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Abstract: We report here the electrochemistry and electrogenerated chemiluminescence (ECL) of a red-
emitting dithienylbenzothiadiazole-based molecular fluorophore (4,7-bis(4-(4-sec-butoxyphenyl)-5-(3,5-di(1-
naphthyl)phenyl)thiophen-2-yl)-2,1,3-benzothiadiazole, 1b). 1b contains two substituted thiophene groups
as strong electron donors at the ends connected directly to a strong electron acceptor, 2,1,3-benzothia-
diazole, in the center. Each thiophene moiety is substituted in position 2 by 3,5-di(1-naphthyl)phenyl and
in position 3 by 4-sec-butoxyphenyl. Cyclic voltammetry of 1b, with scan rate ranging from 0.05 to 0.75
V/s, shows a single one-electron reduction wave (E°.q = —1.18 V vs SCE) and two nernstian one-electron
oxidation waves (E°; o« = 1.01 V, E°% = 1.24 V vs SCE). Reduction of the unsubstituted 2,1,3-
benzothiadiazole center shows nernstian behavior with E°.q = —1.56 V vs SCE. By comparison to a digital
simulation, the heterogeneous electron-transfer rate constant for reduction, k° = 1.5 x 107° cm/s, is
significantly smaller than those for the oxidations, k,° > 0.1 cm/s, possibly indicating that the two substituted
end groups have a blocking effect on the reduction of the benzothiadiazole center. The ECL spectrum,
produced by electron-transfer annihilation of the reduced and oxidized forms, consists of a single peak
with maximum emission at about 635 nm, consistent with the fluorescence of the parent molecule. Relative
ECL intensities with respect to 9,10-diphenylanthracene are 330% and 470% for the radical anion—cation
and radical anion—dication annihilation, respectively. Radical anion (A~")—cation (A™") annihilation produced
by potential steps shows symmetric ECL transients during anodic and cathodic pulses, while for anion
(A™")—dication (A%") annihilation, transient ECL shows asymmetry in which the anodic pulse is narrower
than the cathodic pulse. Digital simulation of the transient ECL experiments showed that the origin of the
observed asymmetry is asymmetry in the amount of generated charges rather than instability of the
electrogenerated species.
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emission of light.® The S-route ECL process can be represented
in a general way as shown below:

A+e — A (reduction at electrode) (D]

D-e —D" (oxidation at electrode) 2

A"+D"—'A*+D (excited singlet state formation)

(€)
'A* — A+ hy (light emission) (4)
where A and D are electroactive species and denote acceptor
and donor, respectively. A and D can be the same molecule, as
in the case of efficient ECL emitter 9,10-diphenylanthracene
(DPA).*® They can aso be different moieties within the same
molecule, as in a donor—acceptor organic molecule. One
molecule may have multiple donors or acceptors. A number of
donor—acceptor molecules have been the target of ECL studies,
for example metal complexes® like the widely used
[Ru(bpy)s]?*,” in which electrochemical oxidation occurs in
the Ru(ll) center while three possible reductions can occur
in the bipyridine ligands, the emitting state being a metal-
to-ligand charge-transfer (MLCT) state.® Combination of
organic-based D—A motifs alows the design of efficient ECL
emitters;® high ECL efficiencies have been reported,*®*? and
the possibility of increasing the light yield by using multiple,
chemically reversible D or A units has been suggested.™
Compound 1b has a 2,1,3-benzothiadiazole moiety as the
electron acceptor in the center, connected directly to two
donors at the ends. Each donor is a thiophene moiety
substituted in position 2 by 3,5-di(1-naphthyl)phenyl and in
position 3 by 4-sec-butoxyphenyl.

Another interesting aspect of the molecule 1b is that the
acceptor group is“buried” between the two large donor groups.
In such structures, heterogeneous electron-transfer kinetics
depends on the extent to which the electroactive center is
physically removed from the immediate vicinity of the electrode
surface, for example, when a molecule is substituted by a long

(2) Bard, A. J. In Electrogenerated Chemiluminescence; Bard, A. J., Ed.;
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chain or bulky moiety.* In compound 1b, we would expect
that the rate constant for reduction, k;°, would be smaller than
in the unsubstituted parent 2,1,3-benzothiadiazole molecule.
Moreover, one can compare in the same molecul e the el ectron-
transfer kinetics for the reduction with those for the oxidation,
k.°, of the more exposed donor groups (the thiophene groups).
Cyclic voltammetry (CV) studies at different scan rates coupled
with digital simulation demonstrate that the electron-transfer
rates for the reduction and oxidation processes are indeed
different.

