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ABSTRACT

The electrochemiluminescence efficiencies of rubrene system has
been obtained by using the transient method in a variety of solvents.
The efficiencies are in the range of 0-11 X 1073 — 4-1 X102, The mixed
system efficiencies are less at least by an order of magnitude in all the sol-
vents except in dimethylsulphoxide. The variation in efficiencies of the
pure and mixed systems is explained on the basis of mechanistic differences.
In the applied magnetic field, the electrochemiluminescence efficiency of the
pure system increases by about 7% and of the mixed system by about
18-25%,.

INTRODUCTION

WE wish to report in this paper the electrochemiluminescence (ECL)
efficiencies of mixed rubrene system [electron transfer reaction involving
rubrene (R) anion and cations of amines or R* and anions of quinones)
and the pure rubrene system (electron transfer reaction between R and Ri)
by the transient method under identical experimental arrangement. The
measured efficiencies of the purc and mixed systems are interpreted on
the basis of mechanistic differences between the two systems.

Earlier, Maloy and Bard® have reported the ECL efficiency of the pure
rubrene system using the steady state method of rotating ring disc electrode.
Bezman and Faulkner®?® later extended a theory for the ECL efficiency
and proposed several factors to be considered in the measurement of
efficiencies. However, no attempts were made to measure the ECL efficiencies
of the mixed systems either by the steady state or transient methods.

EXPERIMENTAL

_Rubrene was purified by recrystallisation from benzene and stored in
a light-proof bottle; p-phenylenediamine (PPD) was purified by vacuum
194
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sublimation and was stored under vacuum until use. The other samples
purified by vacuum sublimation include o-phenyienediamine (QPD), p-benzo-
quinone (BQ) and duroquinone (DQ). N, N, N’, N'-Tetramethyl-p-pheny-
lenediamine (TMPD) was extracted in ether from TMPD.2HCI after
neutralising with NaOH, and later vacuum sublimed. Samples of N, N'-
dipheyl-p-phenylenediamine (DPPD) and tri-p-tolylamine (TPTA) were
obtained from Dr. Zachariasse and were used without purification. Polaro-
graphic grade tetra-n-butyl ammonium perchlorate (TBAP) was vacuum
dried and stored in a desiccator.

Solvents were purified by well-established procedures.®® Tetrahydro-
furan (THF) was treated with metallic sodium and fractionally distilled
over fresh sodium pieces. The distillate is vacuum distilled over LiAlIH,
and stored under vacuum over sodium reduced anthracene anions. 1, 2-
Dimethoxyethane (DME) was purified in the same way as THF.

N, N’-Dimethylformamide (DMF) was dried over anhydrous CuSO,
overnight and was fractionally distilled under vacuum. The middle frac-
tion is stored in drv argon atmosphere. Reagent grade benzonitrile (BN)
was dried over CaSO, for several days and distilled from fresh CaSO,.
The product was distilled under reduced pressure and the middle fraction
was stored in argon atmosphere. Dimethylsulfoxide (DMSO) was puri-
fied by keeping it over anhydrous ALO; for over two days and by vacuum
distillation under reduced pressure. The middle fraction was stored under
dry argon atmosphere.

The cell used in the study is shown in figure [. Platinum (Pt) strips of
areas 3mm X 2mmand 2cm X 3mm act as test and counter electrodes.
A silver wire placed close to the test electrode acts as a quasi reference
electrode. The relative positions and orientations of the electrodes have
been adjusted such that when placed in the fixed orientation arrangement
(to be described later) we have maximum and constant viewing of the test
electrode by the photomultiplier tube, and no part of the counter electrode
comes in the view of the photomultiplier.

Sample preparations.—Weighed amounts of dry tetra-n-butylammonium
perchlorate (TBAP) and rubrene (and the amine or quinone) were taken
in the ECL cell and dried in vacua. The solvent (THF or DME) was distilled
into the cell under vacuum to make up a 2 ml solution. Solutions of DMF,
BN and DMSO were prepared by transferring the solvents under dry argon
or nitrogen atmosphere. The solutions were degassed by 3-4 freeze-pump-
thaw cycles (10~* Torr).
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Fic. 1. Vacuum ECL cell with platinum test clectrode and silver reference elctrode.

