Vidume X4, amber 2

CUE YAl PHYSICS LIFTTERS 15 Jarsuiiny 1979

ELECTROGENERATED CHEMILUMINESCENCE.
XV. ON THE FORMATION OF EXCIMERS AND EXCIPLEXES IN ECL

Csaba P. KESZTHELYI¥ and A.J. BARD
Deparrment of Chemistry, The University of Texas, Austin, Texas 78712, USA

Received 17 October 1973

The emission resulting from the reaction of electrogenerated radical anions (A™) and cations (DT} (ECL) for four
systems which provide evidence for the intermediacy of excimers or exciplexes is described. Thie effect of solvent and
supporting electrolyvie concentration and the energetics of the radical ion reaction on the nature of the emission is dis-
cussed and the results are compared with previous chemiluminescence studies of Weller and Zachariasse. For one sys-
tem involving rrans-stilbene radical anion and tri-p-tolylamine radical cation, only radiation attributable to an exciplex
formed in the initial cation—anion encounter, is observed.

1. Introduction

Several previous investigations involving electrogen-
erated chemiluminescence (ECL) or radical ion recom-
bination chemiluminescence (CL) have dealt with the
appearance of emission bands which could be ascribed
to dimeric emitting species, either excimers or exciplex-
es (heteroexcimers). Chandross et al. [1] proposed the
direct formation of excimers upon reaction of radical
anion (A ) and radical cation (AY) of anthracene in
N N-dimethylformamide (DMF). The long wavelength
emission in this case, however, was later shown to be
attributable to emission from a decomposition prod-
uct of the anthracene radical cation [2]. This possibil-
ity of secondary product formation from radical ion
decomposition and luminescence from this species is
always present in ECL studies, especially in single com-
ponent systems (i.e., systems where both radical anion
and cation are produced from the same species) where
one electrogenerated species is usually not stable. Ex-
cimer emission was observed by Parker and Short [3]
for 9,10-dimethylanthracene and ascribed by them to
formation of excimer by direct radical ion reaction.
Maloy and Bard [4] observed excimer formation in
the ECL of electrogenerated tetraphenylpyrene (TPP)
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radical anion (A” )and N NN’ N'-tetramethyl-p-
phenylenediamine (TMPD) cation radical (D*) in
DMF solutions. In this case the excimer was shown to
be formed upon triplet—triplet annihilation (TTA) in
the reaction sequence

AT+D*=+3A+D, (n
3a+3a-1(ay)". @

Weller and Zachariasse [5—8] reported the CL of a
number of “mixed systems™ (systems where the radi-
cal anions and cations are produced from different spe-
cies) in low dielectric constant solvents, such as di-
methoxyethane and tetrahydrofuran (THF), and dem-
onstrated formation of excimers by TTA, as well as ex-
ciplexes by either mixed TTA, reactions (1), (3) and

(4);

A-+D*->A+3D, (3)
3a+3D - YA DY, (4)
or directly, {5)

A" +D' = 1(aDYH". (5)

The mode of formation of exciplex depended primaril)
upon the energetics of the radical ion recombination
process. We have also previously suggested the possible
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Table 1
Electrochemical and spectroscopic data
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Compound 5'1;} E, Sd Ref. ET':} Ref.
(V versus Ag R.E.) (eV) (V)
(R/R™) ¢
(A) 2,5-diphenyloxazole (PPO) -2.26% 3.61 [11]:
p-terphenyl (FTP) =175 397 [11] 2.55 [8]
trans-stilbene (-8t) =222 3.80 [6] 2.20 [6]
(R/RY)
(D}  thianthrene (TH) +1.22 2.86 [9] 2.60 191
tri-p-tolylamine (TFTA) +0.900) 3.51 (7] 2.96 n

a) Ey, data taken at platinum electrode versus a shielded Ag wire reference electrode; see fig. 1 for the specific conditions of mea-

surement (solvent, supporting electralyte conc., solute conc.).

Values quoted are those measured in the PPO(-)/TH(+) and the PTP{-)/TPTA(+) and t-5t(-){TPTA(+) systems, respectively; in
the PPO{=)/TPTA(+) system the measured potentials were .25 ¥ more positive for both PPO-reduction and TPT A-oxidation.
c) Eg = energy level of first excited singlet state; E = energy level of lowest triplet state.

formation of exciplexes in the ECL of the thianthrene
(TH)-2,5-diphenyl-1,3 4-oxadiazole (PPD) system in
acetonitrile (ACN) [9].

