uranine, eosine and erythrosine
under atmospheric pressure was measured
at several temperatures between 13 and 40°C.
The k-values obtained are tabulated in Table
II.

TABLE II
AVERAGE RATE CONSTANTS AT VARIOUS
TEMPERATURES k = 101

40 34 30 27 22 20 13°C.
Eosine 3.6 2.9 2,5 2.0 1.8 —
Erythrosine 5.6 — 5.2 — — 3.7 2.9
Uranine .8 — 1.3 — — 1.1 1.0

These results can approximately be expres-
sed by the following Arrhenius equations:
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eosine: k=5.3 exp(—6000/RT) (3)
erythrosine: k=2 exp(—5000/RT) (4)
uranine : E=0.3 exp(—4000/RT) (5)

It may be necessary to remember here that
for eosine and erythrosine, the k-value under
atmospheric pressure is constant, irrespctive
of the quantity of dissolved oxygen, hence
egs. (3) and (4) express the direct influence
of the temperature on the reaction rate it-
self, while for uranine, the k-value in the
region of atmospheric oxygen is still affected
by the quantity of oxygen and so the effect
of temperature on the solubility of oxygen
participates in eq. (5).

5. The photobleaching of eosine in the
water-ethyl alcohol mixtures—With the hope
of seeing how the water molecule takes part in
the reaction, the effect of addition of ethyl
alcohol to the aqueous eosine solution was
examined. At first, the pure alcoholic solu-
tion of eosine of 10~® mol./1. was irradiated
under atmospheric pressure and it was found
that not even slight photobleaching occurred
even after two or three hours of irradiation
by the light of the strongest intensity em-
ployed. On the contrary, when the dissolved
oxygen was eliminated, a quite rapid photo-
bleaching did take place. As to this unex-
pected and astonishing result, investigation
is now going on. When a small quantity of
alcohol was added to the aqueous eosine solu-
tion dissolving atmospheric oxygen, the rate
of photobleaching decreased quite remarka-
bly. The rate formula (2) still holds in this
case at least up to 30 vol. % alcohol at
which the rate is quite small.

The values of %k are plotted against the
concentration of alcohol in Fig. 5. The ex-
periments were done at 20, 27, 34 and 40°C.,
but in this figure only two curves at 27 and
40°C. are given.

Rate constant (k)= 10¢
/e

1T ¢ 3 4 5
Concentration of EtOH in mol. /L.
Fig. 5. Effect of EtOH concentration on
the rate constant.
Now, it was found that the following for-
mula can express the relation between %2 and
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the composition of the solvent quite satisfac-
torily in the low concentration region of
alcohol (see the section of discussion).

1_1 EtOH]

= +K [H,0] ’ (6)
were k° is the rate constant of the pure
aqueous solution, K a certain constant ex-
perimentally determined, and [EtOH] and
[H;O] are the molar concentrations of alcohol
and water, respectively.

As is evident from eq. (6), 1/k when Dplot-
ted against [EtOH]/[H,0] ought to be linear.
In fact, the relations between 1/k and
[EtOH]/[H,0] at various temperatures are just
as shown in Fig. 6. This figure shows that
at least up to 15-20 vol. 2 the formula (6)
holds, but near 20 vol. % of alcohol, marked
breaks appear at all temperatures, which lie
at the lower value of |EtOH]/[H,0], as the
temperature is higher.

a Xt

Reciprocal rate constant (k) x 10~

0 2 4
[EtOH]
[H;0] *1%
Fig. 6. Relation between 1/k and [EtOH]/

[HzO] at several temperatures.

As to these discontinuous breaks, one may
plausibly attribute them to the specific nature
of the alcohol-water system. Because, it is

well known that the partial molar volume of
alcohol in this system, for example, begins

to deviate from the linear relation at about
the same composition”,

Moreover, we measured the absorption spec-
tra and the relative intensities of fluores-
cence of eosine in these solutions and found
that both the displacements of the absorp-
tion maximum and the relative intensity as
poltted against [EtOH] are almost linear up
to this region, but from here upward the
deviation comes.to be notable.

In view of these results, it is quite natu-
ral that the applicability of the eq. (6) is li-
mited up to 15-20 vol. %, and one may say

7) G. N. Lewis and M. Randall, * Thermodynamics",
p. 40.
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that the results shown in Fig. 6 confirm the
relation (6) rather definitely.

