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The use of magnetic ficld effects in delayed fluorescence (DF ) and electrogenerated chemiluminescence (ECL)
studies to ubtain information about the involvement of mplet state species in reactions leading to the production
of moaomeric and dimeric (excimer or exciplex) excited states is described. In the room temperature DF of pyrene
and 1. 2-benzanthracene, identcal feld effects are observed for monomer and excimer emission, in agreement with
a mechanism involving 2 common intermediate produced on triplet—triplet annihilation (TTA), and different than
previous DF results for 1,2-benzanthracene solutions at low temperatures. The ECL of the pyrene/N N, N N -tetra-
methyl-o-phenylenediamine (TMPD) system also shows monomer and excimer emissions identically atftected by
magnetic field and in agreement with an ECL mechanism involving TTA. In the ECL of the 9-methylanthracene
iMA )/ tri-p-tolylamine (TPTA) system, a field etfect is obsenved for bath the "MA® and lonzer wavelength emission.
In this case. however, a smaller effect is vbserved for the longer wavelength emission. A mechanism based on TTA
to form "MA™ and some direct formation of exciplex on electron transfer is proposed.

1. Introduction

Previous investigations of the eifect of an external
magnetic field on delayed fluorescence (DF) in fluid
solution [1-3] and vn the emission resulting from
electron transfer reactions of electrogenerated radical
ions (ECL) [4—8] have been interpreted by a decrease
in the rate of the reaction of two triplets to form an
excited singlet (triplet—triplet annihilation or TTA)
and in the rate of quenching of the triplet state by
paremagnetic species (radical ions or oxygen) with
increasing magnetic field. Several DF studies, especial-
ly those of pyrene [9—12], and several chemilumines-
cence and ECL investigations [13—18] have demon-
strated the production of excited state dimeric spe-
cies (excimers and exciplexes). [n DF these species
arise from TTA, but whether excimers arise via a
common intermediate

A®

3, e

A+ Ak-I (TT) Z (1)
A P ﬁ;
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or by a route in which the excimer dissociates to form
an excited singlet state

aria-al=aT+a, (2)

which can also be formed by a long-range interaction
process

In+da=atea (3)

has been the subject of some controversy. Recently
Wyrsh and Labhart [19] studied the DF of 1,2-benz-
anthracene at low temperatures (—70 to —170°C) and
reported that the effect of magnetic field on the DF
of the monomer (excited singlet) (DFM) was differ-
ent from that of the excimer ( DFD). They concluded
that a mechanism involving a common TTA process,
such as (1), cannot be the main route at low temper-
atures. The effect of magnetic field on the relative
emission of monomers and exciplexes in chemilumines-
cence studies has also been reported [17].

We report here studies of the effect of a magnetic
field on the DF of pyrene {P) and 1,2-benzanthracene
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(BA) and on the ECL of a P/NN.N'N'-tetramethyl-p-
phenylenediamine {TMPD) system at ambient tem-
peratures in which identical effects on monomer and
excimer emission are observed. We also describe some
experiments on the effect of a magnetic field on the
ECL of a 9-methylanthracene (MA)/tri-p-tolylamine
(TPTA) system, where monomer and exciplex emis-
sions are found.

2. Experimental

The apparatus and techniques employed in the DF
and ECL studies are the same as those previously de-
scribed [3,5-7]; a detailed description of the experi-
mental methods is available [20] . Vacuum line tech-
niques were used in preparation of all solutions and
freeze —pump—thaw cycles were employed for de-
agration.

3. Results and discussion

3.1. Delayed fluorescence of pyrene and [,2-benz-
anthracene

Magnetic field effects on the DF of Pin N N-
dimethylformamide (DMF) and acetonitrile (AN)
solutions have previously been described [2]. In the
study described here cyclohexane was employed as
the solvent, because somewhat greater field effects
are observed in it. The prompt fluorescence spectrum
of P shows two major peaks at about 390 and 460
nm which correspond to emission of the monomer
and excimer, respectively. The DF spectrum is iden-
tical to that for prompt fluorescence, except that
the ratio of excimer to monomer emission is larger
in the DF spectrum for [ mM solutions at room tem-
perature. The effect of a magnetic field on the mono-
mer and excimer DF of pyrene is shown in fig. 1a.

