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puAk
The mixed delayed fluorescence due to the processes, AT+ BT = Ax +B in the following systems in

puBk
NE By aA

1) 9-methylanthracene-anthracene, 2) 9-phe-
9-methylanthracene-9-phenylanthracene, 4) anthracene-acridine, 5) 9-
methylanthracene-acridine, 6) 9-phenylanthracene-acridine. b) 7) eosin-anthracene, 8) proflavine-
anthracene, 9) eosin-acridine. It has been found that for class a) in which the separations of singlet excited
levels of A and B are less than a few times of £T, the delayed fluorescence of both components occur and the value
of (pu+pu®) is close to that of the efficiency of a simple p-type delayed fluorescence, p4 or pB. The delayed
mixed excimer fluorescence also occurs in most cases. For class b) in which the level differences largely exceed
kT, only the delayed fluorescence of the lower level component occurs. It has also been established that the de-
layed excimer fluorescence in a single component system increases in intensity from anthracene through 9-methyl-

ethanol solutions have been quantitatively investigated. a)
nylanthracene-anthracene, 3)
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to 9-phenylanthracene.

Delayed fluorescence due to T-T annihilation has
been studied extensively by Parker!) and Birks? since
its discovery by Parker and Hatchard.® It seems that
the recent work of Birks ef al.¥) has terminated the
debates upon its mechanism. Their conclusion is
that T-T annihilation occurs according to the dual
paths

(I)  ATHAT 5 AFF A% 5 2A 4 py

| (excimer fluorescence)
— A¥* + A 5 2A + w'
(monomer fluorescence)

(II) AT + AT — A% A

in which process (I) goes through encounter whereas
(IT) proceeds by a long range interaction. This scheme
is essentially the same as the one proposed earlier by
Parker.®) Birks et al. and Parker also agree on the
point that process (I) is temperature dependent while
(IT) is not, the former predominating at room tem-
perature.

One purpose of the present work is to compare the
efficiency of mixed T-T annihilation with that of simple
type T-T annihilation at room temperature assuming
that process (I) is predominant. Since the discovery
of mixed T-T annihilation by Parker,® no quantitative
investigation seems to have been made. Although
there is no doubt that in the anthracene (donor)-naph-
thacene (acceptor) system,” the delayed fluorescence
of the latter is brought about by DT+AT—D-A¥*,
there is some ambiguity as to the mechanism of the

1) C. A. Parker, “Photoluminescence of Solutions,” Elsevier,
Amsterdam (1968), Chap. 2. D.

2) J. B. Birks, “Photophysics of Aromatic Molecules,” Wiley-
Interscience, New York (1969), Chap. 8.

3) C. A. Parker and C. G. Hatchard, Proc. Chem. Soc., 1962,
147.

4) J. B. Birks, B. N. Srinivasan, and S. P. McGlynn, J. Mol.
Spectrosc., 27, 266 (1968). G. F. Moore and I. H. Munro, Spectro-
chim. Acta, 23A, 1291 (1967). J. B. Birks, Chem. Phys. Leiters, 2,
417 (1968).

5) C. A. Parker, Nature, 200, 331 (1963).

6) C. A. Parker and C. G. Hatchard, Proc. Chem. Soc., 1963,
62.

7) GC. A. Parker, Proc. Rop. Soc. (London), A276, 125 (1963).

The py®/pu® values are discussed for systems (1), (2), and (3).

enhanced delayed fluorescence in the eosin-anthracene
system.?) Parker’s observation gave no quantitative
information as to what extent the enhanced delayed
fluorescence of both eosin (D) and anthracene (A)
occurs via
/.D* + A (M-type 1)
(III) DT 4 AT
\D + A* (M-type 2)
or
D! 4+ DT - D* + D
(P-type)
AT 4 AT - A* L A
We developed a method of separating M-type from
P-type using the flash technique involving absorption
and emission measurements.” By means of this
method, we established that (M-1) occurs very effi-
ciently and that (M-2) does not occur at all in the
alcoholic solution of eosin and anthracene. In the
present work, the proflavine-anthracene and eosin-
acridine systems have been studied. They are similar
with respect to the singlet energy separation between
donor and acceptor. Further, systems consisting of
donor and acceptor with almost the same singlet ex-
cited levels have been studied. As such compounds,
we have chosen anthracene and its substituted com-
pounds which are well known to give only very weak
excimer fluorescence. It is expected that the de-
pendence of the relative fluorescence yield of donor
and acceptor (processes (M-1) and (M-2)) on the
singlet energy levels of the two components can be
studied more easily with such compounds. In con-
nection with the mixed T-T annihilation, quanti-
tative investigations on the simple type T-T annihi-
lation of the component compounds and on the de-
layed excimer fluorescence have been performed.
The intensities of the mixed delayed excimer fluores-
cence (MDE-F]) have been compared with those of

8) C. A. Parker, C. G. Hatchard, and T. A. Joyce, Nature,
205, 1282 (1965).