The values of £ and K at various concen-
trations of alcohol and at several tempera-
tures are tabulated in Table IIIL.

TABLE III
k- AND K-VALUES AT VARIOUS CONDITIONS
[EtOH] k> 10* [EtOH][H:0]
vol. % 4oeC. 34°C. 27°C. 20°C. > 100
0 3.6 2.9 25 1.9 0
2 2.9 2.7 — — 0.64
5 2.0 1.8 1.5 13 1.65
10 .4 1.2 1.1 0.9 3.47
15 0.9 0.8 0.7, 0.6 5.52
20 0.5: 0.5, 0.45 0.4 7.82
30 0.3; 0.2 0.2, 0.1; 13.4

K »107%--1.33 1.45 1.73

Applying the Arrhenius equation to 1/K

one gets
1/K=41x10-%.-exp(—2500/RT) (7)

Combining egs. (3), (6) and (7), 1/k at va-
rious temperatures and at various concentra-
tions of alcohol the result can be expressed
as

1

5.3 exp(—6000/RT)

l=
k

1 [EtOH]
* 41x10-%-exp(—2500/RT) [H,O] ®

The coincidence of the calculated values of
k with the observed ones is quite satisfactory
at least up to 15 vol. % of alcohol.

Discussion

From the fact that the stationary state is
reached at once just with the commencement
of irradiation and that the rate is propor-
tional to the quantity of absorbed photons,
it can safely be concluded that the reaction
proceeds as it is of the first order in respect
to the excited dye, so far as the rate deter-
mining processes are concerned. The mech-
anism presented by Blum and Spealman which
consists of the attack of hydrogen peroxide
upon excited dye, the former being produced
by the interaction of water with excited dye,
is definitely denied in the present case on
the ground of the above kinetic results as
well as from non-existence of hydrogen per-
oxide.

Now, since the presence of oxygen and
water is indispensable for the occurrence of
the reaction the first attack on the excited
dye molecule must be made either by oxygen
or water, and as to the excited state of dye
which participates in the reaction, on the
other hand, two alternatives are considered,
singlet and triplet states. Hence the follow-
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ing four schemes are conceivable, if one as-
sumes that the reaction proceeds successive-
ly and further if one neglects the possibility
of direct transference of energy from excited
dye to oxygen, which is improbable from the
above results as well as from our knowledge
of the photosensitized reactions in general.
I. First attack by O..
a) Singlet state:

hv Oz Hz0
D — D* — D* ...0Q;—--Prod.
b) Triplet state:

hv Oz
D—D*—Dt—Dt:-..0;, —--Prod.
II. First attack by H,O.
a) Singlet state:

h*  H20 02
D — D* — D*...-H---:OH —---Prod.
b) Triplet state:

hY H20 Oz
D—D*¥—Dt— Dt...H.--OH —--Prod.

It must be noted here, that all the formu-
las of the intermediates involved in the above
schemes are only conventional without any
specification of their real structures and,
that Dt is to be taken as a representative of
any metastable states of dye taking part in
the reaction which comes from singlet excit-
ed state D* directly produced by irradiation.

Let us consider in succession, which of
the above four possible schenes conforms
best with the experimental result, particu-
larly on the basis of rate formula (section A)
and the oxygen effect (section B).

(A)

Ia) First Attack of Oxygen on Singlet State
of Dye

The rate constant in water-alcohol mixture for
the reaction scheme, Ia, can be expressed as fol-
lows:

. S
Kot Kot + hy[Ha0]+ ko[ EtOH]+ Koz
k" [HyO]
Bk (H01+ k'o(EtOH] (9

where

Ie: specific rate of fluorescence,

kgi: specific rate of inner quenching of fluo-
rescence, ’

e, Kzt rate constants of the dissipation of ex-
citation energy by the interaction with water
and alcohol,

kog: rate of the reaction between oxygen and
D* expressed as a constant, since it does not
depend on oxygen pressure under ordinary
condition.

* Deactivation of D*...05 by water is omitted for the
sake of simplicity, since the ultimate result is not essen-
tially affected.

* The ultimate formula is not essentially altered even
if the deactivation of D¥... HHO by oxygen is taken into
account not only in this case but also in all other cases
in IIL '
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k'_y: rate constant for the spontaneous deacti-

vation of the intermediate D¥*...0,,

k'y: rate constant for the reaction between

D#*...0; and water,*

k'z: rate constant for

D#*...0; by alcohol.