Transient ECL generated by alternating potential steps can
provide information about the stability of the precursor species
(radical anions, radical cations, dications). When the radica ions
are generated under mass-transfer-controlled conditions and are
stable during a pulse, the ECL emission pulses are of equal
height during anodic and cathodic pulses and constant with
pulsing. Instability of one of the radical ion species results in
unequal heights for the anodic and cathodic pulses and decay
of the ECL emission with time.*® In this paper, we show a
comparison between transient ECL generated through radical
anion—radical cation and radical anion—dication annihilations;
simulations of this transient ECL were carried out. Transient
methods for the characterization of ECL, along with a com-
parison to simulation models, can aid in developing an
understanding of the optimum conditions for generating strong
and stable ECL emission.*®

Experimental Section

Materials. Anhydrous acetonitrile (MeCN) and dichloromethane
(CH.Cl, or DCM) were obtained from Aldrich (St. Louis, MO)
and transferred directly into a helium atmosphere drybox (Vacuum
Atmospheres Corp., Hawthorne, CA) without further purification.
Electrochemical-grade tetra-n-butylammonium hexafluorophosphate
(TBAPFg) and 9,10-diphenylanthracene (DPA) were obtained from
Fluka and used as received. Tris(2,2’-bipyridine)ruthenium(I1)
perchlorate (Rubpy) was obtained from GFS Chemicals, Inc.
(Powell, OH). Compound 1b was synthesized as reported recently;*
characterization details (mass spectrometry, NMR) are contained
in the Supporting Information of that paper.

Characterization. The same electrochemical cell was used for
both CV and ECL experiments: it consisted of a coiled Pt wire
(0.5 mm in diameter) as a counter electrode, a Ag wire (0.5 mmin
diameter) as a quasi-reference electrode, and a Pt disk inlaid in
glass, bent at a 90° angle (for the disk to face the light detector),
as aworking electrode. The geometric area of the Pt disk electrode
was 0.028 cm?. After each experiment, the potential of the Ag wire
was calibrated with ferrocene (taken as 0.342 V vs SCE).*” Before
each experiment, the working electrode was polished on a felt pad
with 0.3 um alumina (Buehler, Ltd., Lake Bluff, IL) and sonicated
in Milli-Q deionized water and then in ethanol. The counter and
reference electrodes were cleaned by rinsing and sonicating in
acetone, water, and ethanol. Finally, all the electrodes were rinsed
with acetone, dried in an oven, and transferred into a glovebox.

Solutions for electrochemical measurements consisted of 0.5 mM
1b in CH,CI, as the solvent and 0.1 M TBAPF; as the supporting
electrolyte. All solutions were prepared inside the glovebox. For
measurements made outside of the box, the eectrochemical cell
was closed with a Teflon cap that had a rubber O-ring to form an
airtight seal. Stainless steel rods driven through the cap formed

(14) Cardona, C. M.; Mendoza, S.; Kaifer, A. E. Chem. Soc. Rev. 2000,
29, 3742.

(15) Cruser, S. A.; Bard, A. J. J. Am. Chem. Soc. 1969, 91, 267-275.
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2009, 2, 359-385.

(17) Sartin, M. M.; Shu, C. F.; Bard, A. J. J. Am. Chem. Soc. 2008, 130,
5354-5360.
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Figure 1. Cyclic voltammogram of 0.5 mM 1b in dichloromethane with
0.1 M TBAPFs. Scan rate, 100 mV/s; area of electrode, 0.028 cm?.