9) K. Kikuchi, H. Kokubun, and M. Koizumi, Z. Physik. Chem.
N. F., 62,79 (1968).
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Fig. 1. 0-0 bands of absorption (solid line) and fluores-

cence (broken line).

the delayed excimer fluorescence (DE-FI) of the com-
ponents.

Figure 1 gives the energy levels of the lowest singlet
excited states for the compounds studied, as evaluated
from the 0-0 band of absorption and emission in
ethanol.

Method of Analysis

Our method consists of the measurements of the time
dependence of both T-T absorption and D-Fl under
the same conditions by means of a flash apparatus.19)
For a solution containing a single component A or B
which exhibits P-type D-Fl, the following relations

pakyprA

3A + %A — IA¥* L A (1)
\ gakrrA %

— (AA) (v)

bBkTTB .

3B + 3B — 1B¥* + B (i1)

AN gBkTTB .

— (BB)* (vi)

hold exactly between the measured D-Fl intensity
I,z and the measured optical density of the T-T ab-
sorption Dy.
Ipgt(P, Ay) = (A1)t (p2kr* [PAT?)
DrA(4,) \?
— gA ApA Al
= () getphant{ A ) (1)
IngB(P, 4;) = oB(5) $x®(pPkre®[*B]*)
Dr®(2,") )2
— B B B,
= (12)¢F kaT ( STB(lQ')d (2)
where kyp and p are respectively the rate constant for
the encounter of two triplet molecules and the efficiency
of T-T annihilation, and « is a parameter depending
on the spectral distribution of the fluorescence and on
the experimental conditions. ¢ is a quantum yield
of fluorescence and d, the cell length, is 10 cm. The
wavelengths 4, and 1, are chosen in a suitable way as

10) K. Kikuchi, H. Kokubun, and M. Koizumi, This Bulletin,
41, 1545 (1968).
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described below in the region where DE-FI is negli-
gible.

For a solution containing both A and B, the mixed
T-T annihilation, should be taken into account. In

puAkMT

/ — 1A¥* L B (iii)
pMBEMT
3A 4 3B — 1B* 1 A (iv)
\ gukuT
— (AB)* (vii)

this case D-F1 intensity of A (or B) at given triplet con-
centrations of A and B, is a sum of P-type D-FI given
by (1) (or (2)) and MD-FI, (3) (or (4)).
IppA (M, 4) = oA(4) $rtpukur[*A][*B]
Dot (4,) DrB(4,")
— A - R Ve
= aA(Al)qu pMAkMT STA()q')ETB()-g')dZ (3)
Ipg®(M, 2;) = o(4s) $rPpuPhkur[*A][*B]
D (') Dr®(4,")
et (4)ex®(4;")d?

= oB(1,) prPouChyr “4)

In most systems, however, both D-Fl and the T-T
absorption of the components overlap each other.
The measured D-F1 intensity at 4,, for example, con-
sists of the components due to A and B species. Thus
Ipr(d) = Ipg2(P, 4;) + Inp?(M, 4y)
+ Ipe®(P, 4) + Ipg®(M, 1) ®)
A similar equation holds for I,;(4,). In an analogous
way, the optical density for 1, is given by
Dr(3,') = Dr*(4") + Dr®(4,")
= er*(4')[PAld + &x®(4,")[°B]d (6)
Hence we have to divide the measured quantity [pg-
(A4;) (or I g(4,)) into the components Ipz2(4,) and 1,5
(A4) (or Ip,*(%;) and I,P(4,)) and similarly Dg(4,")
(or Dy(2)) into DyA(3) and DyB(4) (or DeA(Zy)
and D.®(1,)). This is done successfully by means of
the following equations, if 4;, 4, and 2,’, 4," are chosen

properly.
DA (2,") = {Dr(4') — [ex®(41") [ex®(42") 1 X (") M
{ler® (4" fex® (A5")] — [ex®(4") fex®(A")]} ()
DrB(4") = {Dr(4s") —[ex*(4s") /ex®(41")] X Dr(4,) }/
{[ex®(2e") Jex®(A')]— [ex® (Ao fex2 (4)]}  (8)
Inp2(4y) = {Ipr(e) — [0B(22) /0P (A1) 1 X Ipr (A1) }/