As observed in other DF studies in fluid selutions in
the absence of paramagnetic quenchers, a monotonic
decrease of intensity is observed with increasing field;
in this case the relative DF monomer and excimer
intensities are essentially the same, within experimen-
tal precision. BA shows similar behavior. The mono-
mer and excimer DF of BA occur at 407 and 540 nm,
respectively. Application of a magnetic field (fig. 1b)
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Fig. 1. Magnetic field effects on monomer and excimer DF
from (a) | mM pyrene, in cyclohexane, =: monomer (393 nm},
®: excimer (470 nm). (b) 2.3 ¥ 10™* M 1.2-benzanthracene

in cyclohexane. o: monomer (386 nm), X : excimer (550 nam).

causes an identical decrease in relative intensity for
both emissions.

The steady-state treatment of a system exhibiting
monomer and excimer emission can be based on the
following scheme [9-11,14]:

R k Rp
—hMAt + A -.—’: AL = 3 4 A3

ka (4)
s o e
A A A+hr  2A IA+HY . A A

where ky and k;- are the rate constants for the radiative
transitions of the monomer and excimer, k; and ky

are the respective rate constants for radiationless con-
version, k, is the rate constant for intersystem crossing,
and &, and kg, are the rate constants for quenching

of the triplet by paramagnetic (U) and diamagnetic (Q)
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quenchers. Ry and R, are the rate of formation of
the excited monomer (A*) and excimer (A3), respec-
tively, by any route, The ratio of excimer to mono-
mer emission g /iy is given by

':'f"]} klr' T |: & }
a;-k—fm aﬁ-(lﬂtjka[ﬁ] 5 (3)
where 7ol =kt + kg +ky, 7ol =kt kg +ky, and =
R /Ry . Within the theory of magnetic field effects
on DF [3,21] only rate constants for energy transfer
processes involving a change of multiplicity are af-
fected by a magnetic field. Thus, only @ and & in the
above scheme can be field dependent {Faulkner and
Bard [1] showed that &, is probably not field depen-
dent by observing identical behavior in the normal
and sensitized DF of anthracene). For the scheme of
eq. (1) and assuming that only pair states with singlet
character can form A* or A3, the overall annihilation
rate constants producing A* and A;,'r{H} and ¥'(H),
respectively are

WH) = 5k ko f(H), (6)
Y'(H) = 5k k3 f(H), (7)
where the field dependent term fiH) is given by

a 5?
S e (8)

= tagd
=1 .J'c_l +{k1+kz}.'§l,

(5; is the amplitude of the singlet component of the
Ith pair state, | =/ <9). Thus, since Ry; =AT? and
Rp =AT?,a =k, [k,, independent of field. The mech-
anism shown by eqs. (2) and (3) would show identical
field effects only if the nature of the triplet—triplet
interaction in (2) and (3) were very similar. Since (3)
is assumed to be a long-range interaction, a different
dependency might be expected. Recently Wyrsch and
Labhart [22] found no evidence for a long-range, vis-
cosity independent, mechanism leading to TTA ina
study of the BA system. Note that if (2) were the only
path to emission by A¥ and A3, no magnetic field
dependence on $p /¢y would be expected, since a
would approach infinity and ¢p /¢y would become
independent of . This last possibility is not likely,
however, since finite e-values (e.z., @ = 2 for pyrene
DF at room temperature [11]) are usuaily found.
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3.2. ECL of the pyrene—TMPFPD system