Since the intensity of fluorescence should de-
crease just to the same degree as that which
is D*..-0; produced, ko» ought to be equal to the
rate of quenching of fluorescence due to oxygen.
In fact, however, there is no quenching action of
oxygen observed and so the magnitude of koz
must be 1/1000 or less of the denominator of the
first factor if one provisionally assumes that the
quantum yield of fluorescence is about 10% and
that the sensitivity of the intensity measurement
of fluorescence is about 1/100.

Thus the first factor of eq. (9) should be a
very small value, which will plausibly be put ap-
proximately constant in the small concentration
region of alcohol.

Putting the first factor as 20; and making the
probable assumption that k’_;, is much smaller
than k’,[H,0], one gets the following rate formula,
which has just the same form as Eq. (6).

the deactivation of

1 _ 1 f K\[HOJ+k_, . Kk{EtOH]
kia %oz \ k"\[H20] k"\[Hz0]
e 1, 1 KWEtOH]
) koia Foz k’[[HgO] '

where k°a is the overall rate constant in the
pure aqueous solution. Then the constant K in
€q. {6) is given as follows:

_ 1 K.
K= ®or

Using the K-values in Table III and assuming
the upper limit of ®0, as 10~%, one can estimate
that k's/k’y, must be about 100 or so. Thus when
D#*...0; is deactivated by alcohol about 100 times
more frequently than it reacts with water, then
this scheme conforms quite well with the experi-
qmental results. (deduction a)

Ib) First Attack of Oxygen on Triplet State
of Dye

Introducing the transition probability ®s.r for

D#*-Dt , one can write the overall rate constant
ki as follows:
k=g p Koz
S>T kq(""k;[HzO]“‘kq[EtOH]"“kog

.o kM0
k' -1+ k" [H20]+k'-[EtOH]
where the constants in the second factor all refer
“to the triplet state.

If the product of the first and second factors
4s quite small and is approximately constant ir-
respective of alcohol concentration, that is, when
k=% or when kos>ke+k[H20]+k:[EtOH], then
this scheme can give the experimental rate for-
mula just in the same way as in the case of Ia,
and the deduction (a¢) can be applied for this case
t00.

At this point one must note that there is an-
other scheme conceivable in which the first at-
tack on dye is by oxygen; it is the one in which
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the overall rate is determined by the rate with
which oxygen attacks the hydrated dye ion of
excited state. This mechanism, however, can be
rejected quite conclusively in the following way.

Using the similar notations as above, one gets

(D*-H,0] _

k1a=k°1a

where [D¥* HyO] and [D* EtOH] are the concen-
trations of the excited dye ions associated with
water and alcohol. They may be put, in the low
concentration region of alcohol, as k’,[H;0] and
k's[EtOH], hence the following formula corres-
ponding to eq. (6) can be derived.

1 _ 1 (EtOH]
T~ e K01 a1
-1 K2 9
where K__ka;_a_ p (12)

But the calculated values of k'z/k’;, which should
be interpreted as the ratio of tendency of alco-
holation to that of hydration, proved to be very
unreasonable since they are too large and, more-
over, increase with the rise of temperature (33
(20°C.), 40 (27°C.), 41(34°C.), 47 (40°C.)).

Thus it may be concluded that if the dye ion
is first attacked by oxygen, then the reaction must
be successive and the intermediate D*...0; or
Dt...0; must be deactivated by alcohol very much
more frequently than it reacts with water, the
ratio of the rate constants for both the reactions
being about 100 or so (deduction a).

IIa) First Attack of Water on Singlet State
of Dye

If all the colliding water molecules which quench
the fluorescence produce the intermediates of the
reaction, then the overall rate constant should be
given as follows:

kira= - —KHO1
kg+kqt+k1[HzO]+k2[EtoH]

k’oz

X RGOk EOH TR o,
where all the rate constants involved are analo-
gous to those in the case Ia. The magnitude of
the first factor should be moderate since the
quenching action of water is not expected to be
so little. Hence the second factor must be very
small in order to interpret the quantum yield ex-
perimentally obtained. Since the first factor can
not be expected to be much affected by the com-
position of the solvent, the remarkable decrease
of the rate caused by the added alcohol must be
attributed mainly to the second factor and so the
relation k'>[EtOH]>k_p+k")[HsO] must hold. If
one takes these relations into account, the pre-
sent scheme can never lead to the rate formula
experimentally obtained.