{[oeA (A0) [t (1) ] — [#B(A2) /2B (A1) 1} 9)
Ing®(%2) = {Ipr(Ay) — [«* (A1) /24 (22)] X Tpr (A2) }/
{oB(Ay) [P (Ag) — at (Ay) [t (A2) } (10)

In order to carry out the above procedure, it is neces-
sary to measure &, at various wavelengths and also
to know the shape of the delayed fluorescence.

The above analysis enables us to compare the magni-
tude of I;2(4,) in the mixed system with that of I ;-
(4,) in the solution containing only A, both at various
D.2(2,") values; then the excess of the former is at-
tributed to the mixed T-T annihilation given by Eqgs.
(3) and (4). A similar analysis can be applied to
MDE-F], at least in principle. In this case the wave-
lengths of emission have to be chosen in the region of
excimer fluorescence. In practice, however, the dif-
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TasLE 1. MOLAR EXTINCTION COEFFICIENT OF T-T ABSORPTION IN ETHANOL
Molar extinction coefficients (X 10*M~!cm~1)
Compound
420nm 421nm 424nm 426nm 428nm 440nm  550nm 580 nm

Anthracene 4.9 5.2 3.6 2.1 0.23

9-Methylanthracene 2.4 4.3 3.7, 0.28

9-Phenylanthracene 1.2 1.3 0.9,

Acridine 0.8, 1.8

Eosin 0.9,
Proflavine 1.1

ficulty in obtaining the exact spectrum of DE-FI pro-
hibits a complete analysis of the data.

Experimeutal

Details of the apparatus and manipulation have been
reported.’® All the reagents were purified by standard
methods. For the studies on the mixed T-T annihilation,
B-acetonaphthone was used as a triplet energy sensitizer in
order to produce a large quantity of the two species in the
triplet state to be investigated. The scattering light longer
than 400 nm was removed by means of a Hoya-U2 filter.
Ethanol solutions were used. The concentrations of the
solutes were usually chosen for a species with a higher T-
level as 10-% m and for the other, 10~ M. The concentration
of f-acetonaphthone was always 5x10~*m. A set of five
deaerated solutions were prepared simultaneously and two
of them were used for the measurement of T-T absorption
at two wavelengths and the remaining for the measurement
of D-Fl at three wavelengths. It was confirmed that the
fluctuation in the flash intensity was less than a few percent.

The molar absorption coefficient of T-T absorption at a
certain wavelength was determined in the following way.
Using eosin or proflavine as a T-energy donor, the optical
density of T-T absorption of a given substance (acceptor)
directly after flashing (energy donor only, excited) was meas-
ured under conditions of a complete energy transfer. The
concentration of T-state was evaluated from the decrease
of the ground state donor immediately after flashing in the
absence of an acceptor, taking into consideration a correc-
tion factor determined from the ratio between the fluores-
cence intensities of a donor in the presence and absence of
an acceptor. (In the presence of an acceptor, triplet donor
quickly returns to the ground state and causes a correspond-
ing increase in the absorption of light.) It was confirmed
that the optical-densities taken at time ¢ on the decay curves
measured at various wavelengths remain constant in ratio
with each other irrespective of the choice of . This implies
the non-participation of intermediates other than the triplet
state. The molar absorption coeflicients obtained are in
satisfactory agreement with the data in literature. Some
necessary data are listed in Table 1.

Results

Studies on the Delayed Fluorescence of a Solution Con-
taining One Species. In order to analyse the data
of the two component systems according to the method
described above, it is necessary to prepare beforehand
some data of the single component systems. Among
them the p-values and the intensities of the excimer
fluorescence of anthracene derivatives are considered
to be of value since they have not yet been reported.