There are thus three possible paths to dimeric emit-
ters in ECL.: (i) direct formation on radical ion combi-
nation [e.g., eq. (5)] ; (ii) formation by TTA [e.g., eqgs.
(2) or (4)] ; (iil) formation by reaction of singlet ex-
cited state with ground state species. We report here
a study of ECL in four systems showing longer wave-
length emission and evidence of dimeric emitters. Two
systems have been previously studied by CL [5—8] and
we include these to compare their behavior under ECL
conditions with those in CL (see ref. [10] for a discus-
sion of the effects of solvent and supporting electro-
lyte in ECL versus CL studies),

2. Experimental

p-terphenyl (PTP), m.p. 211—212°C (lit. 211-
212°C), and 2,5-diphenyloxazole (PPO), m.p. 70.5—
72.5°C (lit. 70—72°C), both scintillation grade, were
obtained from Nuclear Equipment Chemical Corpora-
tion. Trans-stilbene (£-8T), m.p. 124—125°C (lit.
124—125°C), scintillation grade, was obtained from
Matheson Coleman and Bell. Thianthrene (TH), m.p.
154.5-156.5°C (lit. 154—156°C) was obtained from

Aldrich Chemical Co. The scintillation grade compounds
showed no fluorescent or electro-active impurities, and
were used as received; we have previously [9] assessed
the purity of our TH sample. Other chemicals employ-
ed in these studies, tri-p-tolylamine (TPTA), tetra-n-
butylammoniumperchlorate (TBAP) and the solvents,

as well as instrumentation and experimental procedures,
have been described in a previous communication [10].

3. Results and discussion

The electrochemical and spectroscopic properties
of the compounds under consideration are given in ta-
ble 1. In table 2 are listed the four systems considered;
in all cases the ECL was observed by continuous alter-
nate pulsing at a platinum electrode to the first reduc-
tion and first oxidation wave so that the electron trans-
fer reaction occurs between the indicated radical ions.
The ECL emission spectra (uncorrected for photomul- !
tiplier response) are shown in fig.1 and assignments of
emitting species are given in table 2, A more detailed
description of each system is given below.

FPO{-){TH(+). Both the radical anion of PPO and the
radical cation of TH are stable in ACN solutions. The
ECL emission spectrum (fig.1a) shows a peak attribut-
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System A(-)fD(+)

PPO(=)/THi+)

PTP{-)/TPTA(+)
PPO(-)/TPTA(+)
1-5t(=)fTPTA(+)
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Table 2
ECL systems and reaction enthalpies
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ECL emitters

Solvent - —M:f?
supporting electrolyte (e¥}
ACN - 0.1 M TBAP 3138
THF - 50 mM TBAP 3.55
THF — 50 mM TBAP 3.06
THF - 50 mM TBAP 3.02

TAY D% (A * (s (ADY (D)
14*:1p*. (a7 DpH*

LA*. (A2)*: (ADH*

(A DH*

able to PPO singlet near 380 nm, one for TH singlet
near 430 nm, and longer wavelength emission. Since
the enthalpy of the radical ion reaction is 3.358 eV, the
reaction is energy sufficient with respect to singlet TH,
but energy deficient with respect to singlet PPO. Hence,
TA* must arise from a TTA reaction with triplet PPO
formed in the radical ion reaction. This TTA may also
produce PPO excimers which are responsible for the
long wavelength emission. Since PPO has a high fluo-
rescence efficiency [11], delayed fluorescence has not
been observed with PPO. Possibly the long wavelength
emission is caused by an exciplex of PPO and TH form-

-
o8 s

ed directly in the radical ion reaction (see belbw). The
general behavior of this system closely follows that of
the PPD{-)/ TH(+) system studied earlier [9].