ECL pulses were generated with a double potential step programme
by adjusting the potential excursions to go beyond 50-100 mV of the cyclic
voltammetric peak potentials. In the present study of comparative ECL
efficiencies, the orientation of the ECL cell is fixed with respect to the photo-
multiplier in a specially designed black box. The clamping arrangements
inside the box were such that when the cell is mounted, the test electrode
is 5 cm away from the photomultiplier and in line in the sensitive area of
the photomultiplier. The constancy of the orientation is checked several
times by measuring ECL pulses after repeated remountings.

The photomultiplier (IP21) output under the operating conditions
(applied voltage 1000 V) is calibrated in terms of absolute number of photons.
This calibration was made with a steady 63V, 2W bulb, fitted with a blue
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filter, Corning CS-7-59, as the light source whose absolute Intensity was
determined by potassium ferrioxalate actinometry.

The ECL and fluorescence spectra were recorded with spectrophoto-
fluorimeter built with Hilger-Watts monochromators (D292). RCA 1IP21
photomultiplier (with a preamplifier) was used as the detector. The magnetic
field experiments were conducted with the cell placed between the pole pieces
of a magnet (Varian V-4500). The photomultiplier was kept 50 cm away
from the magnet and was contained at the end of an aluminium tube.

Cyclic voltammetric curves were recorded with the unit built in our
laboratories® in combination with Hewlett-Packard x-y recorder (135AM)
The iR effect was found to be negligible in the present arrangement of electrodes:
and hence no iR compensation was given in recording cyclic voltammograms
ECL pulse decay was monitored with a storage oscilloscope HP 181A.~

RESULTS

ECL pulses were generated by a double potential step electrolysis method
described earlier.” The potentials used were selected from an examination
of the cyclic voltammetric curves in each of the solvents (table 1). Typical
cyclic voltammograms obtained for rubrene in THF and DME are shown

Table 1. Peak potentials and enthalpy data for rubrene

Solvent R—R*+e R +e—R- ' — AH°P
15 ""'E'_p eV
4 4
DME 1-01 1-54 2-39
THF 1-00 1-60 2-44
BN 0-88 [-56 2-28
DMF 0-97 1-48 2.26
DMSO 0-87 1-47 2-18

a Potentials are given with respect to saturated calomel electrode. Sweep rate = 50mV/sec.
b The values are calculated with TAS = 0-1eV.
For rubrene E, = 2-30 eV, E; =~ 1-20eV,
— AH° = (E,°% — E red) — 0-16¢V.
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FiG, 2, Cyclic voltammetric curves for rubrene, benzoquinone and p-phenylenediamire
in THF and DME. Concentrations of the electroactive substances ar¢ 1 — 1-1mM.

in figure 2. Rubrene undergoes reversible 1e reduction to form anion radical
in these solvents at Ey. ranging from — 1-47to — 1-60 V vs SCE. Rubrene
undergoes reversible le oxidation to form radical cation at Ep, ranging
from 087 to 1:0V vs SCE. PPD, TMPD, DPPD and TPTA show rever-
sible 1e oxidation peaks and BQ and DQ show le reduction peaks. Oxida-
tion peak of OPD is reversible only at high sweep rates (1 V/sec). The
respective peak potentials in THF are shown in table 2. TPTA oxidation
takes place around the same potential where rubrene is oxidised.

The ECL of pure rubrene or mixed system produces an emission with
maximum located at 565 nm. This emission is identical with the fluorescence
emission of rubrene suggesting that the emission in ECL comes from excited
singlet state of rubrene. ECL of rubrene-TMPD and rubrene-TPTA show
in addition to the emission with peak around 565 nm another emission at

lon'ge?f wavelength (> 670 nm) which is presumably due to the heteroexcimer
emission.
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Table 2. Peak potential for the mived systems in - THF*

Molecile ~ . E(F) . <EXV) | < AH%eV)
Rubrene ... 1:00_ ___ _  _ 1:60.. .. .. 244 oo _.
. PPD - 0-28 S Cl72 e
OPD . 0-44 . 1-88
DPPD 0-50 L  1-94
TMPD = 0-28 . 12
TPTA . 1-02 B 246
BQ .. 0-57 1-41

DQ .- - 097 | . 1-81.

s Potentials are with respect to :saturated.calomel electrode. Peak potentials are for the
oxidation of the molecule. Sweep rate = 50 mV/sec.

b Peak potentials are for the reduction of the molecule.

