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The effect of magnetic field on the delayed fluorescence (DF) of anthracene in methylene chloride solutions in
the presence of the radical cation of N, N, N, N'-tetramethyl-p-phenylenediamine (TMPDY) and the radical anion of
p-benzoguinone (BO) has been studied. The results show strong quenching of anthracene triplets by both TMPDt
and BQ~ as well as a decrease in the rate of the triplet—radical ion reaction rate (and hence an increase in DF inten-
sity) with increasing magnetic field. An equation for the effect of magnetic field on DF intensity in the presence of

paramagnetic quenchers is proposed.

1. Introduction

Faulkner and Bard [1] previously reported that
the radical cation of N, N, N', N'-tetra-N-methyl-p-
phenylenediamine (TMPD) (also called Wurster's Blue
cation) was an effective quencher of anthracene trip-
lets. Moreover, the rate of the quenching reaction, a
doublet—triplet interaction, was decreased by an ex-
ternal magnetic field, so that the delayed fluorescence
of anthracene showed an increase in intensity with in-
creasing magnetic field, instead of the negative field
effect observed for the delayed fluorescence in the ab-
sence of paramagnetic quenchers [2]. These results
for methylene chloride solutions were consistent with
the field effects observed in solid-state studies [3—5]
and were useful in interpreting the effect of a magnet-
ic field on electrogenerated chemiluminescence (ECL)
emission [6]. The previous study was limited to
quenching with a single concentration of TMFD'.
This paper extends that study for different concentra-
tions of TMPD ¥ and also demonstrates similar quench-
ing and magnetic field effects for the radical anion of
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p-benzoquinone (BQ).

2. Experimental

The cell used for these experiments is shown in fig.
1. Anthracene, TMPD and tetra-#-butylammonium
perchlorate (TBAP) were placed in chamber ¢ of the
cell, the cell was attached to a vacuum line via the
24/40 joint and evacuated. The solvent, methylene
chloride, was distilled into chamber ¢ from a reservoir
on the vacuum line. The resulting solution was deaerat-
ed by subjecting it to eight freeze—pump—thaw cycles.
Helium gas (0.5 atm) was introduced into the cell, the
stopcock was closed, and the solution was transferred
into chamber b. This vessel contains a platinum foil
{36 mm ¥ 40 mm) working electrode; a platinum he-
lix, which is separated from the bulk solution by a me-
dium porosity frit, is used as the auxiliary electrode.
A silver wire, which is separated from the test solution
by a medium porosity frit, serves as a reference elec-
trode { Ag ref.). A 7 mm length of platinum wire locat-
ed very close to the frit of reference electrode, was
used to monitor the concentrations in the solution af-
ter bulk electrolysis. A small amount of TMPD ¥ radi-
cal cation was produced coulometrically by electroly-
sis, After the electrolysis, the solution containing
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Fig. 1. Cell used for radical ion quenching studies in delayed fluorescence, consisting of (a) chamber for spectroscopic observations,

(b} electrolysis chamber, and (¢} solution preparation chamber.

anthracene, TMPD t and TBAP was transferred to cu-
vette a for the delayed fluorescence measurements em-
ploying right-angular illumination; this cuvette is of
the same form as that described previously [7]. A si-
milar technique was emploved for preparation of the
anthracene, BQ, TBAP solutions containing BQ =, The
phosphorimeter was the same as that previously des-
cribed [8], except that it was modified to include cir-
cular graded filters (Barr and Stroud, Ltd.) [B] in the
emission beam and a higher power source, a 200 watt
PEK high-pressure mercury lamp and associated power
supply. The photomultiplier output of the delayed
fluorescence signal was measured with a Model HR-8
lock-in amplifier (Princeton Applied Research Corp.)
and was recorded on a Model 1060 signal averager
(Fabri-Tek, Inc.). The magnet was a Varian Model
WV-3400 electromagnet with a 9-inch pole diameter and

3-inch gap, powered by a Model V-2500 power supply.