But in the case when the process producing the
intermediate of the reaction is only one of the
various quenching processes caused by water mole-
cule simultaneously occurring, there is a pos-
sibility, though quite improbable, that the present
scheme ccnforms with the experiment. Thus if
the following conditions are fulfilled,

1) the ratio of the intermediate-producing pro-
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cess to the whole quenching processes due to
water, is moderately small,

2) the denominator of the first factor can be
considered approximately constant irrespective of
the concentration of alcohol,

3) k'\[H;O1»k'_z+k'oz, and

4) k'spk’,
then eq. (13) can be written approximately

k0] Ko
const. k" [H0]+FE'J[EtOH]
which has the same form as eq. (6).

The scheme is quite improbable in view of the
above conditions, but if it supposedly holds, then
the most noteworthy condition to be fulfilled is
that the intermediate produced from the excited
dye and water, must be deactivated by alcohol
at a much faster rate than those of the compet-
ing processes. (deduction b)

IIb) First Attack of Water on Triplet State
of Dye

Formally it is only necessary to add a factor
Ps4+r to the above case (Ila).

In case the triplet state loses its energy spon-
taneously or it interacts with water or alcohol,
forming the intermediate of the bleaching reac-
tion in the second case, while deprived of its
energy in the last case, then the rate formula
will be

ko g x ki[H:0]
2157582 fegi+ky[He0]+ ko[ EtOH]

Ila

k’oz
B RN [HO1+ K o[EtOHIF Ko, ah
Now, if the product of the first and second factors
is moderately small and if in addition, conditions
analogous to those related to deduetion b hold,
then the above rate formula is approximated by
the experimental one (6) just as in the case of
the above speciallized case of Ila.
There is another possibility, however, that the
above eq. (14) may lead to eq. (6).
Thus if in eq. (14)
1) the product of the first and second factors
is very small,
2) kqi is negligible compared with k,[H;0] or
keo[EtOH] in the second fator, and
3) k’,[H:O] and k'J[EtOH] are far less than the
other k’-terms in the denominator of the third

factor,
then
k, t=p » ki[H,0] __E‘_Jz__
1178+ | [HeO)+ ko[ EtOH] k_ o' +k'os
Hence
1 . 1 .ﬁ—._zt_tki"i
ki Psar Koz
1 k-2’ +k'og Kk [EtOH]
Psar k'oz k\[H,0]

Thus in this case the triplet state of dye must
‘be deactivated by alcohol far more frequently
‘than it interacts with water producing the reaction
intermediate in order to interpret a large effect
of the added alcohol. (deduction c)

In case the interaction of the triplet state and
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water only partially produces the intermediate
for bleaching reaction, the discussion is essential-
ly analogous to that above. Thus deduction ¢ is
applicable when most of the dye molecules in the
triplet state attacked by water lose their energies
in vain producing very little of the reaction-inter-
mediate, while deduction b must hold in the op-
posite situation.

Among these three favorable cases mentioned
above, the one corresponding to deduction b is
quite improbable in view of many unreasonable
conditions; for example the condition that the
deactivation of water-dye intermediate by alcohol
takes place more frequently than other competi-
tive processes, seems quite improbable from the
usual chemical reasoning. The case Ia or Ib cor-
responding to deduction a is most probable, but
it is impossible to deny conclusively scheme IIb
corresponding to deduction ¢ on the basis of the
above kinetic results. On the contrary there are
some facts which seem to be favorable for the
latter scheme. Thus in view of the fact that
eosine in pure alcohol is photochemically bleached
quite easily in vacwuo, there is no doubt that the
interaction of excited dye with alcohol can be of
such a nature as to cause a genuine chemical
reaction, and this fact appears to conform better
j0 the scheme IIb.

(B)

As to the question whether oxygen attacks on
singlet or triplet state of dye, one may judge the
matter to some extent on the basis of the observ-
ed oxygen pressure effect on the rate. Thus the
fact that the rate becomes independent of the
oxygen pressure above a certain critical point re-
quires that in this region the intermediate mole-
cular species to be attacked by oxygen, in what-
ever scheme considered in section (A), must at
least have enough chances of the attack during
its life.

