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The emission resulting from the electron transfer reaction between radical cations and radical anions of rubrene
(5.6,11,12-tetraphenyinaphthacene) generated electrochemically at a platinum electrode (ECL) increases with in-
creasing applied external magnetic field. The extent of this enhancement is greatest for dimethylformamide solu-
tions and for other solvents decreases in the order acetonitrile > benzonitrile > tetrahydrofuran. The results can
be interpreted in terms of a model in which the electron transfer reaction produces both triplet and singlet excited
states of rubrene (the ST route), with quenching of the triplet states by paramagnetic species (radical fons andfor
oxygen). Calculations using the Marcus theory of electron transfer reactions for this system are presented and the
possibility of the production of two triplet states upon electron transfer is suggested.

1. Introduction

Although a number of investigations of the electro-
generated chemiluminescence ( ECL) of rubrene (R)
{5,6,11,12-tetraphenylnaphthacene)-containing sys-
tems have been reported [1-7], many details in the
mechanism of the reaction remain uncertain, One
basic question of interest is whether the reaction of
the electrogencraied ions (R™ and RY) leads directly
and predominantly to the excited singlet state (5%)
(the 5 muate)

R*+R JE-—gR+L~:*'|.{—a-R+.P:v:r, (1)

or to the triplet state (T), which forms 5* upon trip-
let—triplet annihilation (the T route)

kT
R*'+R- =+~ T+R, (2)
T+T—+R+5% (=R +hv). (3)

A third possibility involves the formation of both §*
and T in the radical-ion electron transfer reaction in
such amounts that an appreciable fraction of the emit-
led radiation comes from both paths (the 5T route).
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The involvement of triplets has been demonstrated
by the occurrence of “Feldberg-slopes” [8—10]
greater than —1.48 and sometimes near the predicted
limit of a pure T route with triplet lifetime controlled
by quenching of —2.96 [2, 4]. The magnetic field in-
duced enhancement of rubrene ECL in N N-dimethyl-
formamide (DMF) solution [5, 7] also demonstrated
the occurrence of triplets in the reaction path, since
such effects can be explained in terms of variations
caused by a magnetic field in both the rate of excited
singlet formation by triplet -triplet annihilation and
the rate of triplet yuenching by paramagnetic species,
Independent studies of magnetic field effects on de-
layed fluorescence in the absence and presence of
radical ions [11—13] lend support to this interpreta-
tion. The nature and extent of triplet quenching is
also of importance in interpreting the ECL results ob-
tained. Triplets may be quenched either by paramag-
netic quenchers, P(e.g., R, R*, 0,) or non-paramag-
netic ones, Q:

kp
T+P = R+P, - (@)

kg
T+Q = R+0Q. (5)
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Such guenching reactions must be invoked to ex-
plain the Feldberg-slope results of Chang et al. [2] for
henzanitrile (BZN) solutions and of Bezman and
Faulkuer |4] lor both DMF and BZN. The magnetic
lield enhancements also require the oecurrence of

the quenching reaction of ey, (4), Visco and Chandross
3] tound Feldberg-slopes close to —1.48 for ECL ex-
periments in BZN; this result can only be explained

in light ol the other results as either the reaction oc-
curring by the T route in the absence of quenching or
the reaction oceuarring by the ST route with strong
quenching ol the triplets. Moreover, although radical
ions arce usually invoked as important quenchers of
triplets [2,3,5,12.13], especially in explaining pre-
vious magnetic (ield experiments, Bezman and Faulk-
ner |4| sugzesied that oxygen, generated from resi-
dual traces of water, was the paramagnetic quencher,
and that the radical ions of rubrene are unimportant
as triplet guenchers. Indeed delayed fluorescence
measurements have demonstrated a magnetic field ef-
feet on quenching of anthracene and pyrene triplets
by oxygen in DMF solutions [14], although no effect
could be observed for acetonitrile { AN) solutions.