The delayed fluorescence intensity at a given field
strength was divided by the average of the zero field
intensity values determined immediately before and
immediately after the field effect measurement to

yield the relative intensity. The resulting relative inten-
sities were the same for measurements made with in-
creasing, decreasing or random field strengths. A de-
tailed description of the apparatus, chemicals, and
techniques has been given [8].

3. Results
3.1. OQuenching by TMED?

Measurements of delayed fluorescence (DF) inten-
sities at different magnetic field strengths were carried
out for methylene chloride solutions containing 1 mM
anthracene, 0.1 M TBAP and TMPD ¥ at concentra-
tions between 0 and 3.6 ¥ 10~7 M. The presence of
supporting electrolyte {TBAP) in these studies was re-
quired, because the radical cation was produced by e-
lectrogeneration. Although the stability of TMPD ¥ in
methylene chloride is exceptionally good compared
to other radical ion solvent systems, it still decays
slowly at low concentration. For example, a
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1.07 ¥ 10~% M solution of TMPD * decayed to a con-
centration of 2.6 X 10~7 M after 80 minutes when
the solution was stored in the dark under one-half at-
mosphere of helium. Because of this decay, which per-
haps arises from reaction of TMPD T with trace impu-
rities, after producing TMPD * coulometrically, one
had te wait for the DF signal to increase to a constant,
stable value. The TMPD * concentrations were obtain-
ed by averaging the measured concentrations of
TMPD * before and after the magnetic field effects
were measured ; TMPD * concentration was determin-
ed electrochemically.

The results of these studies are shown in fig. 2. En-
hanced DF intensities, with a maximum of 9%, were
observed for fields of up to 8kG and the change in
DF intensity with field was dependent upon the
TMPD * concentration. In all cases, a shortened DF
lifetime was observed for anthracene solutions con-
taining TMPD * radical cation. For example, a solu-
tion containing | mM anthracene, 0.1 M TBAP and
0.95 % 10~7 M TMPD * in methylene chloride showed
a DF lifetime of 1.45 msec as compared to a DF life-
time for a | mM anthracene solution without radical
ions of 3.4 msec. Since the triplet lifetime is twice the
delayed fluorescence lifetime, the corresponding trip-
let lifetimes were 29 msec and 6.8 msec. From these
measurements, the rate constant for triplet quenching
by TMPD *, kpy, was calculated to be 2 X 107 §/mole
sec using the equation [9]:

Ir=1/s0 + kp [TMFD ). {1}

The quenching rate constant of 2 X 109 M~1 sec~! ob-
tained and the lifetime in the absence of TMPD T are
the same as those previously reported [1] for methyl-
ene chloride solutions without TBAP, Hence, these re-
sults confirm that the quenching rate constant is smal-
ler than the calculated diffusion-limited rate constant
(ca 2.6 X 10 M~ sec—1) and that quenching of the
triplets by TBAP is unimportant.

3.2, Quenching by BQ-

The anion radical of B was chosen as the quench-
er because BQ is reduced quite easily (£, =049V
versus 5.C.E.), so that it could be produced by elec-
trochemical reduction without difficulties arising
from the reduction of solvent, saupporting electrolyte
or anthracene itself, even for a concentration ratio of
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Fig. 2. Magnetic field effects on delayed flucrescence of anthra-
cene from a solution containing lmM anthracene and 0.1 M
tetra-p-butviammonium perchlorate (TBAP) in methylene
chloride, with different amounts of TMPD %,

anthracene to BO of 10 BQ ~ is also quite stable in
the system under study: 1mM anthracene and 0.1 M
TBAP in methylene chloride solution.