Measurement of D-F1 was made by using f-aceto-
naphthone as a sensitizer. The spectral shape was
determined by plotting the intensities at the same time-
points on the decay curves measured at various wave
lengths. It was confirmed that the shape remains
constant irrespective of the time points on the inten-
sity decay curves. The spectral shapes for anthracene,
9-methylanthracene, 9-phenylanthracene, and acridine
are given in Figs. 2, 3, 4, and 5. They were corrected
for the instrumental factors. The intensities of D-FI
are weaker than those of normal fluorescence in the
0-0 band region due to the reabsorption but appreci-
ably stronger in the longer wavelength region.

The latter result is attributed to DE-Fl which in-
creases in the order, anthracene<9-methylanthra-
cene<9-phenylanthracene. It is notable that the
DE-FI of acridine is apparent. The plots of VI (1)

) 1
Fig. 2
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Fig. 2, 3. Normal fluorescence (O} and delayed fluores-
cence (@) spectra; Fig. 2, anthracene, Fig. 3, 9-methyl-
anthracene.
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Fig. 4

Fig. 5

Relative intensity
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Fig. 4, 5. Normal fluorescence (O) and delayed fluorescence
(@) spectra; Fig. 4, 9-Phenylanthracne, Fig. 5, acridine.

against Dr were found to be satisfactorily linear for
anthracenes and acridine substantiating the view that
the delayed fluorescence of these compounds are of
P-type. These are the most important relations for
the study of the mixed T-T annihilation. A few
example for anthracene are shown in Fig. 6. The
D-Fl spectra of eosin and proflavine both of E-type
were not measured since the intensities were very weak.
Some data necessary for the analysis of the mixed T-T
annihilation are listed in Table 2.

From the results listed in Tables 1 and 2, we can
evaluate the values of a(A)@ypk,, by means of Egs.
(1) and (2). The values of p have been obtained by
the method reported already.l® ky,-values can be
evaluated from the decay curves of T-T absorption
and the ep-values listed in Table 1. The values of
Psr> p> and kyy for anthracene, 9-methyl- and 9-phenyl-
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V' Ips(7)

]
0 05 10

D1(421 nm)

Fig. 6. The plots of V' Ipr(l) against Dp(421) for anthra-
cene; O 400nm, (J 412nm, @ 540 nm.

anthracene, and acridine are compiled in Table 3.

A similar analysis can be carried out on the DE-FI
to the step of evaluating the B¢gpqky, values, which
are also listed in Table 3.

Studies on a Solution Dissolving Two Aromatic Com-
pounds. In the studies of mixed T-T annihilation,
it is most interesting to evaluate the p,2- and p,5-
values (see processes (iii) and (iv)). The procedure
both experimental and theoretical will be described
in some detail for one system, anthracene (B) and 9-
methylanthracene (A). For other systems, only signif-
icant findings will be described. All the data evalu-
ated are listed in Table 4. A and B denote the species
respectively with lower and higher 0-0 emission
band. pB-acetonaphthone was used as a sensitizer.
For 9-methylanthracene(A)-anthracene(B), decays of
T-T absorption were measured at 420 and 426 nm
from 100 usec after flashing because the triplet f-aceto-
naphthone was found to disappear almost completely
during this time interval. The decays were analysed
according to Egs. (7) and (8).

Similarly the decays of D-Fl were measured at 400,
412, and 540 nm. The relation between D-Fl and
T-T absorption for anthracene and for 9-methyl-
anthracene obtained by the above analysis is shown in

TABLE 2. RELATIONSHIP BETWEEN DELAYED FLUORESCENGE AND T-T' ABSORPTION

Wavelength dependence of D-Fl intensity

Compound Relation

400 nm 412 nm 540 nm
Anthracene V' Ipp(400) =3.0x Dy (421) 1.00 0.32 0.0056
9-Methylanthracene VTp(412) =4.6 X Dy(424) 0.33 1.00 0.018
9-Phenylanthracene V' Tpr(412) =13 x Dy(424) 0.76 1.00 0.042
Acridine V' Tpr(412) =1.9 x Dy(440) 0.75 1.00 0.18
Eosin Ipe(570) =1.1 x Dy(580)*
Proflavine I;r(500)=2.0 x Dy (550)*
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TaBLE 3. VALUES OF gy, p, krr, AND Bérrg
Kt
st b (M-1sec-1) Borrq
Anthracene 0.070 0.77 2.9x10° 2.6
9-Methylanthracene 0.65 0.05, 2.4x10° 11.,
9-Phenylanthracene 0.50 0.07, 1.8x10° 54
Acridine 0.27»  0.14 3.3x10° 5.4
a) c¢f. This Bulletin, 43, 3435 (1970).
T
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Fig. 7. The relation between D-Fl and T-T absorption for
anthracene.