Table 1. E°, D, and k° for 1b in Dichloromethane/0.1 M TBAPF;
and 2,1,3-Benzothiadiazole in MeCN/0.1 M TBAPFg

1b

213
first second -benzothiadiazole
reduction oxidation oxidation reduction
E°/V vs SCE —1.18 1.01 1.24 —1.56
10° D/em? st 1.0(£0.1) 1.1(+0.1) 1.1(£0.1) 3.6(+0.1)
ke/cm s7t 15x10° >01 >0.1 >0.1

the electrode connections. Cyclic voltammograms were obtained
on aCH Instruments electrochemical workstation (CHI 660, Austin,
TX). Digital simulations of CV were performed using Digisim
software (Bioanalytical Systems).

Spectroscopic experiments were done in a 1 cm path length
quartz cell. Absorbance spectra were obtained on a Milton Roy
spectronic 3000 array spectrophotometer. Fluorescence spectrawere
collected on a QuantaM aster spectrofluorimeter (Photon Technology
International, Birmingham, NJ). The excitation source was a 70 W
xenon lamp (LPS-220B lamp power supply), and the excitation
and emission glits were set to 0.5 mm (2 nm bandwidth).

The ECL spectra were obtained on Princeton SPEC-10 instru-
ments using a charge-coupled device (CCD) camera (Trenton, NJ)
cooled to —100 °C, with an Acton SpectraPro-150 monochromator
(Acton, MA) as detector. The wavelength scales of the CCD camera
and grating system were calibrated using a Hg/Ar pen-ray lamp
from Oriel (Stratford, CT). ECL intensity—time curves were
collected on an Autolab potentiostat (Eco Chemie, Utrecht, The
Netherlands) connected to a photomultiplier tube (PMT, Hamamat-
su, R4220p, Japan). The PMT was supplied with —750 V with a
Kepco (New Y ork) high-voltage power supply. ECL efficiency was
determined with respect to DPA in MeCN and to Rubpy in MeCN
by comparing the maximum intensities or emission areas in the
ECL spectra, respectively.

Results and Discussion

CV and Digital Simulation. A CV of 1b in CH,Cl, showed
one reduction and two oxidation waves (Figure 1). The standard
potentials (E°) along with diffusion coefficients (D) and
heterogeneous electron-transfer rate constants (k°) for 1b in
CH,CI, and for 2,1,3-benzothiadiazole in MeCN are summarized
in Table 1. Overal, the experimental and simulated CV results
can be rationalized from the chemical structure of 1b, which
comprises a 2,1,3-benzothiadiazole moiety as the reduction
center (A group) and two bulky substituted thiophene end groups
as donor groups (D group). After gaining 1e in the center (A
group), only a single 1e reduction wave is observed. The two
end groups are connected directly to the acceptor center, each
capable of losing an electron. The splitting between the oxidation
waves of 0.23 V shows that, after the loss of 1e from one end
D group, it is more difficult to lose the second electron in the
molecule. This indicates that considerable conjugation exists
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Figure 2. Simulation of 0.5 mM 1b reduction in dichloromethane at (a)
0.05, (b) 0.08, (c) 0.1, (d) 0.3, (¢) 0.5, and (f) 0.75 V/s. Simulation
mechanism is one-electron reduction with D = 1.0 x 107% cm?/s, E°eq =
—1.18 V vs SCE, k° = 1.5 x 1073 cm/s, o = 0.5, uncompensated solution
resistance R, = 1972 Q, and double-layer capacitance Cy = 0.25 uF.

between these two D groups; CV of other ECL D—A systems
have shown that, for molecules with two D groups, the presence
of abulky, nonconjugated spirobifluorene linker between them
causes a smaller peak splitting in the 2e oxidation process
(~0.06 V),*"*® as opposed to a larger splitting observed when
the two D groups are connected through a conjugated linker
(~0.18 V).2° In al of these cases, a doubly charged ion is
generated, but the electrostatic repulsive interaction could only
account for about a third of what is observed here. Digital
simulations of the experimental CVs for the reduction and
oxidation are shown in Figures 2 and 3, respectively. These
indicate good fits between experimental and ssimulated CVs for
both reduction and oxidation performed at various scan rates
from 0.05 to 0.75 V/s. The double-layer capacitance and the
uncompensated resistance used in the simulation were measured
from a potential step in the region where only double-layer
charging occurred, i.e., at 0 V vs SCE. The best fit for the CV
simulation suggests a single 1e reduction, with D = 1.0(£0.1)
x 107° cm?¥sand k° = 1.5 x 103 cm/s, and two 1e oxidations,
with D = 1.1(+0.1) x 1075 cm?#s and k° > 0.1 cnv/s.