¢ Assuming TAS = 0-1 eV. The -enthalpy values are for the ‘reaction of rubrene “anion’
or cation and the cations or anions :of - the ‘molecule indicated in the table — AH%= = (E % —:
Egred) — 0-16 eV. |

The calculated enthalpy values for rubrene pure and r'riixe'd"s'ystéxﬁs‘ are
given in tables 1 and 2 along with the location of the excited singlet and
triplet states of rubrene. - .

The single pulse areas were measured in the ﬁxed ‘orientation arrangement-'
described earlier. -In the case -of pure -systein — to- -+ pulse was-found to”
have slightly larger area than -the + to = -pulse.- In the case: of ‘mixed-
systems pulse areas were larger -when -rubren€- radical is génerated first.
Thus in rubrene-amine systems -— to+ pulses and in rubrene—qumone systems
+ to — pulses were considered for Pge calculations.  Several pulses -were-
measured for z = 0-5 sec (time for-generation -of the first radical) and the:
maximum pulse area is considered for the calculations. Table 3 gives the
pulse areas measured for rubrene system in different solvents for idéntical
concentration of 1:04 mM. The ECL efﬁc;enc;y Pror: }s c;ief'insgi_ as
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Table 3. Pulse area and ECL efficiency - data --

o ‘Rubrene® Rubrene-PPD®
.Solvent. - Pulse area ® x 10° -~ Pulse area® ¢ x 10°
' x e | X 10-1°

- DME I AV 41-0 ' 0-49 3-02
CTHFE 61 383 0-34 2:16
BN s 1T 0-19 0-35
DMF 22 25 0-19 0-22
DMSO . 004 ou L0k o

4 | R Pulse. ateasior rubrene concenutanon of 1 04 mM.
:. © Pulse. areas for.rubrene (1:04 mM) and PPD (1- 1mM)
8 Pulse areas in photons . :

Where Fis ‘Faraday, ip is the faradaic current during ¢, I (photons/sec)
is-the intensity- of ECL .emission. . The pulse areas (table 3) measured at
the fixed orientation arrangement could be related to Ppe (=@) by the
follOwiiig eqﬁation _c(;tf 'cons'iiaﬁ't) h

gg() S (2)

whcre (P A),, (P A), are the pulse areas and D,, D, are the diffusion co-
efficients of rubrene in the two solvents x and y. The diffusion coefficients
of rubrene n d;ﬁerent solvents are obtained from the cyclic voltammo-
grams. Thc ratio of (DECL in.BN and DMF calculated using eq. (1) is 3 |
which is in fa1r agreement with the value 2-3,.reported by Bezman and
Faulkner.? 8 Hence we chose the value of Oge. in DMF® 8 g5 2-45 ¢ 10-¢
and calculated the @ge; in other solvents.

Pycy for the .mixed- system is calculated -using eq. (3).

-".‘.'. (P A)mlxed C
(p (IS‘_K) ¢pt:lre (3)

Tabl’e 3 glves %CL data calculated for rubrene and rubrene—PPD systems
in all the solvents. The data .mchcate that the solvent affects @y, .
Secondly, the dﬁm for a mixed system in & chosan solvent is less by a factor
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ranging from 11-23 from the pure rubrene system. : With DMSO
used as solvent, @ECL for the pure system equals the mixed-system.

With other ox1dants used in thé electron transfer reactlon the trénd
observed with PPD+ has been maintained (see table 4). " The mixed system
containing rubrene and- TPFA-gives-a-higher ®zc;-than the pure or other
mixed systems. With this mixed system both rubrene and TPTA are oxidised
at about the same potential thus involving both rubrene cation and TPTA*
in the electron transfer reactions with rubrene anion. It is interesting to
note that the two quinones employed in ECL has produced contrasting results,
BQ anion brings about efficient electron transfer react1on while DQ anion
does not (see discussion). ‘