Figs. 7 and 8. Straight lines are the reference plots
for the simple P-type delayed fluorescence correspond-
ing to the relations in Table 2. The excesses over the
reference lines are clearly due to the mixed T-T an-
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Fig. 8. The relation between D-Fl and T-T1 absorption for

for 9-methylanthracene.

nihilation, I,;4(M, 412) and 7,,,*(M, 400). Figure 9
shows that these two quantities are in excellent pro-
portionality to the product of D.® (420) and Dr* (426)
as is expected from Egqs. (3) and (4). Thus it is cer-
tain that the excess D-Fl is due to the mixed T-T
annihilation. From the values of slope in Fig. 9 one
can evaluate the value of of(400)6¢BpyBhyr/[e"-
(420)e,4(426)d?] and the corresponding value of A.
It is convenient to introduce a factor f defined as
follows to compare the efficiency of the mixed type
and pure P-type D-FL
St = putkun[prhan® B = puPhy/pPke® (11)
By combining Eqs. (1), (2) and Egs. (3), (4) one can
easily evaluate the /4 and f® values as well as the p,A-
kyr and pyPky, values given in Table 4.
As seen in Fig. 2 and Fig. 3, DE-FI] of anthracene
and 9-methylanthracene exists although very weak.

TABLE 4. SuMMARY OF MIXED T-T ANNIHILATION

Compounds Dutkur  puBhwr  (bw+ pu®)knr RB—A RA—E 540
S S bt [pu® e~ 4E/RT ﬂM(M M)kx
A B (M~tsec™1) (A) Prr'q hxr
O-Methyl- Anthracene 1., 0.5, 1.,x10° 1.,x10°  2.,x10° 1., 145 7.4 0.028 0
94;2:;3;;6% Anthracene 2., 0.3, 3x10%  0.7x10°  3.,x10° 4., 15.0 7.6 0.009 4x101
9-Phenyl- 9-Methyl-
anthracene anthracene 1., 0.5 2x108 0.6x 108 2.x108 3.5 13.8 13.8 0.32 2x101
Acridine Anthracene 0.7, 0.4, 3.,x10% 1.,x108 4.4x 108 3., 2x 1010
= 9-Methyl-
Acridine Methyl 0.5 0.3, 2.,x10° 0.4x10°  2.,x10° 5., 8x 100
Acridine 9-Phenyl- — 0.2, —  0.3x10° — — —
anthracene
Eosin Anthracene — 0 5.5%x 108 0 5.5%108 —
Proflavine Anthracene — 0 4.,%x108 0 4.,x108 —
Eosin Acridine — 0 3.,%x 108 0 3.,x 108 —
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Fig. 9. The plots of Ipr(M; A) vs. D1A(426) X D1B(420)
for 9-methylanthracene(A)-anthracene(B) system; O A at
412nm, @ B at 400 nm.

Since D-F1 of monomer is negligible at 540 nm, D-
FI at this wavelength consists of the P-type and the
mixed type DE-Fl, I .(P, 540) and Ig;;(M, 540).
Ing2 (P, 540) = Igp2(P, 540) + Igp2(M, 540)
Dy (4,') Dr®(4s")
— BM M, M . She_SIAnuli 0 vhi BN
=P A ) eqP ')
+ BA(540) $er2q ke[ Dt (4) fex* (A)d]?
(12)
The analysis can be made as in the case of monomer
D-Fl, but in this case it was found that MDE-FI is
negligible.
For anthracene(B)-9-phenylanthracene(A), Fig. 10
shows the relation between the MDE-FI intensity

I )
04} O
e
=)
(=]
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w
E
o 021 h
=
<
0 1 1
0 0.02 0.04

D14(440 nm) X D1B(421 nm)

Fig. 10. The relation between IngE(M; 540) and D1A(440) X
D1B(421) for anthracene(B)-9-phenylanthracene(A) system.
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I,:" at 540 nm and the product of D;A(440) and D,B-
(421), obtained as a result of the above analysis. Al-
though the linearity is not very good, there is no doubt
that MDE-F1 occurs in this system.

