Volume 44, number 2

/97

CHEMICAL PHYSICS LETTERS 1 December 1976

ELECTROGENERATED CHEMILUMINESCENCE. DIRECT HETEROGENEOUS FORMATION
OF THE TRIPLET STATE BY REDUCTION OF RUBRENE RADICAL CATION
AT AN N-TYPE ZINC OXIDE ELECTRODE

Lun-Shu R. YEH and Allen ]J. BARD

Deparment of Chemistry, The University of Texas ai Austin,
Austin, Texas 78712, USA

Received 15 July 1976

The electrogenerated chemiluminescence (ECL) of rubrene resulting from direct electron transfer from a zine oxide semi-
conductor electrede to rubrene radical cation to form the triplet state of rubrene is reported. ECL characteristic of rubrene
fluorescence occurs following triplet—triplet annihilation. Emission is observed at electrode potentials insufficient to form
the radical anion of rubrene, although the more intense radical ion annihilation ECL 15 observed when the Zn0 is held at

mare negative potentials.

1. Introduction

There have been a number of efforts to form an
excited state directly at an electrode surface by elec-
tron transfer. Zweig and co-workers [1] reported ob-
servation of luminescence, assigned to phenanthrene
phosphorescence, upon oxidation of phenanthrene
radical anion at a platinum electrode in N N-dimethyl-
formamide (DMF) solution, and suggested direct for-
mation of triplet phenanthrene at the metal electrode.
Similarly, in studies with rubrene (5,6,11,12-tetra-
penylnaphthacene) in DMF solutions [2], it was
suggested that some of the emission was due to the
direct formation of an excited triplet at the metal
electrode in a heterogeneous electron transfer step
followed by triplet—triplet annihilation (TTA). Be-
cause metals are good quenchers of excited states [3],
such direct production under these conditions should
be inefficient.

Chandross and Visco [4] pointed out that a triplet
state at the metal electrode would be both more easily
oxidized and more easily reduced than the ground
state species, leading to electron transfer quenching
by the electrode via successive oxidation and reduc-
tion steps. They suggested instead that the “pre-
annihilation™ ECL observed in these systems could be

attributed to reactions with substances produced on
electrolysis of impurities or reaction products. Studies
on rubrene and other systems [5,6] in various solvents
support this latter explanation of pre-annihilation ECL.
On the other hand heterogeneous production of an
excited state might be possible at a semiconductor
electrode with the appropriate band gap (£, ) and flat
band potential. In this case some electron transfer re-
actions will be hindered because of the relative energy
level distributions in the semi-conductor and solution
[7] and charge transfer quenching by the electrode
should be less favorable,

Recently Gleria and Memming [8] reported the
direct formation of the excited state of Ru(hip}'}%+
(bipy = 2,2 -bipyridine) by reduction of the +3 species
at an n-type SiC electrode. The luminescence occurs
at potentials where reduction of R{.llllhilrn:«f'jl%+ to the
+1 species occurs, so distinction between direct hetero-
geneous production of ECL and that caused by the
+3/+1 annihilation reaction [9] required an analysis
of the intensity—time behavior to demonstrate the
direct process. Grabner [10] studied the electrochemi-
cal behavior of rubrene in benzonitrile solutions at a
Zn0 electrode and reporied that only the usual radical
ion annihilation ECL occurred.

In this paper we describe the reduction of rubrene
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radical cation (RY } in a benzonitrile—benzene solu-
tion at a ZnO electrode and report the direct forma-
tion of triplet rubrene (* R) at potentials where the
radical anion (R~ ) cannot form. Experiments with a
platinum electrode in the same solution demonstrated
that impurity-type pre-annihilation ECL does not
occur in this system, so that the heterogeneous forma-
tion of *R at Zn0 appears unambiguous.

2. Experimental

The electrochemical cell contained a Zn0, a plati-
num wire and a platinum gauze working electrode, a
reference electrode and a platinum wire spiral counter
electrode. The reference and counter electrodes were
contained in separate compartments, using sintered.
glass frits to contact the main working electrode com-
partment. The single crystal n-type Zn0 was (.1 cm
thick with an area of about 0.1 em? and was purchas-
ed from Atomergic Chemetals Co. (Long Island, New
York). The single crystal was mounted in a glass tube
using silicone rubber adhesive (Dow Corning) which
was resistant to acetonitrile, benzonitrile (BZN) and
benzene (BZ) and which insulated all electrode parts
except the area exposed to solution. Electrodeposited
indium provided ohmic contact 1o this electrode. The
Zn(Q was mechanically polished with 0.3 g alumina to
produce a visually smooth surface before electroplat-
ing and mounting. The electrode was washed with
acetone and dried in air before use but no etching pro-
cedure was employved,

