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In order to determine the reactive state of acridine when it is photoreduced by ethanol, two
types of experiments were undertaken. The first was to study the concentration effect of ethanol
on the quantum yield in a benzene solution. These results, however, could not give any unequivocal
answer. The second type of experiment was, therefore, made from the standpoint of the triplet
energy transfer, using eosine as an energy acceptor for the photoreduction of acridine in an ethanol
solution. It was found that, in a deaerated solution, the quantum yield of acridine photoreduction
is not affected by the addition of eosine, whereas it was established by the flash technique that, under
similar conditions, the energy transfer from the acridine triplet state to eosine occurs at approxi-
mately the diffusion-controlled rate. These results lead to the conclusion that the reactive state is
not the lowest triplet state.

In a previous paper!> two paths have been

and RH, is ethanol. The other was:
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where A* is the singlet excited state of acridine

dine in ethanol. One was: A* + RH, — AH + RH (a)
2
A 2 *
oA u or AT 4+RH, > AH+RH (b) 2)
A* + RH, — (A;:' ':;R) _am+r|[ D (2AH — A + AH,)
“H- where AT is the triplet state of acridine. When

1) A. Kira, S. Kato and M. Koizumi, This Bulletin,

oxygen is present, only (1) occurs, since the half hy-
drogenated acridine produced by (2a) or (2b)
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reverts to acridine by means of:
AH + O, - A + HO,

The question whether A* or AT is involved in path
2, however, has not yet been decided. In the
present paper attempts will be made to give an
unequivocal answer to this question.

Results and Discussion

The Reaction between Acridine and Ethanol
in a Benzene Solution.—It is expected that if
AH is to be produced by (2a), then a rather high
concentration of ethanol would be required for
the reaction to occur because the lifetime of A*
is 7.2x10-19gsec.22 On the other hand, if AH
is produced via the triplet state, it is possible that
a rather low concentration of ethanol is enough for
the reaction rate to become measurable, although
it all depends upon the magnitude of the rate con-
stant of AT4+RH,—»AH-+4RH. Since, for the
aerated solution, it has already been determined
that the reaction really occurs at A*, there is a
possibility that the problem can be answered by
comparing the concentration effect of ethanol on
the rate in aerated and deaerated benzene solutions.

The concentration of acridine was chosen as
5% 10-% M, while the concentration of ethanol was
varied from 1x10-2m to 17.3 M (pure ethanol).
Changes in the absorption spectra in the course
of the reaction were quite similar to those in the
pure ethanol solution. The In (e*¢?—1) wvs. ¢
plots were satisfactorily linear, and the value of
the quantum yield was determined from the slope
of the plot. The results are shown in Table I.

It is notable that the ratio of @4,y to @, is
almost constant, independent of the concentration
of ethanol. When the reaction occurs at the singlet
excited state, the quantum yield, @, for the simplest
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case is given as follows:

k,[RH,]
kq + k;[RH,)
where k,, ki and k; are the rate constants for,
respectively, the genuine reaction with ethanol,
the total reaction with ethanol (including simple
deactivation), and the first-order decay constant
in benzene. From Eq. 1 one gets:

@ L (ki —k,) k

s |14+ =) gy }: " [R

l-—-@ { + kd [ 2] kd [ HZ]
On the other hand, when the triplet state is a reactive
species:

Q= (1)%1

(2)

ki [RH,]
P — ph_, T2

B8tk [RH,) )
where @2_p is the probability of the intersystem
crossing®? and where k,', k7' and k' are the analo-

gous rate constants for the triplet state, just as k,,

ki and kg are for A*. From Eq. 3:
? (k7' —k,)[RH,]) 47
e e e L

)
As may be expected from Eq. 2, the plot of log-
[Poer/(1—Dye,)] against log[RH,] for the aerated
solution does not give the slope of unity; rather,
it gives approximately 0.8. In the same way,
when both log [4®/(1— 49)] and log [4D/(pd_—
49)] (49=04eq—D,.,) are plotted against log-
[RH,] for the dearated solution, the slopes of the
curves also have similar values. This deviation
from unity might be due partly to the dependence
of k,’s and k;’s on the composition of the solution,
but it is more plausible to attribute this deviation
mainly to the assumption that kj=k,, especially
in the lower concentration region of ethanol. If
one takes proper (k;—k,)/ky values, which are ca.