System, 9-phenylanthracene(A) and 9-methyl-
anthracene(B) also gives MDE-FI.
In acridine(A)-anthracene(B), the fluorescence

yield of acridine is one order less than that of anthra-
cene derivatives and the triplet lifetime is much smaller;
hence the measurement and analysis could not be
performed accurately. However, the analysis clearly
showed that both components exhibit MD-FI as shown
in Fig. 11. There is scarcely any doubt that MDE-FI
also occurs as seen from Fig. 12. For acridine(A)-9-
methylanthracene(B), the results are qualitatively
similar to those of the above system.

In acridine(A)-9-phenylanthracene(B), D-FI spectra
of the two components greatly resemble each other and

0.06

0,04
2
e
&

0.02

00 0.02 0.04
D1B(421 nm) X D1A(440 nm)

Fig. 11. The plots of Ipp(M; A) vs. DrB(421) X D1A(440) for
acridine(A)-anthracene(B) system; O A at 400nm, @ B
at 412 nm.
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Fig. 12. The relation between IppE(M, 540) and D1B(421) %
D1A(440) for acridine(A)-anthracene(B) system.
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the fluorescence yield of the latter is considerably larger
than that of the former. Therefore D-Fl could not
be divided into two components. However, since D—
Fl from acridine is very weak, the approximate values
of f® and pyPky, could be estimated. The analysis
at 540 nm also gave evidence for the occurrence of
MDE-FL

Studies on Two Species with Quite Different Excited Singlet
Levels. As is well known, D-Fl of eosin and of
proflavine (both, A) is of E-type and is expressed by

Ipp2(E, 2) = at(2)gr?kr[?A] 1"

of Egs. (1) and (2). Accordingly, the expression for in-
stead MD-FI I;,,(M, 1) has to be modified as follows.

Ipgt (M, 4) = a4(2)$rpu*hur[*PA[PB] + o*(4) gr*kr[°A]

Apart from these two points, the method of analysis
is essentially the same as in P-type D-FL19 1In eosin-
(A)-anthracene(B),” only D-Fl of eosin is increased
remarkably by mixed T-T annihilation while that of
anthracene scarcely shows any increase.

In proflavine(A)-anthracene(B), D-Fl of proflavine
under ordinary conditions is of E-type and a similar
analysis to that for the above system gave essentially
the same result; D-Fl of proflavine largely increases
by mixed T-T annihilation while that of anthracene
is scarcely affected (Fig. 13).

0 i O
0 0.01 0.02 0.03 0.04
D1A(550 nm)

Fig. 13. The relation between IppA(500) and D1A(550) for
proflavine(A)-anthracene(B) system; O[B]=0M, @[B]=
2x 10-¢m.

For eosin(A)-acridine(B), the results are similar to
those of the above two systems.

For the last three systems MDE-FI could not be in-
vestigated.

Discussion

In the present investigation, mixed T-T annihila-
tion of anthracene derivatives have been studied quan-
titatively. Since the concentrations of both compo-
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nents are less than 10-5M, no process in the initially
excited singlet state participates, for instance, A*{
B—A+4+B* and A*-+B—(AB)*, etc. Accordingly the
present results are concerned only with T-T annihila-
tion of various types. The method of analysis leaves
nothing doubtful at least in principle. Although errors
may become considerable in some cases owing to ex-
perimental difficulties, the following general conclusions
can be drawn.

1) When the singlet excited levels of A and B differ
a few times of #7, D-Fl of both components occur.

2) When the level differences largely exceed T,
only D-F1 of the component with a lower level occurs.

3) MD-Fl occurs generally in case 1).

4) The efficiency of MDE-F1 (py*+py®) is equal
to that of P-type D-FI (p* or p®) at least in the order of
magnitude.

For the mixed excimer fluorescence Birks and Christo-
phorous!V) in classifying two types, stated that it occurs
with a diffusion controlled rate in the systems com-
posed of like compounds such as anthracene and its
derivatives, while it does not occur at all in a pair of
molecules with different aromatic cores. It has been
established that similar situations hold also in mixed
T-T annihilation.