The ECL of mixtures of P and TMPD, resulting
from the electron transfer reaction between P* and
TMPD? to produce triplet P, followed by TTA and
leading to emission from monomer and excimer has
previously been described [14]. The relevant electro-
chemical and spectroscopic data for this system are
£, (peak potential for reduction of P to P+ ) = -2.07
V versus S.(:.E._.EPa (peak potential for oxidation of
TMPD to TMPD ) = +0.22 V versus 5.C.E., E, (energy
level of P first excited singlet) = 3.34 eV, £ (P triplet
energy level) = 2.095 eV [23]. Thus the enthalpy of
the radical ion electron transfer reaction (AH7),
—2.13 eV [5], is sufficient to produce the triplet
level of P, but not the excited singlet, and the reac-
tion proceeds via the TTA (the T-route), as previously
deduced from rotating ring-disc electrode measure-
ments [14]:

P~ + TMPD? - P + TMPD, (9)
p+3p-pt,
- P£+P. (10)

The effect of a magnetic field on monomer and ex-
cimer ECL (fig. 2) shows the enhancement of ECL in-
tensity with field usually observed. Moreover, the be-
havior of the monomer and excimer emission is the
same, within the experimental uncertainty. The fol-
lowing equation has been proposed [3] for the varia-
tion of ECL intensity (in the limit of strong triplet
quenching) with magnetic field:

IH) _ Ul+q 7
Tm‘fw{m[_j_ru{m[u‘l ,,ﬂ, : )

where r-f{H} = ()0}, ru(m T Iku ';H}I'Iku{u)» and

g = kqQfk,(0) [see eq. (4)]. The larger field effect
observed for the 1:1 P to TMPD mixture (fig. 2a) com-
pared with the 5:1 mixture (fig. 2b) probably reflects
a greater concentration of the paramagnetic quencher,
[u] , (TMPD?) in the ECL reaction layer in the former
case; in the 5:1 mixture case the excess of P~ is more
effective in removing TMPDY . This argument supposes,
however, that TMPDY is a more effective quencher

of triplets than P<, As concerns the relative emission
from monomer and excimer, eq. (5) still applies, and
hence the constancy of Iy /1y, with field is consistent



Volume 26, number 4

T T T T T T T 1
120 = EXCIMER B
g D
g
e
= o
o
MOROMER
TENE =
118 = =
=
-
'= Ay = a =
]
-
=
=
> 1ee P W WS S VS S— —
= 0 bt *
: WOMOMER s
- e g
= -
= EXCIMER
o .
108 r -
i
s
/
b
.
:
[
190 1 i 1 l 1 | L L
L] 2 L] L] [ ]

FIELD STREWNGTH, i@

Fig. 2. Magnetic field effects on monomer and excimer ECL
from {a) | mM pyrene, | mM TMPD and 0.1 M TBAP in
DMF. (b) 5 mM pyrene, | mM TMPD and 0.1 M TBAP in
DMF.

with the DF results and demonstrates that there is
no route to production of excimer other than TTA.

3.3. ECL of the MA—TPTA system

The chemiluminescence resulting upon reaction of
9.methylanthracene (MA) radical anjon and tri-p-tolyl-
amine (TPTA) radical cation (in the form of the solid
TPTA* Q07) in a tetrahydrofuran (THF) medium,
described by Weller and Zachariasse [16,17], chows
emission both from the excited singlet state of MA
and from an exciplex (or hetero-excimer) of MA and
TPTA. The authors concluded from a study of the
relative emission from exciplex to monomer as a func-
tion of solvent and temperature that the exciplex is
formed mainly by the direct reaction of MA+ and
TPTAY and 'MA® is formed by thermal dissociation
of the exciplex
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Fig. 3. Cyclic voltammogram of 1 mM MA, | mM TPTA and
0.1 M TBAP in THF.

MAT + TPTA? — (MA~ TPTAN)®, (12}
(MA~ TPTAY)* — 'MA* + TPTA, (13)

with TTA processes playing only a negligible role at
room temperature. In a preliminary experiment,
Zachariasse [17] reported that the relative intensities
of monomer and exciplex emission were unchanged
by a magnetic field of 1.4 kG (absolute intensities
could not be determined ), in agreement with this
mechanism. We report here ECL studies of this sys-
tem in THF solutions, where magnetic field effects
are observed.