An equal volume mixture of BZN and BZ was
used as the solvent. BZN, reagent grade, purchased
from Eastman Chemical Co., was purified by a pre-
viously reported procedure [11] and then distilled
from caleium hydride under vacuum. BZ, spectro-
grade, obtained from Mallinckrodt, was stored over
sodium metal for a day and distilled under vacuum.
Ruhrene, obtained from Aldrich Chemical Co., was
dissolved in hot xvlene and recrystallized from meth-
anol. Tetra-n-butylammonium perchlorate (TBAF),
polarographic grade, obtained from Southwestern
Analytical Chemical Co., was vacuum dried and used
as the supporting electrolyte. Oxygen was removed
from solvents by several freeze—pump—thaw cycles.
Solvents were mixed, solutions prepared, and the cell
filled in a Vacuum Atmospheres Corporation dry box
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{Hawihorne, Cal.) under a helium atmosphere. When
it was necessary to work outside the dry box, the cell
wis sealed with silicone vacuum grease. A Teflon ther-
mometer adapter was used for placement of the semi-
conductor electrode within the cell. The rubrene solu-
tion was converted to its radical cation form by con-
trolled potential eleetrolysis at the platinum gauze
electrode befare the ECL studies at Zn0 were per-
formed. :

A PAR model 170 electrochemistry svstem, or a com-
bination of a PAR model 173 potentiostal and a PAR

model 175 universal programmer (Princeton Applied Re-

search Corp., Princetan, N.J.) were used for electro-
chemical experiments. The ECL was generated by
potential steps and was detected with an Aminco—
Bowman spectrophotofluorometer employing an RCA
4832 photomultiplier tube.

3. Results

A eyclic voltammogram of 4 mM rubrene in a
0.1 M TBAP—BZN/BZ solution at a platinum wire
electrode (ca. 0.15 cm? ) versus a saturated calomel
electrode (SCE ) is shown in fig, 1a. Rubrene reduces
at £ = —1.46 V versus SCE to produce the radical
anion and oxidizes at £, = +1.03 V to produce the
radical cation; both ions are stable on the cyvelic volt-
ammetry time scale. A cyglic voltammogram of the
same solution at 8 Zn0 electrode shows a reduction
peak at £, = —1.85 V for production of the radical
anion {fig. 1b, curve 1); the radical cation cannot be
generated in the dark at the n-type semiconductor
electrode. When the solution was partially anodically
electrolyzed at a platinum gauze electrode at +1.2 'V,
the original orange color of rubrene solution was grad-
ually changed to the dark orange-brown color of R~
The radical cation was stable for several hours during
which time the ECL experiments at the Zn0 electrode
were undertaken. R¥ does not reduce at the ZnO elec-
trode until a potential of —0.1 ¥ is reached (fig. 1b,
curve 2 ). The reduction current of the radical cation
rose slowly at —0.1 V and produced a broad peak at
—0.5 ¥ it leveled off as the potential became more
negative until a large cathodic peak occurred at
—1.85 V where R™ was generated. The ZnO electrode
immersed in the RY solution was pulsed between 0 V
o progressively more negative potentials. Emission was
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Fig. 1. (a) Cyclic voltammogram of 4 mM rubrene in 0.1 M
TBAP-benzonitrile/benzene solution at 200 m'V/s at a
platinum electrode; (b) as in (2) at ZnO electrode: (1) in
parent rubrene solution, (2) in mixture of rubrene/rubrene
radical cation solution; (c) relative ECL intensity at ZnO elec-
trode in rubrene radical cation solution with voltage pulsed
between 0 V and voltage indicated on X-axis; (d) ECL spec-
trum at platinum electrode pulsing between +1.2 V and

—1.6 V; (e) ECL spectrum at ZnO electrode pulsing between
0V and —0.7 V in rubrene radical cation solution.

first detected at —0.5 V. The ECL intensity increased
slowly with increasing negative potential with a very
sharp increase at —1.6 V where R~ generation com-
mences (fig. 1c). The ECL intensity at —1.7 V was
about 100 times that at —0.7 V. The ECL spectrum
for pulses between O and —0.7 V at Zn0 (fig. le)is

the same as that obtained at a Pt electrode pulsed
between +1.2 ¥ and —1.6 V in the same solution (fig.
1d). Both are identical 1o the fluorescence spectrum of
rubrene, as is usual for rubrene radical ion annihilation
ECL. No ECL was detected at the Pt electrode in the
R* solution when the potential was pulsed between
0V and —0.7 V (or any other voltage up to —1.2 V),
so that preannihilation ECL at the Pt electrode does not
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occur under conditions where LCL is observed at the
In.