We report here results of magnetic field experi-
ments with rubrene solutions of DMF, AN, BZN and
tetrahydrofuran ( THF) which contribute to the under-
standing of the mechanism of ECL in the rubrene sys-
Lem.

2. Experimental

The cells, elecirochemical and photometric appara-
tus have been described previously [5]. Spectroquality
acetonitrile (Matheson, Coleman and Bell) was passed
through an activated alumina column under a nitrogen
atmosphere and drained into a vacuum storage flask.
11 was distilled into a vessel containing phosphorus
pentoxide just before the preparation of the solution
to remove water and then it was distilled into a solu-
tion preparation vessel. Five freeze—pump—thaw
(FPT) cycles were used for de-aeration and the result-
ing solvent was stored under vacuum,

Spectroguality benzonitrile (Matheson, Coleman
and Bell) was purified by two different methods.
Either it was passed through an activated alumina
column in a dry box before the preparation of the
sample, or it was drded by activated molecular sieve
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{ Linde 4A) before use.

THF (Matheson, Coleman and Bell) was stored un-
der calcium hydride, then distilled into a storage con-
tainer which contained a sodium mirror, It was al-
lowed to stand for more than 48 hours in contact
with the mirror followed by distillation into the cell
and de-aeration by several FPT cycles. As supporting
electrolyte, polarographic grade tetra-n-butylammon-
ium perchlorate (TBAP) was used in all experiments.
It was supplied by Southwestern Analytical Chemicals,
dried in a vacuum oven at 100°C for 48 hours and
stored in a desiccator over anhydrous magnesium per-
chlorate. It was dried again under vacuum at 100°C
for 4—35 hours in some experiments before solvents
were distilled into a sample preparation vessel. Rubrene
(Aldrich Chemical Co., Inc.) (m.p. > 300°C) was puri-
fied by double sublimation.

A Varian Model V-3400 electromagnet, with 9-inch
pole diameter and 3-inch gap, powered by a Model
V-2500 power supply, was employed in all experi-
ments. All solutions were prepared on a vacuum line
(1075 torr) and degassed by at least four FPT cycles.
The ECL emission was recorded at an applied poten-
tial step frequency of 10 Hz (i.e., a step time of 50
msec). The intensity at a given field strength, the aver-
age of 1020 pulses in a train, was divided by the
average of zero-field intensity values recorded before
and after the measurement to obtain the relative inten-
sity values. A delay of 2 minutes between measure-
ments was employed, Details of these experimental
techniques are available [15].

3. Results

A comparison of electrochemical (cyclic voltam-
metric) data for the oxidation and reduction of rubrene
and the reaction enthalpy for the radical ion electron
transfer reaction calculated (except for the THF—H,0
mixture} by the equation [5]:

~AH0 = E(R/RT) — E (R/R7) - 0.16 (eV) (6)

is shown in table 1. The singlet energy level, Eg, for
tubrene is usually taken as 2.30 eV, although its exact
value is not known with certainty [3]. Thus, because
of uncertainties in the AH? and Eg values, it is diffi-
cult to judge whether the S route is accessible directly

247




Volume 26, number 2

CHEMICAL PHYSICS LETTERS

Table 1
Electrochemical data and reaction enthalpy of rubrene

15 May 1974

Solvent @ Concentration  Oxidation Reduction
of rubrene E_(R/RY) sweep rate, En (R/R*) sweep rate, Reaction enthalpy
(M) Veud BCE.  Vimse versus SCE  V/see —aH%(ev) b)
DM 1.0 +(1.96 0.249 -1.48 0.249 2.28
aceloniirile (AN) ==(). 1 +(.B& 0.200 -1.54 0,200 2.24
benzoniirile (1AM) 2.0 +(.B7 0,200 —-1.53 0.200 2.24
BEN + 36 mM 1150 1.0 +0.89 0. 100 -1.52 0. 100 228
tetrahydro furan (THIEF) 0.5 +1.09 0.100 —1.51 0.100 T
(AE=T0 mV)<) (AE=60 mV)
THI + 400 mM H50 0.5 +hid 01040 -1.55 0100 244
(AE=130 mV) {AE=130 mV)

a) The supporting electrolyte was 0.1 M TBAP for all solutions, and a Pt working electrode was employed.
b} Calculated by eq. (5) except for THF—H; O solution where the equation —AH” = E, 5 (R/R*) - E;2(R/R7) — 0.1 eV was used,

where the £, values are the average of EPE and E

c) = S
AF IEpﬁ P.r,,,_.l.

