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Irreversible Photobleaching of the Solutions of Fluorescent Dyes. VI.
Photobleaching of Uranin in Alkaline Solutions™

By Masashi IMAMURA

(Received on June 20, 1958)

Previous papers'~® in this series have
described the photobleaching of two halo-
genated xanthene dyes, eosin and ery-
throsin, in aerated and deaerated solu-
tions. Photochemical primary processes
of these dyes both in aqueous and in
alcoholic solutions have been concluded.
Reactivities of the triplet-excited states
toward oxygen and alcohol molecules
have also been discussed.

The present paper concerns with the
photobleaching reactions of uranin, an
unhalogenated xanthene dye, in water
and in aqueous alcohols in the presence
of alkali. Comparative studies on the
photoreduction of uranin and its halo-
genated derivatives have been done by
Adelman and Oster™. The present study
has been performed under aerated and
deaerated conditions, and some new facts
have been revealed.

Experimental

Uranin (sodium fluoresceinate). — Ishizu
Chemicals guaranteed wuranin was employed
without further purification. Its purity was
stated to be greater than 98.5%. (Anagl. Found:

* Presented in part before the 11th Annual Meeting
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Other Materials.—Commercial alcohols were
purified by the usual methods!* and were distilled
with a fractionating column of a high efficiency.
Takeda Chemicals sodium hydroxide (extra
pure) and doubly distilled water were used in all
mixtures.

Procedures.—Apparatus and technigque were
essentially identical with those described pre-
viously®., Matsuda V-B2-photographic Y1 com-
bination, which transmits 2 450~570mpg with
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Observed values of optical density were there-
fore not calibrated except in the cases where

higher precise wvalues were needed. Deviation
from Beer’s law resulting from re-absorption of
fluorescence by the solution!® was not observed
at i’s 450, 470, 490 and 500 myg in the concentra-
tion range 0~10x10-% mole/l.

pH of the solution was determined with Horiba
Glass Electrode pH-Meter Model P.

Results

Photobleaching of Aercbic Aqueous
Solutions.—Effect of pH.—Data on the
photobleaching of aerated aqueous solu-
tions to which no alkali was added have
been reported"®. Absorption spectrum of
aqueous uranin solution below pH 7.5
depends sensitively on pH of the solution,
while above pH 7.5 it is independent'® of it.
Over the whole pH-range investigated the
simple rate formula, which has been ap-
plied to the cases of eosin and erythrosin®,
is applicable:

de

k
—_— e — p—acd 3
a - dﬂ,(l e~ =) x 10 (1)

Integrated form:
acd 4+ In(1 — e~ %) = — kalit-10°
+ [aced + In(1 — e~c%d)] (2)

The mean molar absorption coefficient,
a, was determined experimentally with a
thermopile or by calculation®.

Quantum yields, k’s, which were obtained
with the solutions of various alkali con-
centrations or pH’s are listed in Table I.
It shows that the quantum yield is con-

TABLE 1.
QUANTUM YIELDS FOR AEROBIC AQUEOUS URANIN
SOLUTION. EFFECT OF pH. 30°C
Mean meolar

abi?);%}xon ?oi(ig, - Ql.;ailezlt(ti:lm
ax10-4 N Ex104
2.7 0.0242 1.6
2.7 & 2.0
2.7 ” 1.7
2.7 0.0121 1.7
2.7 ” 17
2.7 0.0024 1.7
2.7 o 1.7
2.3 - 7.17% 1.7
1.6 — 5.9% 0.8
1.6 — 5.9% 1.1

* Phosphate (1/15N) buffer solutions.

15) In contrast to uranin, absorption spectra of eosin
and erythrosin are quite independent of pH at pH above
5.5 and 6.5, respectively.

stant at least down to pH 7.17, where the
absorption spectrum is affected to a cer-
tain extent; at pH 5.9, however, k is
reduced considerably.