The time dependence of the ECL intensity during
a potential step from 010 —0.9 ¥ is shown in fig. 2a.
The intensity (f) rises very quickly with the step and
then decays during the pulse. Upon stepping back to
0V the intensity drops to zero within a few millisec.
The pulse decay seems to follow a ¢ —! dependence
(fig. 2b), as can be seen by comparison of the experi-
mental pulse to normalized /-t plots with =1, ¢=1/2
and exponential decays adjusted to fit the first 0.25
s of the experimental curve
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Fig. 2. (2) Time dependence of ECL of rubrene triplet state:
intensity (upper curve) increases in downward direction and
potential step length (lower curve) is 1 s; (b) calculated ECL
intensity curves normalized at 0.25 s and to (a) for (1)
exp(~1), (2) ™! (essentially the same as (a) above), and {3)
t~1'2 decay.

341



Volume 44, number 2
4. Discussion

The experimental results strongly suggest the direct
production of R by reduction of R at the ZnO

R*+e—+°R, (1)
followed by TTA
3R+ 3R MRt 4R (2)

and quenching

RbaR, (3)
The energetics of the generation can be described by
the diagram in fig. 3. This is based on the £ _ values
determined at the Pt electrode, the £, of Zn (3.2
eV) and the singlet and triplet energies for rubrenc
(2.3 and 1.2 eV, respectively [12]). The flat-band
potential, used for locating the conduction band, was
estimated to be at —0.1 V by observing the potential
for the onset of the photocurrent in the solution under
irradiation by light from a 450 W Xe lamp [13]. The
diagram generally follows that given by Grabner [10],
except for the triplet energy used by him for rubrene,
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Fig. 3. Energy correlations between a Zn0 surface in contact
with 0.1 M TEAP—benzonitrile/benzene solution and energy
states of rubrene (a) before and (b) during cathodic polari-
zation.
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We feel this value (1.73 eV), reported by Yildiz et al.
[14]. is too large and differs significantly from the
measured value for tetracene (1.2 ¢V) and from the
value adopted in numerous ECL studies. Based on

our values the energy level for the R? PR gystem lies
at or slightly below the Zn0 conduction band, (CB),
so that electron transfer from the CB to this level
should be favored. Direct production of ground state
singlet rubrene is less probable, since this level is well
within the gap region. At more negative potentials an
accumulation layer forms in the semiconductor and
metal-like behavior arises. At these potentials reduc-
tion of R and R* to R~ occurs followed by the annihila-
tion ECL, as observed by Grabner [10]. The £ value
for the R/R~ system is shifted to negative values on
Zn0 compared to Pt suggesting slow electron transfer.

If the reduction of R* to 7R is controlled by the
rate of diffusion of R? to the electrode, then the ob-
served r—! decay of the emission can be rationalized.
For the electrode reaction, if the current is mass trans-
fer controlled, it would decay with ¢~ 12 {CDHWI]
behavior). Thus the rate of production of * R varies as
t=12 The triplet decays by the reactions shown in
(2) and (3), so that,if k ,[*R]* <€k, [*R],, the in-
stantaneous steady state cuncentratiun of "R also varies
as 1 V2 _Since s proportional to | R]2 it would
then vary as =1, as observed. Similarly duecl p]’t}v
duction of an emitting triplet (e.g. Ru(bipy ]3 )or
singlet under diffusion controlled conditions should
show I decaying as =12 In radical ion annihilation
ECL generated by double potential steps [ generally
decays with an exp(—r1/2) pattern [15,16] . Although
this explanation can rationalize the /—r behavior, the
plateau observed in the RY reduction /—F curve and
the increase in J with £ in this region (fig. 1c) suggest
that other rate limiting steps, aside from diffusion, are
also involved in the process and bear further investiga-
tion.

Based on the E|,_ for the R/R™ sy stem and the
triplet energy one wnuld predict that ° R would be
reduced at the potentials where the reduction of R*
to * R occurs [4]. If this happens, R= will be gener-
ated, and, unlike the behavior at a metal where R~
would be rapidly oxidized to R, some R~ will escape
the ZnO electrode surface and react with incoming RY
producing ECL. This route, which also involves 3R as
an intermediate, appears to be a possible alternative to
TTA for production of ECL.