pe-

{i.e., whether the reaction is “energy sufficient™). The
location of the triplet level, £, is not known from
spectroscopic measurements; however, the existence
of ECL of rubrenc in clearly energy-deficient condi-
tions, ¢.g., for R [TMPD* (TMPD = NN,N’ N'-tetra-
methyl-p-phenylene diamine) and RY/BQ- (BQ = p-
benzoguinone) |2, 5], as well as ECL emission for the
parent, tetracene radical anion, with TMPD*® [16] sug-
gests that 2B > Eq, so that £7 is probably near 1.13
eV,

The elfect of a magnetic field on the intensity of
ECL emission for the rubrene system in the different
solvents was investigated; typical results are shown in
fig. | and the relative ECL intensities at i = 8 kG,

N 8kG)/f{0), are shown in table 2. The largest mag-
netic field induced enhancements are observed in the
R*/TMPD" and R*/BQ~ systems which also show in-
tensities about two orders of magnitude smaller than
the R7/R* system in DMF, Bezman and Faulkner [4]
showed that the ECL efficiency, ¢pcp (photons emit-
ted/radical ion electron transfer reaction) was about
twice as high for the R=/RY system in BZN as it was
in DMF.

4. Discussion
The magnetic field results can be explained in
terms of either a T or an ST route mechanism. If the

mechanism involves a pure T route, it is necessary to
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assume a solvent effect on the quenching or triplet—
triplet annihilation (TTA) rate constants. We have re-
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Fig. 1. (a) Magnetic field effects on ECL of (1) 2 mM rubrene,
0.1 M TBAP in benzonitrile (BZN) (2) 1 mM rubrene, 0.1 M
TBAF and 36 mM H;0O in BZN. (b) Magnetic field effects on
ECL of 0.1 mM rubrene and (.1 M TBAP in AN.
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cently proposed the following equation for magnetic

