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Choosing eosin and erythrosin as donor and anthracene and 9-methylanthracene as ac-
ceptor, we have kinetically investigated the triplet energy transfer process by flash technique
involving emission measurement. In these systems the differences of T-levels of donor and
acceptor are of the order of kT at most, and it was anticipated that a reversible energy transfer
would occur. It has been established that it actually occurs in eosin-anthracene and erythro-
sin-anthracene, and very likely occurs in erythrosin-9-methylanthracene. Furthermore, it has
been found that in the first two systems the energy transfer rate for the process, donor—accep-
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tor is about half that for the process, acceptor—donor.
systems is determined by some other factor than the triplet level.

on the model for energy transfer.

This means that the rate in the present
Discussions have been given

According to Parker et al.,V) triplet energy transfer
between some dyes and aromatic hydrocarbons
gives rise to various types of delayed fluorescence.
Their observations, however, were qualitative in
nature. By a flash apparatus modified so as to
measure the emission as well as absorption,? the
present authors made a quantitative study on the
reversible energy transfer between eosin and an-
thracene.? We could demonstrate that an equili-
brium, DT+ A 22D+ AT practically holds between
donor and acceptor.

The result of our studies will contribute to our
knowledge concerning the efficiency of the triplet
energy transfer. It is often assumed that when
the transfer is highly exothermic its rate is dif-
fusion-controlled.# But when the triplet levels
of donor and acceptor are close to each other the
rate becomes slower; Bickstrom and Sandros
proposed that in endothermic transfer the rate is
governed by an exponential factor exp(—A4E),
where 4E is an endothermic energy.”) Recent
work has raised some criticism on the condition
for diffusion controlled energy transfer.®) It has
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been suggested that the energy transfer in less vis-
cous solvents competes with the diffusion apart of
donor and acceptor, which makes the energy trans-
fer rate appreciably slower than the diffusion rate.”
Such a suggestion has been made chiefly on the
basis of the viscosity dependence of the bimole-
cular rate constant between quencher and triplet
molecule. It may be expected that clearer under-
standing will be obtained by comparing the for-
ward and backward energy transfer rates of a
reversible system, for which the encounter rate is
practically the same for forward and backward
processes. Furthermore, such studies will enable
us to examine experimentally whether and how
the transfer efficiency is influenced by other factors
than the triplet levels of donor and acceptor.
The object of the present paper is to describe
the details on the reversible energy transfer be-
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Fig. 1. Triplet energy levels.
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2, 429 (1968).

7) P. J. Wagner and I. Kochevar, J. Amer. Chem.
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tween eosin and anthracene which has already
been communicated briefly, and to extend a
similar study to the systems, erythrosin-anthra-
cene eosin-9-methylanthracene and erythrosin-9-
methylanthracene, all in ethanol.

The triplet levels of these substances are very
close to each other®) as shown in Fig. 1; in par-
ticular, the levels of erythrosin and anthracene
are almost the same.

Experimental

Materials. 9-Methylanthracene of K & K Lab.,
Inc. was subjected to zone-melting and recrystallized
from ethanol. G. R. grade ethanol of Wakojunyaku
was used without further purification. Other sub-
stances were purified by standard methods.

Apparatus and Procedures. Essentially the
same as has been described.?

Results

The elementary processes related with the energy
transfer are those involved in the scheme

k

3D+ A %,:,;'*2*7'";2 SA+D

kN +A ke/\’*'D

e N\ k3 e N ks
D D+ A A A+ D

in which D is a xanthene dye and A, anthracene.
‘"The differential equations to be solved are

_ dlz]t)] = {k;+ (ky+k3)[A]} [2D] — £,[D][3A] o
_ dg?] = {ke+(ky+ks)[D]}[2A] — K,[A][*D] (2

‘When the dyes as donor are excited exclusively
by means of a suitable filter, the initial condition
is put as
[*D] = [*D], [*A]=0

In the early stage of the decay, the above equations
.are written as follows with a good approximation,
:since most donor molecules are in the triplet state
.and the concentration of triplet acceptor is small.