Effect of Concentration of . Oxygen
Dissolved in the Aqueous Solution upon
the Quantum Yield.—As already report-
ed"?, pure aqueous uranin solution does
not photobleach in vacuo and its quantum
yield gradually increases with increasing
concentration of oxygen dissolved in the
solution; with eosin and erythrosin, at
a considerably low oxygen concentration,
their quantum yields reach the constant
values which are equal to those obtained
with the aerated solutions. An analogous
phenomenon to that in the pure aqueous
uranin solution is observed also in the
presence of alkali (sodium hydroxide
0.0121 N).

Retarding Effect of Ethanol on the
Aerobic Photobleaching.—On addition of
ethanol to the aqueous alkaline (sodium
hydroxide 0.0121N) solution, photobleaching
of uranin is strongly retarded as in the
cases of eosin and erythrosin. Rates of
reaction for all solutions investigated can
be reproduced by Eq. 1 or 2. Since
absorption spectra show the shift of Amax.
for longer wavelengths with increase in
ethanol concentration, @ was calculated
for each solution.

Quantum yield decreases with increasing
concentration of ethanol as shown in Fig.
1. Irradiated solutions do not show any
shift of Amax. compared with the initial
ones. In the low concentration range of
ethanol, 0~ 20 vol. %, the experimental
formula!®

1 1

Foow TK

[EtOH]
[H:0]

holds well also for the present case (see
Fig. 2). Here, k®* and k are the quantum
yields for aqueous and aqueous ethanolic
solutions (ethanol concentration : [EtOH]),

3

respectively. From the slope of the
straight line of Fig. 2. one obtains

K =1.0, x 10° (30°C) (4)
then

kK =185 ()

Photobleaching of Alkaline Solutions
in Aqueous Alecohol in Vacuo.—On the
contrary to the aerobic system described
above, alkaline (sodium hydroxide 0.0121 N)
aqueous solution of uranin, in the absence
of air, does not photobleach. With in-
crease in ethanol concentration, however,
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Ethanol concentration, in vol. %
Fig. 1.
concentration.

Variation of k¥ with ethanol
Aerobic, 30°C.

the rate of photobleaching becomes ap-
preciable -and reaches a constant value
after passing through a maximum point,
as shown in Fig. 3. An essentially analo-
gous phenomenon is observed in the iso-
propanol system. In both cases the rates
of photobleaching for the solutions of
every alcohol concentration are expressed
by Eq. 1 or 2.

Similar photobleaching in vacuo to that
of alkaline uranin solutions is also observed
in the case of eosin or erythrosin. A
characteristic feature for the present case
is that, at pH above a certain value, photo-
bleaching of uranin is almost reversible.
Photobleaching of eosin or erythrosin
solution in the absence of alkali and of

06—

04—

Optical density

02—

Fig. 2.
(Eq. 3).
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Dependence of 1/k on [EtOH]/[H.0].
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Quantum yield, kx10*
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3. Variation of the quantum yield

with ethanol concentration in vacuo.
NaOH, 0.0121 N, 30°C.

i
380

Wavelength, in mp

Fig. 4. Spectrum changes on irradiation in vacuo.

NaOH, 0.0121 N, 30°C.

a: 80 vol. 9% aqueous ethanol: 1, initial; 2, 180 min.-irradiation.
b: 10 vol. % aqueous ethanol: 1, initial; 2, 123 min.-irradiation.
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uranin solution of a lower alkali-concen-
tration, are, on the other hand, irrever-
sible. A few examples of the spectrum
change of uranin resulting from irradia-
tion are illustrated in Figs. 4 and 5. Fig.
4 shows the results obtained with alkaline
solutions in aqueous ethanol, and Fig. 5
with an alkaline solution in aqueous iso-
propanol.