TasLe . QUANTUM YIELDS* OF THE PHOTOREDUCTION OF ACRIDINE BY ETHANOL IN BENZENE
[acridine]: 5x 106 M, Temperature: 25°C
Concn. ':;E ethanol Dgeg** Dyer** AW(=Dyea—Dyer) %'
@aer
0 3.05x 104 4.4x 10-% (6.9)
1x10-2 8.2 x10-+4 2.0 x10-¢ 6.2 x 104 4.1
5% 10-2 2.5;%10-3 6.9;x 1074 1.8, 1073 3.6
1x10-1 6.13x10-3 1.64x10-3 4.43x1073 3.7
5x10-1 1.7,x10-2 4.5;x10-3 1.3;x10-2 3.9
1 3.24x 102 T.4,x 103 2.5, x10-2 4.4
av. 4.0
8.6 (50% WVol.) 9.0,x10-2 1.9;x10-2 7.0,x10-2 4.6
17.3 (100%) 1.23x10-1 4.33x10-2 7.9;x10-2 2.8

* (Correction is made for the quantum yield in pure benzene.
**  @4.0 and @y, are respectively the quantum yield for the deaerated and aerated solutions.

2) H. Kokubum, Symposium of Photochemistry,
Sendai, 1963.
*1  In general a factor depending on the succeeding

steps should be multiplied.
3) According to our unpublished findings, the value
of p&. 1 in a benzene solution is about 0.24.
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1 in all cases, then the plot of the logarithm of the
left side of Eqs. 2 and 4 against log[RH,] can be
made to have a slope of 1. The results are shown
in Fig. 1.

20 —10 0 10 20
log [RH:]
Fig. 1. Plots of log F vs. log [RH;].

F = 49-K[(pds—40) for O,
40-K|{(1 — 4D) for @ and
Qacr’K}[(l_@aer) for .a

ki—k
where K = -{l-t———( "k ) [RHE]} etc.
d

and where the coefficients of [RH;] are put unity.

The values of k,/ky’s are evaluted from the point
at log[RH;]=0. For the deaerated solution, the
values of k, and & are:

ky =2.0x10-%,' k. = 4.6 x 102k,
{k;' = 1.2k’ {k; = 1.05k,

and for the aerated solution:
k, = 1.6 X 102k,
{k;‘, = 1.02k,

If one assumes ky~10"sec-! and k)=~2x103
sec~1,9 then for the reaction 2a:

ko = 4.6x108m-1sec~!, ki = 100 m~!sec—!
and for (2b):
k' =4x102m-1sec=!, ki' = 2.4x10°M~!sec1.

Thus, the above values of the rate constants can
make both the reactions, 2a and 2b, consistent with
the experimental results, and so no definite answer
-can be given. However, the results in Table I,
particularly the constancy of @g.q/@qe,, seem to
favor the view that a reactive state is S* and not
T. Even if AT reacts with ethanol, there is no
-doubt that its reactivity is exceedingly small.

The Effect of the Addition of Eosine on the
‘Photoreduction of Acridine in Ethanol.
In principle, the present problem can be solved
if an effective quencher of AT is added and if its
-effect on the rate of photoreduction is examined.

4) To be published.
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Thus, if a reactive species is triplet acridine, then
the rate may be expected to decrease to about one-
third of the original value, whereas the rate should
be scarcely affected if the reactive species is A*.
However, we do not know what substance is a
suitable triplet quencher. We have tried eosine
as a test substance, since this dye has a triplet level
definitely lower than that of acridine® and since
its absorbance at 365 mpg is very small. It was
found that the addition of eosine (5x10-®M or
1% 10-5 M) did not affect the rate beyond the limits
of experimental error, and yet the optical density
of eosine was found to decrease beyond the limit
of experimental error, though to a small extent.
The results are shown in Table II, where 4D
is the difference in the optical density of eosine
before and after 5 minutes’ irradition.

It should be noted that, according to our pre-
liminary experiments, eosine is rapidly photoreduced
by a 365 my light in the presence of 10~ M acridan.
In spite of this fact, it is believed that the 4D value
in Table II is not due to the produced acridan,
though the bad reproducibility of the data might
partially be due to it.

From the above results, there is scarcely any
doubt that the addition of eosine does not affect
the rate of the photoreduction of acridine. How-
ever, there still seems to be some doubt as to whether
eosine is really acting as an efficient quencher under
the present experimental conditions, since the
decrease in the optical density of eosine is quite
small. The order of the magnitude of 4D to be
expected can be estimated in the following way.
If the above results are to be explained by the follow-
ing scheme:

A+ hy — A*

A* + RH, —» AH, + R (1)
| — AH + RH (2a)

A* — AT (3)

AT+ E - A+ ET (4)

E* + RH, —» (EH + RH) - EH, + R ()

where E is eosine, then the decrease in the eosine
concentration, —d[E], should be given by:

—d[E] = I%y- o4 _q-a-f dt

where I8, is the quantity of light absorbed by
acridine, where ¢@&_. is the probability of the
intersystem crossing of acridine, and where a and
B are, respectively, a parameter for the efficiency
of the energy transfer (process 4) and the probability
that the triplet eosine reacts with ethanol.