bycy in the Applied Magnetzc Field —Magnetic field effect on the ECL
of rubrene has been studied earlier.™® ‘In a previous paper’ we had repor-
ted that external magnetic field increases the ECL intenstiy of the pure system
by about 13%. In continuation of these - studies we have examined the
Pge;,  changes in DME and THF at different magnetic fields: “The per-
centage enhancement of total emission in the magnetlc field is plotted in,

figure 3. Since j igdt values do not show a change in the apphed mag--

netic field, the quantlty g = I(,)/I0 is essentlally equal to (cb — cbo)/ <15 .
The changes in Py, may be interpreted as due'to ‘triplet’ ‘quenching | or'
triplet-triplet annihilation being altered in the magnetic field. The pure system
shows smaller changes in ®ycy, than the mixed systems-due to .complete
triplet formation with latter systems whose encounter produces the excited
singlet state. The observation of magnetic field effect on the pure system
may be explained as due to. production of singlets and triplets or triplets’
alone in the electron transfer reaction. The differences seen in Py - for
the pure and mixed system at zero and hlghe:r fields tend- to support the
formation of both singlets and triplets in- the electron transfer reaction.

i

DISCUSSION

The — AH® values for mixed system’ electron transfer reaction- : -
R-+A* —> R+A b S @

given in table 2, where A* is the oxidant, mdlcate that the excited singlet
state of rubrene is formed via trlplet-tnplet annihilation as Es > AHP
> Er. With rubrene-TPTA mixed system, the above electroxrlv tga,nsfer‘;'
reaction occurs with TPTA* and Rt as TPT A and rubrcne are. oxidigec
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about the same potential. The observation of magnetic field enhancement
of luminescence *intensity is indicative of intermediate triplet states™ 1
and such an enhancement is observed with all the systems reported here

~(tab1e 4)
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 Paw.'3.- Magnetic field effécts on BCL of rubrens,
A Rubrene, solvents: DME«(0), THF (L) and DME (®)
" B: Rubrene-PPD, solvents: DME (@), THF ({J) and DMF (e)
C: Rubrene-BQ, solvents: DME (@), THF (03). :

*y

The calculated values of — AH°® for the pure system (table 1) along with
the observation of magnetic field enhancement of luminescence intensity
suggests that -both -singlet-and triplet rubrene are formed in the electron
transfer reaction

R* + R

R W i emie i s i -
SRR LR ®

Part of ECL emlssmn observed from excﬁed smglet state of rubrene can
be aceounted for as commg via trlplet-tnp]et annihilation. Thus the results
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Table 4. Pulse areas and ECL efficiency data for Mixed Systems*

Pulse area Percentage
System (photons) D » 10® change in
X 10710 area at 3 KG
R--R~ 6-1 38-3 7.
R~ - PPD* 0-34 2-16 [s
R~ - OPD* 0-019 0-12 25
R- - DPPD+ 0-034 0-22 20
- R-—TMPD+ 0-48 3-08 | 20
- R--TPTA* 7-6 475
R*-BQ- 0-38 23 18
R+-DQ- Nil Nil

8 Solvent THF Concentrations of rubrene is 1-04 mM. Concentration of amine or quino;ie
is 1-05-1-1mM. |

presented here have conclusively shown that electron transfer reaction between
rubrene cation and rubrene anion is not a singlet route system. In DMSO
the above electron transfer reaction produces presumably only the trlplets
of rubrene (T-route) due to (a) — AH°< Eg and (b) lack of sufficient
thermal activation to produce the excited singlet state (k7 = 0025 eV at

20°0.
Relative Efficiencies of Mixed and Pure Systems

The ECL efficiencies of several mixed systems (except rubrene-TPTA)
reported here in tables 3 and 4 are less than the pure system by a factor ranging
from 11-320. This difference is explained on the basis of mechanistic differ-
ences between the pure and mixed systems. In the electron ‘transfer reaction
of the pure system excited singlet state is directly accessible since — AH®
> E; (except in DMSO and DMF; see subsequent section). In the mixed
system the electron transfer reaction produces-the triplet state of rubrene
which is followed by trlplet-trlplet anmhllauon to give excﬂ:ed singlet state
of rubrene (except rubrene-TPTA where — AH® >E;). The direct
formation of the excited singlet state of rubrene in the electron transfer
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reaction is excluded on the grounds that the enthalpy of the reaction is very
much less than the excited singlet state. Thus with the mixed systems, energy
doubling mechanism (triplet-triplet annihilation) and quenching involving
the‘triplet state accounts for the lower @y values.