08— 1
2 osH
o
=
o
=]
= 04
-1
B
© 02—
ol 1 1 1 | 5 |
380 420 460 500 540
Wavelength, in mpg
Fig. 5. Spectrum changes on irradiation

in vacuo. NaOH, 0.0121 ~, 30°C. 20 vol.
2, aqueous isopropanol: 1, initial; 2,
110 min.-irradiation.

In Figs. 4 and 5 full curves represent
absorptions of the solutions unirradiated
(1) and those irradiated for a while (2). On
introduction of air into the irradiated
solutions, their absorption curves 2 are
immediately restored to a great extent,
which are shown in Figs. 4 and 5 by
dotted curves.

A striking feature is that, as shown in
Figs. 4 and 5, a new absorption band
appears at 2 390~400mpg by irradiation,
which is enhanced with decrease in the
optical density at Amax. near 490 mg, and
which disappears immediately by intro-
ducing air. A distinct isosbestic point is
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seen in each figure. A quite analogous
but very slow restoration of the absorp-
tion curve is realized even in vacuo, when
an irradiated solution is kept in the dark
for a long time. Since it usually takes
20~40 hours to attain the same degree as
air-restoration, the slight restoration
during absorption measurement which
should result in an error on determining
concentration could be neglected.

Degree of air-restoration, which is
almost 80~90% of the initial height, is
almost independent of the alcohol con-
centration of the solution, no definite
relationship between them being able to
be found. Two or more cycles of photo-
bleaching with new band formation and
restoration in the dark and in vacuo, are
possible without appreciable variation of
the individual rates.

As mentioned above, such a reversible
photobleaching is predominant in the
higher pH range, while, in the lower
alkali-concentration range, it is almost ir-
reversible. In the case where irreversible
photobleaching predominates, the new
band formation is hardly observed at all.
In Table II are given the results on the
pH-dependency of the photobleaching of
the alkaline uranin solutions in 20 vol. %
aqueous isopropanol performed at 20°C.

In Table II, D° and D:* are the optical
densities determined at Amax. for the
initial and the irradiated (in wvacuo 80
min.) solutions, respectively. D,” and D,4
are for the solutions which are, after ir-
radiation, kept in vacuo and in the dark
for 60 min., and for the solutions into
which air is introduced (determined im-
mediately after air-introduction), respec-
tively. 4DV is an increase in optical
density at 1 395mg by irradiation. All
the values of optical density correspond
to the 10 mm-path length.

TABLE II
pH-DEPENDENCY OF THE PHOTOBLEACHING OF THE SOLUTIONS IN 20 voL. %
ISOPROPANOL IN VACUO, AT 20°C

a=2.7x10¢
v v

pH D (BO?;in.) (so?ﬁin. y Db

9.24 0.812 0.500 0.538 0.721
8.70 .822 536 .565 768
8.34 .822 532 .560 .770
8.00 .826 .545 .607 785
7.92 822 .542 .610 .753
7.42 830 .615 .680 692
7.30 .820 .645 .700 702
7.04 .815 .600 .655 .660

Amax. =492 mp
DA-DY DY/ —D% 4DV
DDy  DA-DF DA-py X1
0.708 0.172 0.629 0.57
.812 .125 .647 .57
.821 .118 .643 .51
.854 .258 .613 .54
.755 .322 .697 .52
.358 .845 .695 .31
.326 .965 175 .27
.279 .834 .083 .31
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Thus, (DA-D)7)/(D°—Ds") represents
a fraction of the amount of an inter-
mediate which can be restored by air to
that of photobleached dye. It is seen that
this fraction increases with increase in
pH, having its highest value 0.8~0.9. On
the other hand, (D, —Dy")/(D,4A—Ds¥) may
give a measure for the stability of the
reversible intermediate in vacuo. This
value increases with decrease in pH-value,
indicating that the reversible intermediate,
in vacuo, is relatively unstable at low pH.