5) According to G. N. Lewis and M. Kasha (/.
Am. " Chem. Soc., 66, 2100 (1944)), the triplet level of
eosine is 14900 cm~!, while D. F. Evans (J. Chem.
Soc., 1957, 1351) reported that the triplet level of acridine
is 15840 cm~1. See also Hammond et. al, J. 4dm.
Chem. Soc., 86, 3197 (1964).
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THE EFFECT OF ADDITION OF EOSINE ON THE QUANTUM YIELD OF PHOTOREDUCTION OF ACRIDINE

Temperature 25°C

Concn. of acridine Concn. of eosine
M M

Deaerated solution

5x10-3 0
5x10-3 0
5x10-3 5x10-6
5x10-3 1x10-3
1x 10—+ 0
1x10-4 5x10-6
1x10-+ 7.5x10-¢
1x10-+ 7.5x10-¢
1x10-+ 9x10-8
1x10-+ I1x10-5
1x 10—+ 1x10-5
Aerated solution
5x 105 0
5x10-5 5% 10-6
1x10-4 0
1x10-4 Ix10-5
Controle (deaerated)
0 1x10-3
0 1x10-3
Since
—d[A] = I%y-Pjq dt
one gets:

—d[E] = —d[A]x --5‘-’-3&1‘.“.'5_

dea
Integration gives:

A[E] = 4[A]x $8-r-a-8

@44 is =0.1; if one tentatively puts ¢f_;=0.1,®
a=1, and $~=0.01,% then:

1
4[E] = J[A]x_mo-

When the concentration of acridine is 5x 10-5 M
and 1x10-4mM, the 4D wvalues should be 0.05
and 0.10 respectively after 5 minutes’ illumination,
by which time acridine disappears almost quanti-
tatively. These values are perhaps the upper
limit which can be expected, and the experimental
values are quite reasonable, at least in the order
of magnitude.

Thus, it seems quite plausible that the reactive
species of acridine is the singlet excited state and

6) According to M. Imamura and M. Koizumi
(This Bulletin, 29, 899 (1956)), the quantum yield
of the photoreduction of eosine in ethanol is ~5x 10-4.
The value of pE_1 is 0.023 according to C. A. Parker
(Trans. Faraday Soc., 57, 1894 (1961)), while in our
unpublished results it is >0.05. The molar extinction
coefficient of eosine in ethanol is ~105.

[ 4D
1.24% 10~ -
1.2,% 10~ —
1.1gx 10~ 0.015
1.1gx 10— 0.22
1.24x 101 —
1.1gx 10"t 0.08
1.2,x10-¢ 0.02
1.2;x 10! 0.01
1.25%10-1 0.56
1.24x 101! 0.31
1.2, 101 { ggz (after 3 min.)
4.35x 10-2
4,35x10-2 —0.03 (after 10 min.)
4.3, x10-2 —
4.6,%10-2 0

10.005 (after 3 min.)
0.08 (after 30 min.)

{0.025 (after 3 min.)
0.04 (after 30 min.)

not the triplet state. It is worthwhile to add here
that the above results obviate any appreciable oc-
curence of such a process as AH+E—-A+EH,
i. e., the transfer of the hydrogen atom from semi
reduced acridine to eosine. If this reaction were
to occur, then the reduction of the acridine con-
centration should be caused by the addition of eosine.

Direct Proof of the AT} E—->A-+ET Process
by Flash Photolytic Experiments.—In order
to establish the AT+ E—-A+ET process more con-
clusively, flash photolytic studies were made of a
solution of acridine and eosine in ethanol. The
experimental conditions, such as the concentration
of acridine, the flash intensity, and the filter system,
are similar to those used for the acridine solution
in ethanol.’> The concentration of eosine was
changed from 3x10-% to 2x10-3M. The filter
transmits only the light in the absorption region
of acridine.

An example of the transient absorption spectra
is shown in Fig. 2.
The concentration of acridine in this case is 1
10-5Mm. At 93 psec. after the flash, the absorp-
tion spectra are quite similar to those of the acridine
triplet state.> At 360 g sec., the shape of the spec-
tra becomes quite different and resembles rather
those of eosine intermediates,” although it is not
exactly identical.

Judging from the decay of the triplet acridine,

7) A. Kira and S. Kato, Science Rep. Tohoku Univ..
Ser. 1, 48, 232 (1965).
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Fig. 2. Transient spectra of acridine in degassed
ethanol solution containing eosine.
Acridine 1x10-4M Eosine 1x1075m
O 93 pusec. and @ 360 psec. after the flash
irradiation

its quantity at this stage is expected to be practically
nil, so that there is no doubt that the absorption
spectra at this stage are due to the transient inter-
mediates originating from eosine. However, since
the lifetime of the singlet excited state of acridine
A* is of the order of 10-1%sec., there is no possibility
for 10-°M of eosine to react with A*. Besides,
when a degassed solution of eosine in ethanol is
irradiated under conditions similar to those above,
no transient absorption is observable at 440 mg.
Therefore, it can be colculded that the transient
species in question is produced by the reaction of
the triplet state acridine, AT, and eosine.