_ dz?] = {ky + (ky + k)[A]} [’D] ®
dPAT _, s
4 = kAICD]

"Thus the rate constant of D-decay is given by &,+
(ks+k;) [A]l. In order to keep such a situation
for a long time, the concentrations of donor and
acceptor should be made as low as possible. Of
.course the later stage under such a condition is
not observable on account of very low concen-
‘trations of 3D.

8) K. Gollnick, ‘“Advances in Photochemistry,”
Vol. VI, ed. by W. A. Noyes, Jr., G. S. Hammond and
J. N. Pitts, Jr., Wiley (Interscience), New York (1968),
p. 40.
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In order to study the later stage, higher concen-
trations of donor and acceptor must be used. In
the later stage where the concentrations of donor
and acceptor are approximately constant, the
solution of (1) and (2) are expressed as the sum of
two exponential terms in which the exponents of
the two terms are given correctly as follows.

B = -;*{kx + (k2 + k9)[A] + ke + (ky + £5)[D]}

£l + (5 + B)IA] — ko — (K + £)ID])?

+ 4kk,[A][D]]V/2 C))
But one terms with an exponent f; can safely be

neglected and the exponent f, (=p) for the re-
maining term is approximated as

f= ko[A] (ks + As[D]} + k4[D]{k, + y[A]}
ko[A] + k,[D]
if

ko[A]1>k[A] + K, ky[D]>k5[D] + ks Q)

Furthermore the relation

[*A]/[*D] = &;[A]/k,[D] )
holds which shows the existence of equilibrium,
SD+AZ22D+3A.  Although an attempt to give ex-
act criterion for the above two extremes was not
made, the two extremes could be distinguished by
the linear relations in the log[3D] vs. ¢ plot and with
quite different slopes.

It will be seen that relations (5) and (7) really
hold in the case of eosin-anthracene and erythro-
sin-anthracene, and approximately in erythrosin-
9-methylanthracene but not in eosin-9-methyl-
anthracene.

Eosin-anthracene. The dependence of the
decay curves of eosin at low concentrations (1.0X
108, 5x 10-7 M) upon the concentration of an-
thracene was studied. The observed first order
rate constants are plotted against the anthracene

)
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Fig. 2. Effect of anthracene concentration on the

first-order rate constant of triplet eosin.
O [Eosin]=1x10-¢m @ [Eosin]=5%x10-"m
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concentration in Fig. 2. From the plot one ob-

tains
ky + kg = (5.1 +0.5) x 108 Mm—!sec—! ®
In a similar way the dependence of the decay
constant of triplet anthracene on [eosin] was studied.
The result is shown in Fig. 3. As is expected, the
slopes in the initial stage are linear but decrease
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Fig. 3. Effect of eosin concentration on the

decay curve of triplet anthracene.
[Anthracene]=2x10-¢m

[Eosin]: O Om D 2.7x10-Tm
P 5%x10-Tm @ 5.8x10-5m
© 1.2x10-5u
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Fig. 4. Effect of eosin concentration on the first-
order rate constant of triplet anthracene.
[Anthracene]=2Xx10-¢m.
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remarkably in the later stage. The dependence
of the observed first order rate constant on
[eosin] is given in Fig. 4. From the slope we get

kg + ks =(1.2 +£0.2) X 10°M~1sec?!

Figure 5 gives the decay curves of triplet eosin*!
for 10-5 M eosin at various concentrations of an-
thracene. It is seen that the slopes are almost
independent of the anthracene concentrations.
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Fig. 5. Effect of anthracene concentration on the

decay curve of triplet eosin.
[Eosin]=1x10-5M

[Anthracene]: @ Om P 2X10-5m
© 5%x10-¢m O 4x10-5m
O 1x10-%m

The decay of triplet anthracene in this case can
be studied either by its triplet-triplet absorption
or by the intensity of the delayed fluorescence.
The latter is related to the former by the relation,
I, =oagppki[D4/e]> (I4p, intensity of the anth-
racene delayed fluorescence; «, experimental para-
meter; ¢y, fluorescence quantum vyield; p, effici-
ency for the formation of singlet excited state.
Other constants are the usual ones). In the pre-
sent case, the latter method is more suitable be-
cause the anthracene T-T absorption is super-
posed by the absorption of eosin semiquinone®”
which is produced by a reaction between triplet
eosin and alcohol. The relations between co-
existing triplet eosin and triplet anthracene are:

*1  Decay curves are shown by the log DR us. ¢ plots,.
where D is the optical density and, suffixes D, T mean

donor and triplet.
9) A. Kira and S. Kato, Sci. Rep. of Tohoku Univ...
Ser. 1, 48, 142 (1965).
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given in Figs. 6a, b and 7. It is clearly seen that
0 . a linear relation holds more satisfactorily between
0 0.05 0.10 1VI5; and DR than between D4 and DR. This,

DR (580 nm)

Fig. 6a. Relationship  between  triplet-triplet

absorption of eosin and of anthracene.
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Fig. 6b. Relationship  between triplet-triplet
absorption of eosin and delayed fluorescence of
anthracene.
[Eosin]=1X10-5m
[Anthracene]: @ 5X10-¢m

O 1x10-5m

P 2x10-%m
@ 4x10-5m

as stated above, is due to the superposition of
the absorption from eosin semiquinone over the
triplet anthracene absorption. Such situations are
frequently encountered in the study of the behavior
of the triplet state. Mixed T-T annihilation is
another point to be noted. Although a mixed
T-T annihilation 3D43A—A*+D does not occur
in the present system, another type, *D-+3A—D*4-
A does occur; this however does not prohibit the
usage of delayed fluorescence intensity of anthra-
cene as a measure of its triplet concentration. If
the former were to occur, Iz would not simply
represent the concentration of triplet anthracene.
The linear relation between DA2/DR and [A]/[D}
shown in Fig. 7 is nothing but the one expected
from the existence of equilibrium, 3D+AZ22D+
3A. Using the values of molecular extinction coef-
ficient of 3D and 3A, the value of k,/k, is evaluated
to be 0.40%24-0.05.

The above result, however, is not enough to
verify the existence of the equilibrium in question;
it must be shown that the relation k,[A], £,[D]>
ky-+ky[A], kg+ks[D] really holds. The values of
k; and k; can be estimated as follows. Putting

ko[A]/(ko[A] + £,[D]) = f (€)
one can transform eq. (5) as follows.
B = flks + k5[D]) + (1 — )k + Ks[A]) (10)
Hence
B — ki = flks — ky + (ks + kuks/k5)[D]} 11y
It was experimentally found that f is practically
equal to k;, independent of [A]. One can use

this result to estimate the values of k; and %; as
follows. The right side of eq. (11) should be less

*2  The value reported in Ref. 2 should be corrected.
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than 0.1 x &,, if one assumes the experimental error
for the decay constant as ca. 10%. Thus

=2 % 10> < f{(ks — ky)
+ (ks + kskylk,)[D]} < 2 X 102 12)
Inserting the value of k,/k,=0.40 and the values
of [A] and [D] into Eq. (9), f is found to change
from zero to 0.54 and further from Eq. (12) one
obtains the following relation.

1.2 X 108 < ky + 2.5k < 1.9% 108
From this, we get
ks < 1.9.% 108 ky < 7.6 x 107

In the case that ky=k;, we have 3.5 107<k;=
k5<5.5x 107 Thus the values of k; and k; are
estimated to be at most less than 109, of &, and
k4 respectively. The values of (k,-+k;) and (k,+
k;) then give k,/k,~0.4 which agrees satisfactorily
with the one already described.

Erythrosin-anthracene. This system is par-
ticularly interesting because the triplet levels of
donor and acceptor are almost the same. Similar
experiments as in eosin-anthracene system were
performed. Figure 8 shows the dependence of
the decay constant of triplet erythrosin, k.5 upon
[anthracene] at [erythrosin]=1.0x 10~¢ M. From
the slope we get,

ky+ ks = (7.3 £ 1.0) X 108 M-1sec—!