Eﬁ‘iciéncy- in DMSO

It is fortuitous that Py, values in DMSO for the mixed and pure
systems are equal (table 3). Extending the interpretation proposed in the
earlier section, both the mixed and pure systems appear to follow the same
mechanistic pathway, i.e., the electron transfer reaction in the pure system
does not produce the excited singlet state of rubrene directly, but only
through the intermediate triplet state of rubrene. Further support is obtained
from the energetics of the electron transfer reaction of the pure system. The
reaction enthalpy — A H° for the pure system in DMSO is 2-18 eV which
is 0-12 eV less than the energy of the excited singlet state of rubrene (Eg
= 2-30 eV). Hence the direct formation of excited singlet state of rubrene
by electron transfer reaction is unlikely. One considers, then, that the
triplet state of rubrene (Er = 1-20eV) alone is formed in the electron
transfer reaction. Thus the pure rubrene system is mechanistically
following the same path as the mixed system. -

On the basis of the energetics, the — AH®° for the electron transfer
reaction of the pure system in DMF is 0-04 4 0- 02 eV (errors in measure-
ments) less than the Eg of rubrene, but sufficient thermal activation
enables the excited singlet state of rubrene directly accessible. As a result,
the efficiencies of pure and mixed systems are different in this solvent.

Table 3 shows the variation of Py, with the solvent employed in the
ECL experiments. This variation appears to arise from the quenching of
the excited singlet or triplet state of rubrene, since Dy, decreases with
increasing viscosity of the solvent (7pyg = 0°43 cP  and 7pyso = 2-003 cP)
and/or solvation differences of the reacting radicals in the different solvents.

The greatest solvation of the radical ions is expected to be in solvents like
DMF and DMSO. ‘

Efficiency Variation in the Mixed Systems

It is interesting to note that table 2 shows the variation in Drer for
different mixed systems with no emission coming from R+ and DQ- electron

transfer reaction. As no gvidence for unusuyal quenching of fluorescence
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of rubrene by DQ has been observed in photoluminescence we may conclude
that this electron transfer reaction is inefficient to produce the triplet state.
The closeness of Pgey, of R~ -PPD* (O, = 2-2 X 10-%) and R*- BQ-
(ébrcr. = 23 X 10-3) pointsto very little difference existing if the electron
is transferred from R~ to PPD* or BQ~ to R*. As a result one is tempted
to think that equal amounts of triplets are formed in both the mixed systems
with possibly a similar intermediate. The variations in ®gy with other
oxidants indicate differences in electron transfer efficiencies.

It is interesting to compare the Py =48 x 10~2 with TPTA* as
oxidant with the value obtained in chemiluminescence,’* @, = 5 X 10-2 by
actinometric experiments. The chemiluminescence experiments were carried
out bztwsen R~ and TPTA* without the presence of extraneous electrolyte.
The good agreement seen in the efficiency determined by the two
independent methods suggest the absence of significant effect coming from
the supporting electrolyte (TBAP). Further the electron transfer efficiencies
involving R~ and TPTA* and R~ and R* appear to be nearly equal since ECL
experiments employ both R* and TPTA* in the electron transfer reaction.

Quenching of Excited Singlet State by Amines

We have also examined the possibility of quenching of the excited singlet
state of rubrene by amines since Rehm and Weller'® '* have demonstrated
the occurrence of quenching of excited singlet state of aromatic hydrocarbons
by amines in photoluminescence. In agreement with the observations of
Rehm and Weller'2 13 we have observed the quenching of the excited single
state of rubrene by amines and in particular by PPD. Complete quenching
of the excited singlet state of rubrene was observed at a mole ratio of rubrene
to PPD of 1:50. There is, however, difficulty in extending the quenching
factor to ECL experiments as the concentration of the quencher varies with
time and distance from the electrode. We, however, estimated the singlet
quenching by PPD in ECL by computer simulation procedures to be about
5% in the overall emission zone. This quenching is approximately of the
order of accuracy of @Pg.. Hence, we conclude the quenching of the
excited singlet of rubrene by amine in ECL is not dominant in the experi-
mental concentration range.
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