The decay curves of the optical density at 440
my for several eosine concentrations are shown in
Fig. 3. The following features are to be noted;
1) The later stage of the decay curves, after
~300 g sec., is exponential and has the same rate

log D

15t \'\

T 200 30 400 500

t, psec.
Fig. 3. Decay curves of the absorption at 440 mp.

White symbols refer to observed data and black
symbols, to the decay of the triplet state evaluted
from them.

Acridine 3x10-%m

Eosine concentrations: O and @ 3x10-6m,
[ and W 6x10-6M, A and A 8x10-¢m and
© 2x10-5m
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constant, k=2 x 10 sec~1, irrespective of the eosine
concentration. 2) The first stage decays much
faster, but the effect of the eosine concentration on
the decay rate is not appreciable. 3) At the
initial stage, the optical density becomes smaller
with the increase in the eosine concentration,
whereas 4) in the later stage, it becomes higher
with the increase in the eosine concentration.

Findings 1 and 4 lead to the view that the later
stage involves a certain intermediate produced
from eosine. Furthermore, the value of k£ and the
spectral feature support the view that this is mainly
the triplet state of eosine, ET. Findings 2 and 3
can then be interpreted in terms of the superposi-
tion of the decay of AT and the rise in ET.

The above interpretation is further supported by
the finding that the solution of acridine and eosine
in ethanol ([A]: 5x 10-5 M, [E]: 8 x 10-¢ M), when
irradiated by the light absorbed only by eosine,
displays the transient absorption spectra the
decay constant of which is k=2.4x10%sec7,
1. e., just the same as that above. This value also
agrees with the decay constant of ET in ethanol.™

Thus, the present results naturally lead to the
following scheme:

kg

ky
AT A AT+ E —- A 4+ ET

kE
ET

EX or E (the yield of EX being §)

where EX is a secondary intermediate of eosine
(probably semiquinone) but with a longer life.
Since the initial concentration of AT is 10-%m at
most, the following equations can easily be derived
on the basis of the above scheme:

[ [AT] = [AT]pe~ G +KEI) = [AT]ge ¢
Ki[E]o[AT]o
t—E

KIEL[AT,
K

(ET]

(—e=*t + 8-}:Es)

KEK[E][AT]o

[Ek] — . _kE

...1.
p

1

|

i _1 —xt _..1__ By
L x( P o )

However, since § is very small, as has been
estimated above, the optical density at 440 mg
is given by:

D = (e[AT] + ¢'[ET])d (5)

with a good approximation, where ¢ and ¢' are,
respectively, the molar extinction coefficients of
AT and ET.
The decay at the later stage is then given by:
ki[EJo[AT]ode’
£ —kE ¢
This interprets quantitatively the increase in
the optical density with the eosine concentration.
In the initial stage, two terms containing e~ *¢ and
e~*Ft superpose, and the contribution of the second

-kE¢ (6)
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term increases with [E],, this is the reason why
the apparent decay is not so much affected by
the eosine concentration.

In order to evaluate x, one has to subtract Eq.
6 from Eq. 5 and has to plot the logarithm of the
residue against the time. The results are shown
in Fig. 3 with black symbols. The observed k-
values thus obtained are plotted against the eosine
concentrations in Fig. 4.

The value of £, obtained is 3.4x 10° Mm~1sec—1.
Although the above analysis is approximate in

k%1074, sec—!

[Elox 108, u

Fig. 4. The relation between the observed first
order rate constant of triplet acridine and the
eosine concentration.
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nature on account of the neglect of the second-
order decay of AT, yet it seems quite satisfactory,
even quantitatively. Thus it may be concluded
that the AT+E—A-+ET™ process can occur very
quickly, perhaps with a diffusion-controlled rate
constant.

Conclusion

The present study has shown that: 1) The
energy transfer between the acridine triplet state
and the ground state eosine occurs very efficiently,
and that 2) in spite of this triplet energy transfer,
the photoreduction of acridine is scarcely affected
at all by the presence of eosine.

It may, therefore, be concluded that the reac-
tive state of acridine is not the triplet state. As
Kellmann and Dubois have proposed,®> however,
there is a possiblity of the n—xz* T state being the
reactive one. This state, according to them,
has a lifetime of the order of 10-8sec., so the
presence of 10-3m of eosine will scarcely affect
this state. It is a problem for the future to decide
how much of the reaction occurs at the S* and at
the n—=* T states and, further, to decide the frac-
tion of molecular and radical mechanisms in each
reactive state,

8) A. Kellmann and J. T. Dubois, J. Chem. Phys.,
42, 2518 (1965).