10

1

kops X 10~3 (sec-1)
(&2

O i
0 5 10
[Anthracene] (um)

Fig. 8. Effect of anthracene concentration on the
first-order rate constant of triplet erythrosin.
[Erythrosin]=1x10-¢m

From the dependence of A decay on [erythrosin]
at low anthracene and erythrosin concentrations,
we obtain ky+k;=(1.7+40.2) x 10° m~1sec-1. Put-
ting k,/k;=0.45 (see below) and |B—#k,|=0.1k%,
we obtain the following relation by similar reason-
ing as performed for eosin

—5% 102< 0.6 { — 4.7 x 108
+ (ks + 5.5k5)10-5} < 5 x 102
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Fig. 9a. Relationship  between  triplet-triplet
absorption of erythrosin and of anthracene.
[Erythrosin]=1x10-%m
[Anthracene]: © 3Xx10-¢m O 9x10-¢m

@ 6x10-°m @ 1.2x10-®

V'I5 (400 nm)

0 0.05 0.10
DR (580 nm)

Fig. 9b. Relationship  between triplet-triplet
absorption of erythrosin and delayed flurescence
of anthracene.

[Erythrosin]=1x10-5M
[Anthracene]: © 3Xx10-¢m O 9x10-¢m
P 6x10-¢m @ 1.2X10-%m
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The results obtained are summarized as follows. 15 . . . i
ks < 5.3 % 108 ks < 2.5 x 108
In the case k;=Fk;, we have
1.2 X 108 < ks = k3 < 1.8 x 108
In the system the values of k; and %, are 309, of
the values of k, and £, respectively at most.
At 1.0x10-%m of erythrosin, the log DR wvs. ¢ . 10
plots in the later stage give almost the same slope 7
from [anthracene]=0 to 12.0x10->M. The re- é
lation between the coexisting *D and 3A in the -
later stage are given in Figs. 9 and 10. =
2 : %
< 5
g q
g
as
SIS .
Bl 0 . ' - -
: 0 1 2 3 4 5
\% [9-Methylanthracene] (um)
<t Fig. 11. Effect of 9-methylanthracene concen-
_R tration on the first-order rate constant of triplet
erythrosin.
0 ) [Erythrosin]=1x10-¢M
6 12
[A1/[D]
Fig. 10. Proof of the existence of equilibrium. 15 T
D4+ A = D + A, [D]=2.6x10-5u
It is seen that quite a similar relation to that in
the case of eosin (Figs. 6 and 7) holds. It is to be
noted that a good linear relation in Fig. 9a sug-
gests that there is scarcely any absorption of inter-
mediate such as semiquinone in the region of T-T 10F -
absorption of anthracene. The value of k,/k; was ©
evaluated to be 0.454-0.05. e
Erythrosin-9-methylanthracene. It is ex- Al ©
pected that the quasi-equilibrium 3D+4+AZ22D+ % ©
3A is more difficult to hold in this case than in the <
former two cases, because the difference of triplet _ ©
levels of donor and acceptor is more than twice 05F © o |
. © [
as large as that of eosin and anthracene and the o
decay constant of triplet erythrosin is also about © o
two times larger than that of eosin. Figure 11 Oo ) o
gives the plot of decay constant of triplet erythrosin, © o()
kops against [9-methylanthracene] at low [eryth-
rosin]. From the slope, we get
By + ks = 2.2 + 0.4 X 10°m~1sec-1 (12) 00 ol 02
From a similar experiment for the triplet 9-methyl- D2 (580 nm)
anthracene, we have Fig. 12. Relationship  between triplet-triplet
kg + ks = (3.3 £ 0.3) X 108~ 1sec—? (13) absorption of erythrosin and of 9-methyl~
. . . _ anthracene.
At higher concentrations of erythrosin (2.6 10-5 [Erythrosin] =2.6X 10-5 m
M), the plots of log DR us. ¢ at various acceptor [9-Methylanthracene]: ( 4.7x10-%u
concentrations, give about the same slopes as in © 9.5x10-6m
the previous two cases. Figure 12 gives the re- O 1.9x10-5m