Electrochemical data, collected from cyclic voltam-
metry of the MA/TPTA system in THF containing
0.2 M TBAP (fig. 3), and energy levels of MA and TPTA
are shown in table 1. The ECL spectrum obtained
from this solution, obtained by repetitive stepping
between —2.34 and +1.05 V versus 5.C.E., with a step
duration of 50 msec, is identical to the prompt fluo-

Table 1
Electrochemical and spectroscopic data 2)
Energy levels
Substance £ AEn Eg Ey

P
(V versus 5.C.E.) (mV) (eV) (eV)

3.200)
351 ¢

Ma =1.97 (MA/MAZ) &0

) {.81¢
TPTA +1.01 (TPTA/TPTA®} 60

2.96%)

a) Electrochemical data for a solution containing 1| mM each
MA and TPTA in THF - 0.2 M TBAP.

b} Obtained by averaging the 0—0 band of the absorption and
emission spectrum of 0.1 mM MA in hexane.

) From ref. [17].
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Fig. 4. (1) ECL spectrum of | mM MA, | mM TPTA and 0.1
M TBAP in THF. (2) Fluorescence spectrum of 1 mM MA,

1 mM TPTA and 0.1 M TBAP in THF. (3) Chemiluminescence
spectrum from the reaction of MA < in THF with solid
TPTA'CI- at 20°C obtained by Weller and Zachariasse [16].

rescence spectrum obtained with the same solution,
except that the ECL spectrum also shows a broad
peak with a maximum at about 520 nm (fig. 4). This
peak occurs at the same wavelength, as the exciplex
peak observed in the CL experiment of Weller and
Zachariasse [16], but is of lower intensity compared
to the monomer peak. The effect of magnetic fields
up ta 7.5 kG on both the 415 nm and 520 nm peaks
in the ECL spectrum is shown in fig. 3. The intensi-
ties of both peaks are increased with increasing fields,
however, the maximum relative intensity of the 415
nm (monomer) peak is about 10% while that of the
520 nm (exciplex) peak is only 5 to 6%.

Since the reaction enthalpy of the MAT /TPTAY
system is about —2 82 eV, the electron transfer reaction
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Fig. 5. Magnetic field effects on () 415 nm and () 520 nm
ECL emission from 1| mM MA, 1 mM TPTA and 0.2 M TBAP
in THF.

does not have sufficient energy to form !DMA™ direct-
ly, but can form *DMA. The field effect shown by

the monomer peak suggests a large contribution to
emission at this wavelength by the T-route:

MAT + TPTAT = (MA~ TPTA)*— MA + TPTA,
(14)
(15)

However, the magnetic field effect shown for the 520
nm peak also implicates triplets in the reactions leading
to this emission. One possibility is that some of the
emission observed at 320 nm results from excimers

of MA [i.e., (MA)]] formed on TTA; the smaller mag-
netic field effect observed for this peak is then ac-
counted for by the combined emission of directly-
formed exciplex [eq. (12)] (not field dependent) and
excimer (field dependent). One could also invoke some
contribution of mixed TTA to the formation of an
exciplex, however, this appears unlikely, since the
electron-transfer reaction has insufficient energy to
produce *TPTA, and the lifetime of this species is
probably very small in this solution. Another possibili-
ty is that there is a contribution to the long wave-
length peak from a decomposition product of either
TPTAY or THF oxidation which is excited by energy

IMA + IMA = IMA™ + MA.
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transfer from ! MA®. Such a mechanism has been
proposed to account for the long wavelength emis-
sion observed in anthracene ECL [24,25] and a

small new reduction peak is observed at about =02 V
versus S.C E. in ¢yclic voltummetry when oxidation
scans are made to THF background. This impurity
emission would show the same field dependence as
the monomer emission, so that again some direct
formation of exciplex must occur. In summary, the
results of these experiments show TTA as an impor-
tant source of species emitting at both wavelengths,
but that direct formation of exciplex must also take
place. The differences in behavior between the CL
and ECL systems may be caused by the high concen-
tration of TBAP in the latter; we have already demon-
strated the important role of supporting electrolyte
{ie., lonic) concentrations in these kinds of processes
[26].
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