In the last column of Table II are given
the quantum yields, which may include
slight errors resulting from a back reac-
tion. Since the time required for deter-
mining optical densities of the irradiated
solution is as short as possible, the errors
from the dark back reaction may, even in
a low pH solution, be considerably small
or negligible. Essentially analogous results
have been obtained with the solutions in
50 vol. 9% ethanol in vacuo at 20°C. It
is presumable, from these data, that the
completely  reversible  photobleaching
would give a quantum yield which is
twice that of the completely irreversible
one. The molar extinction coefficient
of the newly formed intermediate can be
estimated from the limiting wvalue of
AD%s355/ (D,A— D7) to be6.5x10* at 1395 my
in alkaline aqueous ethanol and iso-
propanol.

Discussion

Photobleaching of the Alkaline Solu-
tions in Aqueous Alcohol in Yacuo.—Asin
the case of uranin at a lower pH, alcoholic
eosin and erythrosin solutions into which
no alkali is added show an irreversible
photobleaching in vacuo®~%®. It has been
concluded experimentally that the primary
process in these systems is the dehydro-
genation from alcohol molecules by the
excited (in the triplet state) dyes. No
distinct absorption in the near ultraviolet
region as the one observed for the ir-
radiated uranin solutions at higher pH is
detected. It has been assumed therefore
that the succeeding process is the
formation of leuco dye DH,'®, which have
no distinct absorption in near ultraviolet
and may decompose into irreversible

16) Leuco forms of these dyes are obtained by reduction
of their alkaline solutions with zinc powder, which
exhibit no absorption in ultraviolet region.

17) a) L, Gattermann, “ Die Praxis des organischen
Chemikers”, Walter de Gruyter, Berlin (1940), p. 328,
b) K. Venkataraman, **The Chemistry of Synthetic
Dyes*, Vol. II, (1952), pp. 705—754.
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products under the experimental condi-
tions.

Quite a different result obtained with
alcoholic uranin solutions at higher pH in
vacuo may be interpreted as assuming the
formation of a carbinol base. It is known
that triphenylmethane dyes, such as crys-
talviolet, form their carbinol bases in the
presence of alkali'”. Though it is not
the case for xanthene dyes, it may
probably be assumed that the presence
of sufficient alkali in the reductive condi-
tion is preferable to form a carbinol base.

Carbinol bases should reverse to the
original dyes not only by oxidation with
oxygen (or air) but also by spontaneous
separation of water from them. Their
stabilities in vacuo and in the dark may
probably be more or less higher at higher
pH than at lower pH. These expectations
are all realized in the present experimental
results summarized in Table II, at least
qualitatively.

Next, it is noted that the quantum
yield at a higher pH is nearly twice those
at lower pH. At lower pH, uranin photo-
bleaches preferentially in an irreversible

fashion. The situation will be the same

as those for eosin and erythrosin, i.e.,
Dt+RH — DH-+R- (i)
DH-+DH- - DH;+D (ii)

DH, — Products. (iii)

On the other hand, in the case of higher
pH solutions, where the formation of
carbinol base is assumed to occur as
mentioned above, the succeeding process
followed i should be quite a different one:

OH"~
DH- —> DH(OH) (iv)

Here DH(OH) represents a carbinol base.
From the above schemes it is shown that,
in the former case, of one mole of DH-
formed by i, one-half should return to the
original dye by the disproportionation
reaction ii, whereas, in the latter where
the reaction ii is almost negligible, such
a regeneration of a dye, on neglect of a
slow dark back reaction, does not occur.
Thus, for limiting conditions of these
two cases, it is apparent that the quantum
yield of the latter case may reach a value
close to twice the value found in the former.
Experimental data are, therefore, con-
sidered as good evidence for the formation
of carbinol base of uranin at higher pH,
and it follows therefrom that the ap-
pearence of a new absorption at 2 390~
395 myg may be due to this formation.
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Primary Process in Alcoholic Solutions
and the Reactivity of the Excited Uranin
toward Alecohol. —It is clear from the
above discussion that the primary process
conducted in the deaerated alcoholic solu-
tions should, independently of pH, be given
by mechanism i. Excited wuranin is
assumed to be in the triplet state, in
analogy with the cases of eosin and
erythrosin. So far as semileuco-dye DH-
is assumed to be colorless, the specific rate
(quantum yield) of the photobleaching of
the deaerated alcoholic solutions is given
as