lation between the triplet absorbance of erythrosin @ 3.8x10-5m
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absorption of erythrosin and delayed fluorescence
of 9-methylanthracene.
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and 9-methylanthracene and Fig. 13, the relation
between the delayed fluorescence of 9-methyl-
anthracene and triplet erythrosin. It is seen that
the linear relation holds approximately in both
.cases, suggesting the existence of quasi-equilibrium.
However, the upper limits estimated for &, and k;
are, respectively, 2.1x10° and 3.3x10% which
are comparable with the values of (k,+%;) and
(ks+k;). Hence it is somewhat doubtful that the
approximate equilibrium in question really holds.
Eosin-9-methylanthracene. Since the dif-
ference in triplet levels of donor and acceptor is
still larger than that for erythrosin-9-methyl-
anthracene, it is expected that the quasi-equilibri-
-um does not hold in this case. In fact, the exist-

TABLE 1.
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Fig. 14. Effect of 9-methylanthracene concen-
tration on the first-order rate constant of triplet

eosin.
[Eosin]=2x 10-¢m

ence of triplet eosin could not be observed at
high concentration of donor and acceptor. From
the -plot of decay constant of triplet eosin, kqps
against [9-methylanthracene] at low [eosin](2.0 X
10-9, we obtain k,+k;=(1.940.2) X 10° m~1 sec?!
and from a similar experiment for the decay of
9-methylanthracene  k;+k;=(2.140.4) x 108 M~!
sec™L

All the rate constants evaluated in the present
paper are summarized in Table 1.

Discussion

In the present work it has been fully established
that a quasi-equilibrium, *D+4AZ22D--3A holds
in eosin-anthracene and erythrosin-anthracene.
It is well known that Bickstrom and Sandros®
found the reversible energy transfer between donor
and acceptor with triplet levels close together.
But they did not observe the establishment of a
relation [3A]/[3D]=const-[A]/[D], as shown in
the present paper. Besides, the present study
demonstrates definitely that the rate constant for
SD+A—->D+3A (k,) is smaller than that for the
reverse transfer (k,). Thus in erythrosin-anth-
racene where AE~0, and in eosin-anthracene

RATE CONSTANTS FOR ELEMENTARY REACTIONS INVOLVED IN ENERGY TRANSFER

Eosin
Anthracene

Erythrosin
Anthracene

Erythrosin

9-Methylanthracene

Eosin

9-Methylanthracene

ky (sec-?)

ky+ky (M—1sec—?)
ky+ks (M—1sec—?)
ke (sec—?)

ks (M~1sec—?)

ks (M—1sec1)
kalky

(k2 kg) (ks + ks)

(2.4+0.3) x 103
(5.140.5) x 108
(1.240.2) x 10°
(7.6+1.0) x 102
<7.6x107
<1.9x108
0.40+0.05
0.43+0.10

(5.5+0.5) X 108
(7.341.0) x 108
(1.7+0.2) X 10°
(7.6£1.0) x 102
<2.5X 108
<5.3% 108
0.450.05
0.43-£0.10

(5.5+0.5) X 108
(2.2:4:0.4) X 10°
(3.340.3) x 108
(2.5%0.5) x 102
<2.1x10°
<3.3%108
6.44+0.7
6.7+1.0

(2.440.3) x 108
(1.940.2) x 10°
(2.140.4) x 108
(2.540.5) x 102
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where donor triplet level is 100 cm~! higher than
that of acceptor, the k,-values are about twice
as small as the k,-values. This implies that for
the system where AEZ kT, AE is not the only im-
portant factor for determining the transfer effici-
«ency.