Heter ogeneous Electron Transfer Kinetics. As stated earlier,
the structure of 1b suggests that the reduction of the benzothia-
diazole center should be more hindered than that of a free
benzothiadiazole molecule and also slower than the oxidation
of the external D groups. This expectation is confirmed by the
CV results. As shown by the simulation in Figures 2 and 3, a
smaller heterogeneous electron-transfer rate constant, k.° = 1.5
x 1072 cm/s, was calculated for the reduction occurring in the

(18) Shen, M.; Rodriguez-L 6pez, J.; Lee, Y .-T.; Chen, C.-T.; Fan, F.-R. F.;
Bard, A. J. J. Phys. Chem. C 2010, 114, 9772-9780.

(19) Fungo, F.; Wong, K.-T.; Ku, S.-Y.; Hung, Y.-Y.; Bard, A. J. J. Phys.
Chem. B 2005, 109, 3984-3989.
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Figure 3. Simulation of 0.5 mM 1b oxidation in dichloromethane at (a)
0.05, (b) 0.08, (c) 0.1, (d) 0.3, (¢) 0.5, and (f) 0.75 V/s. Simulation
mechanism is two stepwise 1e oxidationswith D = 1.1 x 1075 cm?/s, E°y
= 1.01 V vs SCE, E%« = 1.24 V vs SCE, k° > 0.1 cm/s, a = 0.5,
uncompensated solution resistance R, = 1972 Q, and double-layer
capacitance Cy = 0.25 uF.

acceptor center compared to the oxidations occurring at the two
donor ends of the molecule, with k° > 0.1 cm/s. Note that the
slower measured kinetics for the reduction center cannot be
accounted for on the basis of uncompensated resistance, R,
because (1) this was taken into account in the simulation from
the measured R, and (2) the same value was used for the
oxidation and reduction steps. A similar CV study and measure-
ment of the heterogeneous rate constant were carried out for
2,1,3-benzothiadiazole itself (structure shown below).

N
S 2, 1, 3-Benzothiadiazole

‘N7 =

CVsand digital simulations are shown in Figure 4. Because of
the poor solubility of this speciesin CH,Cl,, the electrochemical
study was carried out in MeCN. In the CV study, only one
reduction peak and no oxidation peaks were observed. The CV
simulation mechanism assigned a one-electron process for the
reduction, with E° = —1.56 V vS SCE, D = 3.6 x 107° cm?
s, and k° > 0.1 cm/s. The larger D value is consistent with the
smaller size of this molecule compared to 1b.

The slow electron-transfer rate of the reduction center can
be attributed to it being blocked by the two bulky end groups.**
In fact, when 2,1,3-benzothiadiazole was connected to a small
end group (tert-butylphenyl), a faster electron-transfer rate for
reduction was observed,?® in contrast to 1b, where blocking
occurs. The distortion of the shape of the reduction CV of 1b
(when compared to theideal nernstian case) cannot be attributed

(20) Omer, K. M.; Ku, S.-Y.; Wong, K.-T.; Bard, A. J. J. Am. Chem. Soc.
2009, 131, 10733-10741.
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Figure 4. Simulation of 0.5 mM 2,1,3-benzothiadiazole reduction in MeCN
a (a) 0.05, (b) 0.08, (c) 0.1, (d) 0.3, (e) 0.5, and (f) 0.75 V/s. Simulation
mechanism is one-electron reduction with D = 3.6 x 107% cm?/s, E°eq =
—1.56 V vs SCE, k° > 0.1 cm/s, a. = 0.5, uncompensated solution resistance
R, = 264 Q, and double-layer capacitance Cy = 0.28 uF.

to afollowing reaction, as shown by the CV behavior and also
by the fact that, as described below, the ECL efficiency is
high.?* The slow electron transfer of the A group can be thought
of as aforced longer distance electron transfer because of the
blockage (a nonadiabatic effect) or the fact that reduction via
the accessible thiophene groups would occur at a significantly
more negative potential (< —2 V), thus causing a large energy
of activation for the reduction. Kojima and Bard®* studied the
heterogeneous electron-transfer kinetics for the reduction of 16
aromatic compounds and found that the total activation energies
for reorganization and solvation for al were in the range of
0.1-0.2 eV. Such small activation energies, e.g. for diben-
zothiophene, cannot account for the small rate of reduction found
here, suggesting that a steric (longer distance) electron transfer
is more reasonable.