E=o R kz[EH]_ -
T TR S[H.0] + k.°[RH]

Here, transition probability ¢s,r for
uranin without substituted halogen atoms
may be considered to be lower than those
for eosin and erythrosin with substituted
halogen atoms'®. From Eq. 6 one obtains

1 [RH] _ 1 k% _ 1 ES[RH]

k [HzO] “_‘P:Hr-r k? Ps_,r ké[HzO]-

Plotting [RH]/k[H.0] against [RH]/[H.0]
using the results obtained with the alkaline
(sodium hydroxide 0.0121 N) solutions in
aqueous ethanol at 30°C, one obtains a
straight line in the relatively low alcohol
concentration region, as shown in Fig. 6.

6)

)

10—

L % 10-2
)
|

1 [EtOR]

k [H:0]
£

\

0 1 2 3 4 5 6
[EtOH]
=0 0
[H:0O]

Fig. 6. Dependence of [EtOH]/k[H.0] on
[EtOH]/[H:0] in vacuo, 30°C. (Eq. 7).

From the slope and the intercept of this
straight line, respectively,

Psar kkz-f; = 0.81x10~* (€)

18) D. 5. McClure, N. W. Blake and P. L. Hanst, J.
Chem. Phys., 22, 255 (1954).

and
k: _
Psorg s = 4.7x10-3 (9)
and from these two values
koS
-k—;g =57 103

The last value gives a ratio of the inter-
action probability of Dt with alcohol to
that with water molecules.

Primary Process in Aerobie Aqueous
Solution and the Reaectivity of the Ex-
cited Uranin toward Oxygen.—As to the
primary process in the aerobic aqueous
solutions, the following two possible
mechanisms have been suggested"?:

H.0
Dt+0; — D---0; — ---Prod.

0:
Dt+H,O — D:--HOH —> .--Prod.

On the kinetic ground, it has been con-
cluded® that, if the former mechanism is
a correct one,
szs
kl's:koK
on the other hand, if the latter is a cor-
rect one,

a1

kS,

k;"" =k°K
Though it is difficult to obtain the value
of k./S[k/'S experimentally in the present
investigation, comparison of the value of
k'K (5) obtained in the aerobic systems
with that of k:5/k;° (10) in the deaerated
systems leads to the conclusion that the
primary process of the excited uranin in
the aerobic aqueous solutions is expressed
by the former mechanism, as in the cases
of eosin and erythrosin®®,

According to the conclusion obtained
above, the specific rate (quantum yield)
for the photobleaching of the aqueous
solutions should be given as

k__ k_Oz [0_2] - klr [H?O] )
T O51350.102] + B S[H:O] £./S[H:0]

The fact that the quantum yields of
photobleaching of eosin and erythrosin
solutions reach, already at the relatively
low oxygen concentrations, the corre-
sponding limiting values which are equal
to those for the aerobic solutions, indicates
that, in Eq. 13 £,°[H.O] can be neglected
against ko,°[0:], above a relatively low
oxygen concentration, i.e.,

koz‘s [02] > k]_c; [HzOI

(12)

(13)

(14)
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In the case of uranin, however, such a
limiting value is not attained, indicating
that, even under the atmospheric air,
neglect of k,5[H.O] is unreasonable for
the present case. Then, from Eq. 13, one

obtains

100 _ RS RS RS RS, [0

k [HzO] PS—)?k1’ ko, Eﬁ‘s.wklr koe [HgO]
(15)

Application of Eq. 15 to the results pre-
viously obtained with the aqueous uranin
solutions at 30°C is illustrated in Fig. 7.