The number of collisions between oxygen and
the intermediate in question during its life at the
above critical pressure can easily be estimated if
one assumes that the molecules of oxygen are
distributed at random in the solution without any
specific interaction with dye ion, and, that oxy-
gen must reach the position of dye ion by diffu-
sion.

Now in the case of eosine at 20°C., the rate
becomes constant at ca. 1073 mol./1. of the dis-
solved oxygen when calculated on the assumption
that the solubility of oxygen in the dilute dye
solution is the same as that in pure water. It
follows that the mean distance of neighboring oxy-
gen and dye ion is about 10%¢m., and the time
interval required for oxygen molecule to move
this distance is roughly estimated to be about
107-10~¢sec. on the basis of the usual formula
for diffusion process and by use of the diffusion
constant of oxygen in the aqueous solution, which
is 2x107% cm.%/sec. at 20°C.®> The time interval
thus obtained is quite great compared with the
lifetime of singlet state of eosine, which is about

8) *‘International Critical Table', Vol. V, p. 64.
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1.9x10?sec.” or so. Of course the above esti-
mation is approximate in nature but it will be
correct at least in the order of magnitude, hence
one can safely conclude that the state of dye at-
tacked by oxygen is not the singlet excited state
directly produced by light absorption, as long as
the assumption of random distribution of oxygen
in the solution is correct. In other words, the
life of the intermediate to be attacked by oxygen
must be at least 10%sec. or longer for the ex-
perimentally observed oxygen saturation effect to
be interpreted. It must, however, be added that
Evans!® has recently reported that certain organic
substances can form molecular complexes with
oxygen, which produce new absorption spectra. In
case of eosine we examined the effect of the co-
existence of oxygen upon the absorption spectra
but could not find such a phenomenon.

Therefore it seems permissible to deny scheme
Ia in which singlet excited state is attacked by
oxygen if the possibility is neglected that a mole-
cular complex, which can not be detected spectro-
scopically, is formed between oxygen and dye.
The decisive conclusion may perhaps be obtained
from the effect of dye on the solubility of oxygen
in water.

Summary and General Conclusion

The irreversible photobleaching of eosine
in the aqueous solution and in alcohol-water
mixtures was studied and it was found that
the rate of photobleaching depends only on
and is proportional to the quantity of ab-
sorbed light when the dye concentration is
10~* mol./1.

The overall unimolecular rate constant %
or the quantum yield, when the quantity of
dissolved oxygen is varied, does not change
over a wide region but begins to decrease
below a certain critical point.

The values of k£ in water-alcohol mixtures
were found to be expressed by the following
equation in the low concentration region of
alcohol. :

1 1 [EtOH]
‘‘‘‘ K01 i

where £° is the rate constant of the pure
- 9) E. Gaviola, Z. Physik, 42, 853 (1927).
10) D. F. Evans, J. Chem. Soc., 1953, 345.
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aqueous solution and K is a certain constant.

The possible schemes were given particular-
ly on the bases of the rate formula (6) and
of the effect of the quantity of dissolved
oxygen.

It is most probable that the irreversible
photobleaching of eosine by oxygen is a suc-
cessive reaction as represented by the fol-
lowing scheme

hy Oz Hz20

Ib) D—D*—Dt— Dt ...0; —---Product.

In this case, the probability with which
Dt...0, is deactivated by alcohol is about
100 times greater than that of Dt-.-O, being
attacked by water.

There is some possibility that the reaction
may proceed in the following way.

hy Hz20 Oz

IIb) D—D*— Dt— Dt ...H,0 —---Product

Two cases corresponding to this scheme
are possible. When a moderate fraction of
Dt contributes to the reaction, the interme-
diate Dt ---H;O must be deactivated by alco-
hol far more frequently than it reacts with
oxygen, while when a very small fraction of
Dt participates in the reaction, the probabi-
lity with which Dtis deactivated by alcohol
is much larger than that of the reaction with
water. The former case is rather improbable,
while, the latter one seems to conform to a
newly discovered fact that eosine in alcoho-
lic solution is photobleached quite easily
under evacuated conditions.

The kinetic studies of the vacuum-state-
photobleaching of eosine in alcohol, the com-
parison of the effects of various alcohols upon
the rate of oxygen-water-bleaching and the
measurement of the rate of the possible vacu-
um-bleaching in various alcohols, all these
investigations now in progress will give a
more definite conclusion.
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