It is very interesting that the value of py2/py® is
always larger than unity, i.e., the component with a
lower singlet excited level emits more efficiently when
the 0-0 band of fluorescence is adopted as an excited
level. Since the mixed T-T annihilation at room tem-
perature occurs according to the following scheme as
has been well established,

kyB
BT + AT — (B--A)¥* -, B¥ { A
FuA
L ™ A*4B
— (B--+A)* (mixed excimer)

the value of p,/py® is nothing but the ratio of the
rate constants ky® and ky®.

At present, the microscopic mechanism of a simple
type delayed fluorescence as well as of a mixed one is
unknown; (B---A)** merely denotes an encounter
state of unknown character. Birks suggested that the
intermediate in the case of a simple type one may ex-
perience a quintet, triplet, or singlet state.!? Such a
change in spin states may occur in the early stage of
encounter, but in mixed T-T annihilation, differing
from the simple T-T annihilation, the two compo-
nents A* and B or B* and A produced may still have a
chance of transforming to each other. Thus it is neces-
sary to take the following three possibilities into con-
sideration as the molecular processes determining the
D [p® value.

A) AT and BT approach close enough to interact
and change their electronic states yielding ultimately
(A*+B) or (B*-++A) (bracket denotes that the two
components still exist in the encounter state) in a cer-
tain proportion as determined by a specific electronic
or vibronic interaction.

11) J. B. Birks and L. G. Christophorous, Nature, 196, 33 (1962);

p- 423 in Ref. 2.
12) J. B. Birks, Chem. Phys. Letters, 1, 561 (1968).
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B) The possibility may exist that in the encounter
state, the Boltzmann distribution is approached be-
tween A* and B* due to electronic exchange interac-
tion.

C) During the diffusion apart, there is another
possibility that a long range dipole-dipole interaction
causes a mutual transformation. This is thought to
be possible because the distance to which the two com-
ponents separate during the lifetime of the excited
state ~10-8sec is estimated to be 10—100 A. If the
Ry-value in Forster’s theory!?) is suitable, then A+4B*<
B+A* may occur during the lifetime.

From the above viewpoint, the values of the Boltz-
mann factor e 4%RT (AE, difference of 0-0 band of
fluorescence) and of R, for B¥* +AZB-A* are added
in Table 4. The values of py*/py® change from 3 to
5 except for system (1). Putting aside the results for
the systems involving acridine which are less reliable,
only the py*/py® values for (1), (2), and (3) will be
discussed. It is evident that these values are not well
related with either the values of R, or of e~4E/RT,
It may be said from the R, values that the energy trans-
fer due to Forster’s mechanism does not occur so ef-
ficiently in the present systems. Although the value
of py/py® for system (3) well agrees with the value of
e 4E/RT_ it may be judged that this is rather a mere
coincidence in view of large discrepancies in (1) and
(2). Thus in the present systems, it seems likely that

13) Th. Forster, Ann. Physik., 2, 55 (1948).

Koichi KikucHi, Hiroshi KokuBuN, and Masao Koizumi

[Vol. 44, No. 6

the py*/py® values are determined mainly by the ratio
of the two processes (A---B)**—(A*...B) and (A---B*).
The two components in the encounter state may then
separate quickly with any noticiable chance of trans-
forming to each other. When the levels of A* and B*
are far apart, it is reasonable to consider that only the
emission of the lower component occurs.

A few remarks will be added to the DE-F1 of anthra-
cene derivatives. Birks and Aladekomol® reported
that anthracene does not exhibit the excimer fluores-
cence while 9-methylanthracene does. He states!®
that anthracene with a great tendency of forming a
stable photodimer does not give excimer fluorescence,
while 9-methylanthracene with less tendency of di-
merization due to a little steric hindrance will emit
the excimer fluorescence. He expects that 9-phenyl-
anthracene which does not dimerize will be more
liable of forming excimer. However, no experi-
mental data were given for the latter two compounds.
The present results have verified his argument for the
first time. Thus the values of f¢r¢ measured at 540
nm listed in Table 3 increase five times from anthra-
cene to 9-methylanthracene and also from 9-methyl-
anthracene to 9-phenylanthracene. In spite of some
uncertainty in f-value, there is scarcely any doubt
that these great differences reflect the differences in
their excimer formation tendencies.

14) J. B. Birks and J. B. Aladekomo, Photochem. Photobiol., 2,
415 (1963).
15) p. 321 in Ref. 2.