PTF(-)/TPTA(+). This system is energy deficient with
respect to the singlet excited states of PTP and barely
sufficient for TPTA. The ECL spectrum (fig.1b), as
noted in the CL spectrum by Zachariasse [8], corre-
sponds to 1A*, !D*, and longer wavelength emission
ascribed to exciplex. Zachariasse favored 4 mechanism
involving initial formation of an exciplex 1(A-D*)"
followed by dissociation to form either 3A* (which
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Fig.1. Spectral distribution of the ECL emiszion in four mixed systems. (a) PPO/TH in ACN—0.1 M TBAP. Potential steps betwesn
-2.38 V and +1.30 V versus Ag R.E. at | Hz; concentration of the solute species was 2 mM each; (b) PTP/TPTA in THF-50.0 mM
TBAP. Potential steps between -2.90 and +0.95 V versus Ag R.E. at 0.5 Hz; the concentration of solutes was 4.00 mM each; (c)
PPO/TPTA in THF-50.0 mM TBAP. Potential steps between -2.10 and +1.30 ¥V versus Ag R.E. at 0.5 Hz; concentration of solutes
was 4.00 mM each; (d) r-8t/TPTA in THF-5.00 mM TBAP. Potential steps between -2.35 and +0.95 V versus Ag R.E.; the r-8t con-
centration was 0.200 mM and that of TPTA was 0.100 mM. All spectra are uncorrected for the response of the 5-20 photomultipli-

er tube (Hamamatsu R456).
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then produces ' A* by TTA) ur 'D*. Formation of
3D, followed by TTA annihilation to form ID* isen.
ergetically possible in this case, but the lack of corre-
lation of 1D* emission for reaction of solid TPTA*CIOg
and a series of radical anion solutions with reduction
potential as well as the very short triplet lifetime of
TPTA, led Zachariasse to the mechanism involving
thermal dissociation of 1{A~D*)*, Note that the re-
sults shown in fig.1b were obtained with 50 mM sup-
porting electrolyte (TBAP). At TBAP concentrations
of 100 mM or more the emission intensity is greatly
reduced, paralleling the behavior observed in the di-
methylanthracene—TPTA system [10].

PPO{=){TPTA(+). Both radical ions are stable in the
solvents THF, ACN, or propylene carbonate (PC). The
radical ion reaction is energy deficient with respect to
1A* and ! D*; the energy is also barely sufficient to
produce 3D*. The observed species in THF (fig.1c and
table 2) can be ascribed to initial formation of (A~D*)"
which can form 3A* and then 'A* and 1(A,)* via
TTA or can lead to exciplex emission from the
1{A-D*)* state. The long wavelength component is
virtually absent in ACN or PC, as expected, since their
higher dielectric constants would favor dissociation of
the intermediate exciplex [5—8].

t-51f- )} TPTA{+). This system is unique in that the en-
ergy of the radical ion reaction is insufficient to pro-
duce !A* and ! D* and barely sufficient to produce
3D*. While the energy is sufficient to produce A*, as
Zachariasse has pointed out [6, 8], the lifetime of trip-
let ¢-St is so short [12] that TTA is not observed in
this system and hence no emission characteristic of
1A* is observed. Indeed no ' A*® CL is observed for the
£-5t(-)/TMPD{+) system [6] where the radical ion re-
action is also sufficiently energetic to produce triplet
1-5t. The observation of only longer wavelength emis-
sion for this system (fig.1d}, attributable to the exci-
plex 1{A-D*)*, provides evidence for the direct forma-
tion of such an excited state species in the initial radi-
cal ion encounter. Zachariasse [8] observed a very
small amount of emission from !D* in the +-St(-)/
TPTA(+) system in dimethoxyethane in his CL studies
and ascribed it to the thermal dissociation of the exci-
plex to 1D*. However, in the CL studies the electrolyte
concentration was very small (=10*M), which in our
ECL study the TBAP concentration was 5.0 mM, so
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that the radical ion reaction in CL studies occurred in

a somewhat different environment [10]. Indeed, when
ECL studies of this system were carried vut in THF
containing 0.1 M TBAP or in ACN or PC (0.1 M TBAT)
no emission at all is observed.

The results taken together demonstrate the existence
of dimeric intermediates in the radical ion annihilation
process in ECL as well as the importance of solvent and
supporting electrolyte in the formation of exciplexes,
as predicted by Weller and Zachariasse [7] . The direct
formation of a dimeric intermedidte by the radical ions
(encounter complex, solvent separated or tight ion pair
or exciplex) may also have some bearing on the effi-
ciency of these processes. In cases where these form,
radiationless processes leading to deactivation of the
exciplex will decrease the overall ECL efficiency (pho-
tons emitted per radical ion annihilation). When such
intermediates cannot form, for example, because of
steric effects, then direct paths to excited states are
possible. The relatively high efficiency of ECL in the
sterically-hindered %,10-diphenylanthracene and
rubrene systems may be examples of systems which
do not form dimeric intermediates.
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