. < T ficld effects in delayed Muorescence and ECL [13]:
% x® x7 90 In Dtg
Wl 2 e o o o) 'f-,i*‘ﬂ[,—nmﬁrq]- (7)
o | 2 g where r,r{H] = H)/ 1 0), is the ratio of TTA rate
ol 2 DL R TR R T constants at field H and at zero field, rp = kp (H)fkp(0),
! % A el ol is the ratio of the rate constants for quenching by a
E ! _':_;. o B L B e e paramagnetic species at field A and zero field, D is the
E : é’ concentration of the paramagnetic species, and g =
2| sl koQ@/kpy(0) (kg is the rate constant for (5), Q is the
E|Z I RIS RO SN concentration of non-paramagnetic quencher, kp (0)
" él et et : is the rate constant for (4) at zero field).
2 e (- e e e - Although this equation applies in ECL only when
ERE i i the triplet lifetime is governed by quenching, quali-
2 | =2 i W ety St e, = tative conclusions about the variation of I H)/1(0)
S B e e i with solvent drawn from (7) are valid. Thus a decrease
3 | - { el _5 e in I(H){I(0) could be explained by a decrease in r_ (H)
= % | - g o or D, or an increase in g or rp(H). Although a small
e | Sls|lugesggzo | 8 o z difference in r, (H) was observed for anthracene de-
AR R Bl o e e layed fluorescence in DMF and CH,Cl, [11, 12], this
=1 & i g e ; change was much too small to explain the observed
s g LlgeaEnEEy | 89 E trend with solvent. Since triplet lifetimes are some-
| B I EBSNSES | 28 % times larger in DMF than in THE, it is possible that @
%2 | 'g & g is somewhat larger in THF. This leaves changes in
e § Slecoeszn | E 3 g parameters concerned with (4), quenching by para-
0 e A B gl e B | L ; magnetic species, as those responsible for the observed
-9 . £ = }; trend. If these species are the radical ions, then D
o | £ 2 = would be essentially the same in all of the solvents
§ 2|2 |8 s g 4 14, = I under the conditions of the same applied signal to the
21 = @: T sl E a & E electrodes. A change of rp(H) or kp(0) is possible,
g | EI I E e but again the magnitude of the change required to ex-
E | 2 ol - E‘T plain the results appears too large. If the paramagne-
k- | E'::“ ! g E E % % E ,E - * 8 tic quen-::htnsoxy_gen [generatfed by oxidation of
e Y i T o il i g = ‘E traces of water during the anodic step) assuggi?szed
E | B | | = :1 g = by Bezman and Faulkner [4], then a decrease in the
i { T a R g s % = 2, water present as an impurity from DMF to THF
Fr ot 1o o e's w5 =0 F T could explain the results. Indeed increasing the H,0
= z 9 o = ; & E o - 2
5 | B 22 E concentration in the experiment with BZN increased
E ;ga = . E = 'g f the observed magnetic field effect, although no such
sB2Fe|gonremno | 328 E increase was observed for THF with added water
g | ! 5 e " == g (table 2). Moreover, we did not observe a magnetic
2 5 = = = hf = field effect for oxygen quenching on anthracene tri
= 5 a TN =] P
_’.—:3 B g B o L iz A lets in AN [14] and the differences between the field
= g e e t = S effects in the R=/TMPD? and RY/BQ~ systems and
¥ £e 53 that of R=/R¥ , all in DMF, suggest that at least for
§ o - {i; 2 = the former cases, radical ion quenching is significant.
8 E = = E = E = - e Unfortunately, these possibilities cannot be tested
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by direct experiments using photoexcitation, because
neither direct nor sensitized delayed fluorescence of
rubrene has been observed,

A alternate explanation involves assumption of
an 51 ronite with the relative number ol singlets pro-
duced on electron trunsfer increasing in the order of
THE = BZN > AN > DMF. We have previously in-
voked such an increase in 8 route character to explain
the change in ECL efficiency and field effect with
solvent and electrolyte concentration in another ECL
system [17]. Such a trend is consistent with the Mar-
cus theory of electron transfer reactions as applied to
ECL |18, 19]. Briefly, this theory allows calculation
ol kg, eq. (1), ky,eq.(2), or kg,

kg
R*+R- = R4+R (8)
by the equation
k = pZxp exp(~AG*[RT), ()

where AG* is the energy of activation, and is given by
ABG*, AV*, and ASG* for production of rubrene in
the ground {kg], excited singlet (kg), or triplet (k)
state; ¥ and p are usually taken as close to unity, Z is
the collision frequency for uncharged species in solu-
tion, usually taken at 10! M~! sec~! and p s a sta-
tistical factor equal to 1/4 for the singlet reactions
(1) and (&) and 3/4 for the triplet reaction (2). The
iree energy of activation is given by

AG* = (N4) [1 + (A6 2 (10)

when work terms are neglected. AG? is the standard
free energy of reaction (1), (2), or (8), and X is a reor-
ganizational energy term composed of N, attributed

to structural differences of the reactants in the initial
and final electronic states, and kﬂ attributed to sol-
vent (outer shell) orientation polarization differences.
While Ay depends upon size and shape of the reactants,
for spherical particles and a dielectric continuum as-
sumption, it is given by the equation

an=iez[r_‘+ +:T_j][%_;s] (11)

where e is the electronic charge, r, and r_ are the radii
of the reactants, R* and R™, respectively,a=r, +r_,
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Table 3
IYiclectric constants and refractive indexes of solvents and Ay
value for rubrene clectron transfer in each solvent #