For interpreting the present results, it is helpful
to refer to the results and the interpretations of
other workers on the related phenomena. For
the system in which the reversible energy transfer
occurs, Sandros® proposed that the encounter
complex is formed with a diffusion controlled rate
and that the probability for the forward and back-
ward energy transfer is determined only by the
energy difference between 3D and 3A. Thus
they inferred that the rate constant for endothermic
transfer is essentially determined by a factor
e~4E/RT where AE=E(*D)—E(3A). The same
assertion was made also by Stevens and Walker.1®
Wagner,” on the other hand, studied the system in
which energy transfer is irreversible and obtained
results which lead to the conclusion that the trans-
fer efficiency can be much smaller than the diffu-
sion-controlled one, on account of the competition
between the transfer process and the diffusion
apart of ®D and A. Richtol and Belorit!) and
also Borkman and Kearns!® studied the irrever-
sible energy transfer and found that the 3D+ A—
D+ A process occurs to some extent. Both groups
proposed the following scheme where (3D---A)
is an encounter complex.

D+ A > (D--A) > D + 3A
D+ A
Their conclusion is similar to Wagner’s in that the
overall rate constants for energy transfer and energy
dissipation are small on account of the backward
reaction (®D---A)—*D-+A.

In view of all the previous results, it is quite
reasonable to assume the following scheme for the
present system.

k'p1 "1
3D + A = ¥D--A) == D+ A
k'1p k' a1
|+
D+ A

In this scheme, 3(D-.-A) is an intermediate (I)
with perhaps a specific configuration by way of
which the forward and backward energy transfer
((D+A—-D+3%A and D-+32A—-3D-+A) and also
the energy dissipation process ((D+A—-D-+A,
3A+D—>A-+D) can occur.*3?

As to the interchange between I and the en-
counter complex, two typical models are to be

10) B. Stevens and M. S. Walker, Proc. Chem. Soc.,
1964, 26, 109.

11) H. H. Richtol and A. Belorit, J. Chem. Phys.,
45, 35 (1966).

12) R. H. Borkman and D. R. Kearns, J. Amer. Chem.
Soc., 88, 3467 (1966).
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discriminated. The first is a model in which the
intermediate is very easy to reach from the en-
counter state, (3D---A) and (D---3A). In this case
the forward and backward energy transfer is
repeated and a certain equilibrium state is realized
during the encounter state. If one assumes that
the encounter rate %, controlled by diffusion is
the same for forward and backward reactions,
k, and k, can be written as

ky = kekia/(k1a + kip + ka)

ky = kekip/(k1a + kip + ka)
where k5, and £;p is the rate constant for processes
I—>(D---3A) and I—(3D---A), respectively. Then
the equilibrium constant K=k,/k, is reduced to
kia/kip and this reflects the equilibrium state in
the encounter complex. It should be added that
this model requires k;~k;.

The second is a model in which the intermediate
is difficult to reach from the encounter state and
only a small fraction «; and «,, respectively of
(®D-:-A) and of (D---3A) goes to the 3(A..-D) state.
In this case, £, and %, are written, respectively as
follows.

ky = keoskia/(kia + kip + ka)

k4 = keoaykin/(kia + kip + ka)
Thus the equilibrium constant K=#,/k, depends
not only on ki/kip but also on oy/a,. ksfks is
then expected to be equal to ay/«,. If this model
fits the truth, the result k,/k,<1 suggests that the
intermediate has a configuration closely resembling
that of an encounter compex (D---3A) because the
value of k,/k,; depends most likely on oy/e, much
more than kp, /kip.

Of the two models described above, the first
appears to interpret the present results better than
the second. Thus according to the first model,
the sum of (k,+4;) and (k,+4;) should be the
diffusion rate constants, and the experimental
values are really very near them.

Apart from the argument as to which model is
more suitable, it should be noted that the equilibri-
um state in the present system, contrary to Sand-
ros’ system,® is not determined only by an energy
factor. As a possible factor, an overlap integral

f So(»)e(v) dv involved in Dexter’s theory!® is

conceivable. Since the longest absorption band of
donor is located in the longer wavelength region
than that of acceptor, this factor is expected to be
favorable to kyp than kg4, resulting in a larger k,
than k, according to the first model.
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*3 It is possible that the forward and backward
reaction occurs via a different intermediate state.
Even in this case the conclusions for K=k,/k, described
below will be essentially the same.

13) D. L. Dexter, J. Chem. Phys., 21, 836 (1953).