Although a 1 mM anthracene solution in 0.1 M
TBAP-methylene chloride showed a strong DF signal,
addition of a small amount of the parent BQ itself sig-
nificantly quenched the DF intensity of anthracene.
For example, the DF signal for a solution of 10-3 M
anthracene in CH,Cl; was completely quenched by
2% 10~ M BQ and only one-fiftieth of the initial DF
intensity was observed when 1.5 ¥ 1079 M BQ was ad-
ded. The prompt fluorescence of anthracene is not
quenched by BOQ at this level of concentration. Since
the triplet energy level of anthracene, 1.8 eV [10], is
lower than that of BQ, 2.3 &V [11], direct triplet en-
ergy transfer from triplet anthracene (3 A) to BQ can-
not occur. However, this quenching may occur through
the formation of a charge transfer complex (ATBO™),
on reaction of 3 A and BQ, based on the oxidation po-
tential of ground state anthracene (ca + 1.4 V versus
S.C.E.), the energy level of 3A and the reduction po-
tential of BQ). Although the triplet state of anthracene
was quenched by B(, the magnetic field effects on
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Fig. 3. Magnetic field effects on delayed fluorescence of anthra-
cene in the presence and absence of BO and BQ, in methyl-
ene chloride solutions containing 0.1 M TBAP and & 1 mM
anthracene, o 1mM anthracene and 1.5 X 1078 M B, » ImM
anthracene and 1.6 % 107" M BO~.

DF from a solution containing only 1 mM anthracene
and 0.1 M TBAP in methylene chloride was exactly

the same as that of a similar solution containing

1.5 ¥ 10— M BQ: the anthracene DF intensity decreas-
ed several percent for magnetic fields up to 8 kG (fig.
3). Thus, as expected, there is no field effect on the

3 A-BQ interaction.

However, for a solution containing 4 X 10-% M BQ
and 1 mM anthracene in 0.1 M TBAP-CH,Cl; which
was electrolyzed coulometrically by setting the poten-
tial at —0.58 V versus Ag ref. to produce the anion ra-
dical BQ~, a change in the DF behavior with field is
observed, After electrolysis the DF signal from the so-
lution was barely detectable on the lock-n amplifier;
the intensity was roughly one-fiftieth of the DF inten-
sity from the solution before electrolysis. As shown in
fig. 3, the DF intensity from this solution is essentially
unaffected by magnetic fields up to 8 kG. These results
can be interpreted as an enhancement of the DF inten-
sity (a decrease in BQ~ quenching of ? A) with magnet-
ic field which compensates for the negative field effects
on triplet—triplet annihilations. Studies with higher
concentrations of BQ~ could not be carried out be-
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cause the DF intensity became too small under these
conditions for precise measurements, even when both
phase-sensitive detection and signal averaging were
used.

4, Discussion

The effect of radical ion concentration and magnet-
ic field on the delayed fluorescence intensity can be
described by combining the familiar equations for DF
[9] with the theoretical treatments of Merrifield and
co-workers [3—5]. Thus, for the reaction scheme

T+TLS +58, (2)
T+p*Rs+D, )
T+0%2 s+0 (4)

{where D represents a quencher in a doublet state (e.g.,
a radical ion), Q, a nonparamagnetic quencher, T, the
triplet and 8, the singlet states), the rate equation for
T, using italics here to represént concentrations, is

dT/dt =Ry — 24T — kpy DT — kqOT . (5)

R is the rate of triplet formation, which for DF stud-
ies is ¢4, , where g:l'[ is the fractional transfer of sing-
lets to the triplet state and [, is the intensity of excit-
ing radiation absorbed (in einstein ¢! sec—!). The
term v, following the treatment of Merrifield et al.
[3—5], represents the annihilation rate constant, de-
rived in terms of the mechanism

ky k3 e
T+Tk4—_+{TT}——>S +5, (a)
-1

which admits only the possibility of scattering or anni-
hilation to form excited singlet after formation of the
pair (TT). A more complete treatment would include
the possibility of formation of two ground state sing-
lets, of T and §, of quintet states, ete., upon reaction
of two triplets (see, for example, Bezman and Faulkner
[12]). With the assumption made below of a triplet
lifetime governed by quenching, these additional reac-
tions will not affect the derived steady state triplet
concentration. Although one usually includes all
quenching reactions in a single equation involving a
triplet lifetime, 7, we here divide such reactions into
those involving paramagnetic quenchers and those

13
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ment will hold for systems with ‘Feldberg’ slopes
close to —2.96 [12,13]. For the general case, which

is probably of greater importance in ECL, where high-
er triplet concentrations are involved, the triplet con-
centration must be obtained from the steady state so-
lution of eq. (5), and in that case a more careful consi-
deration of the various possible paths during triplet—
triplet annihilation is probably warranted.
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