Refractive .r{_.:1 r!‘._l Jd.n.m

index (ny) V)

IMelectric
constant {« _\J

Solvent

DMF  36.71(25°C)
AN 350020°C)
BIN  25.50(25°C)
THF 7.58(25°C)

1.428(25°C) 0463 0.67
1.344 (25°C) 0.528 0.76
1.526(255°C) 0.391 0.56
1.405(25°C) 0378 0.54

3 Agsumingr, =r_=5 A anda =10A.
b} Calculated by eq. (11).

€qp is the square of the refractive index and € is the
static dielectric constant. Values of A, for the solvents
under consideration here, assumingr, =r_ = 5A are
given in table 3. The value of A can be obtained experi-
mentally from the rate constant of the electron trans-
fer reaction, such as

Kaa
AT +A 5 A+AT (A or
K b
B~ +Bz B+B (A,). (12)

where the work terms and AG? are zero, using (9)

and (10). For a number of radical ion systems k_, and
Ky lie between 108 and 10% M~1sec! (see, e.g. ref.
[20]), so that A, and Ay, lie between 0.5 and 0.7 eV.
Since Ay, = (Mg + Ayp)/2, the A values for the electron
transfer reactions are in the range of the calculated Ay
values. The values of AG* and the rate constants for
the production of ground and excited state singlets
and triplets based on the A values of table 3 and the
free energy data are given in table 2, For comparison,
similar calculated results for 9,10-diphenylanthracene
(DPA) in DMF, thought 1o be an 5 route system, are
included in table 2. Since only about 1% of the trip-
lets formed will ultimately yield an emitted photon
because of triplet quenching and the excited singlet
state efficiency of the TTA reaction [4, 13], a reac-
tion will be “T route™ when k 2 102 kg and will be
“S route” when kg = 102 k. By these criteria, the
reactions R=/TMPD* and R*/BQ~ in DMF are clearly
T route, while rubrene alone in DMF and AN are

T route reactions with perhaps some contribution from
directly produced excited singlets. By these calcula-
tions, rubrene in BZN is an 5T route system and ru-
brene in THF an S route system. The calculated values
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in table 2 can only be considered suggestive because
of uncertainties in A and the neglect of the work terms.
(MNoie also that the calculated rate constants should
be based on the vis:.:usityadupéndcm £ value in each
solvent |20]; however, the choice of Z obviously does
not affect the relative values in a given solvent.) How-
ever, the observed magnetic Tield effect trends, assum-
ing triplet quenching by radical ions and/or oxygen,
follows the expected decrease with increasing S route
character.

One more reaction must be considered for the spe-
cial case of rubrene, the formation of two triplets on
clectron transfer | 19]

R=4Rt =T4+T. (13)

Since 2E = E, the rate of this reaction will be of the
order of kg. The formation of two triplets close to one
another would probably lead to more efficient TTA
and hence relatively less quenching, but would show

a magnetic field effect under energy-sufficient condi-
tions, This “TT route™ could be of importance in BZN
and especially in THF,

The results given here demonstrate the important
effect of solvent on the path of the ECL reaction. The
general trend appears 1o be that a decrease in the di-
electric constant will increase the value of AGY for the
electron transfer reaction because of decreasing solva-
tion of the radical ions, and will lead to a decrease of
Ag. Both of these effects will favor the formation of
excited states over ground states and for many cases,
depending upon the value of Eq— ET, favor the forma-
tion of excited singlets over triplets. Another factor
which must be considered, however, is the increase of
ion pairing between the radical ions and supporting
electrolyte ions, with decreasing solvent dielectric con-
stant. This ion pairing would decrease AGY for the
R*/R™ reaction. While this effect may not be of im-
portance for the bulky radical ions of rubrene, it was
invoked to explain the effect of supporting electrolyte
concentration on the 9,10-dimethylanthracene(—)/tris-
p-tolylamine(+) ECL in THF solutions [17].
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