240 ’-

200—

160 —

0 [ ! ] ] | |
0 40 80 120 160 200 240
0] 10
[H,0] * 10
Fig. 7. Dependence of [0:]/k[H:O] on
[0.]1/[H:0], 30°C (Eq. 15).

It is shown in Fig. 7 that a linear relation
is realized at the oxygen concentration up
to 58x10-°mole/l. The intercept and the
slope of the line yield, respectively,

ky'SkyS
— = 9X10~* 16
@s-—wklrkcu e
and
kl’sk%z
= = (0,96 X 101 17
Ps-;rk1’k0= 0 an
From these values, it follows that
k.‘;
T:‘-‘; = 1x10’ 18)

which gives the reactivity of D! toward
oxygen relative to that toward water
molecules.

If a sufficient amount of oxygen is dis-
solved in the solution to justify the rela-
tion 14, the quantum yield should be given
as the reciprocal of the relation 17:

Masashi IMAMURA
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ki'ko, -
Pssr k_‘l:lsk-i)z =1.0x10~* (19)
Under the atmospheric air, aqueous

uranin solution gives a rather higher
value (1.3x10-%, at 30°C) than that from
Eq. 19. As to the nature of this enhancing
effect of oxygen at higher concentrations,
it is noteworthy to mind the recent Evans’
work!® on the perturbation of S—T transi-
tions of organic molecules by oxygen. For
eosin and erythrosin such an enhancing
effect of oxyen is, at least under the
atmospheric air, not observed, and, more-
over, the quantum yields at the sufficient
oxygen concentrations are quite consistent
with those obtained from the slopes of
the corresponding plots of Eq. 15. Ac-
cording to the Evans’ results, these halo-
genated dyes may be affected by oxygen
far less than the unhalogenated one is. In
the case of uranin, the transition prob-
ability, ¢s»r, should depend on oxygen
pressure, resulting in an increase in
quantum vyield with increasing oxygen
concentration. This is still in speculation ;
more quantitative studies must be per-
formed to throw light on this problem.
Comparison between the Reactivities
of Excited Xanthene Dyes toward Oxygen
and Alecohol.—Reactive species of three
xanthene dyes so far investigated are in
the excited triplet states, and their primary
processes are concluded to be the forma-
tion of labile complexes with oxygen
molecules in the aerobic aqueous solu-
tions, and to be the dehydrogenation from
alcohol molecules in the alcoholic solutions.
Relative reactivities of excited eosin and
erythrosin have been reported previous-
ly>®. In Table III are summarized the
relative reactivities of these dyes.

TABLE III
RELATIVE REACTIVITIES OF EOSIN, ERYTHROSIN
AND URANIN
Eosin Erythrosin Uranin

&8
%%S (ethanol) 19(27°C)  3(27°C) 57(30°C)
1

B.S 7.7(30°C) 1.3(30°C) 1.0(30°C)
1

The values in Table III are reactivities
toward ethanol and oxygen (dissolved)
relative to those toward water molecules.
Though it is difficult to compare exactly
their reactivities in absence of the nu-
merical values of k5, it appears possible

19) D. F. Evans, J. Chem. Sec., 1957, 1351: Nature,
178, 534 (1956).
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to say that, in general, halogenated dyes
are more reactive toward oxygen than
the unhalogenated ones, while toward
alcohol vice versa. There seems to be a
close relation between such facts and the
characteristic pH-dependency of the ab-
sorption spectra mentioned before!®.

Summary

Investigation of the photobleaching of
uranin solutions has led to the same con-
clusions as for eosin and erythrosin, con-
cerning the primary processes both in
aqueous and in alcoholic media. Strongly

969

alkaline solutions of uranin in aqueous
alcohol show an irreversible photobleach-
ing in vacuo. On the reactivities of the
excited uranin, and on the comparison of
them with those of two other xanthene
dyes previously investigated, some dis-
cussions have been given.
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for his interest in this work.
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