ECL Studies. The ECL spectra generated by pulsing the
electrode potential between the reduction and the two possible
oxidations are shown in Figure 5. The ECL generated when
stepping into the second oxidation showed a higher intensity
for reasons discussed below. Taken together with the results of
CV, which showed no indication of decomposition of the radical
cation or the dication, and the fact the ECL spectrum is close
to the fluorescence spectrum with no additional emission peaks,
the precursor stability is high, which is not seen in similar
donor—acceptor systems.*” The relative intensities of 1b with
respect to DPA and Rubpy, both of which are efficient and
widely investigated ECL molecules, are shown in Table 2. ECL

(21) Kojima, H.; Bard, A. J. J. Am. Chem. Soc. 1975, 97, 6317-6324.
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Figure 5. ECL spectraof 0.5 mM 1b in 0.1 M TBAPFs in dichloromethane
obtained by pulsing between 80 mV past the reduction peak potential and
two different anodic potentials, 80 mV past the first oxidation peak potential
and 80 mV over the second oxidation peak potential, as well as normalized
absorbance and normalized fluorescence or photoluminescence (PL) spec-
trum of 7 uM 1b in dichloromethane. ECL spectrawere integrated for 30 s
using a0.5 mm dlit width. Excitation wavelength for fluorescence emission,
491 nm.

Table 2. Maximum ECL Emission Wavelength A5Sk, Intensity at
AESE, and Relative Intensity with Respect to DPA and Rubpy under
Conditions of Figure 5

relative relative
intensity intensity vs
pulsing potentials A5 (nm)  [(AFSY) (a.u)  vs DPA (%)@  Rubpy (%)°
reduction and first 637 2.0 x 10° 330 81+ 16
oxidation
reduction and second 633 2.8 x 10° 470 122416
oxidation

aCalculated by comparing the 1(155k) of 1b with that of DPA in
MeCN. P Calculated by comparing the 1(A5%) of 1b with that of Rubpy
in MeCN generated by oxidation and first reduction.

intensities of 1b are stronger than those of DPA when stepping
to both the first oxidation and second oxidation, indicating that
1b is a strong ECL emitter.

Thereisal7-nm red shift of the ECL spectrum compared to
the fluorescence spectrum, as shown in Figure 5. The compound
has a Stokes shift of 120 nm and shows some absorbance within
the wavelength range of photoluminescence (PL) and ECL. The
concentration of 1b inthe ECL experiments (0.5 mM) was much
higher than in the PL experiment (7 uM); thus, absorption of
the emitted light in ECL could account for a small inner filter
effect that red-shifts the observed ECL emission with respect
to that of PL. Systematic errors in the spectroscopy can aso
account for some of the difference, since the PL and ECL spectra
were taken with different instruments and different dlit widths;
in our experience the accumulated errors typically result in a
shift of 10—15 nm. Despite these small discrepancies, the same
excited emissive state is probably formed in ECL and in PL.

The energy of the excited singlet state can be estimated from
the fluorescence emission maximum by the equation Es (in eV)
= 1239.81/4 (in nm),? where 1 is the wavelength at maximum
emission. The calculated excited singlet-state energy is 2.03 eV.
The energy of the annihilation reaction, —AH® = E°y — E°eg
- TAS, based on the difference between the thermodynamic
potentials of the first oxidation and the second oxidation and
the reduction in the cyclic voltammogram (E°;ox — E°req = 2.19
eV, E° o« — E°eq = 2.42 €V) with an estimated entropy effect
(~ 0.1 eV) subtracted out, isabout 2.09 and 2.32 €V. The energy
of the annihilation reaction (2.09 and 2.32 €V) is greater than
the energy needed to directly populate the singlet excited state
(2.03 €V), and thus the ECL reaction probably proceeds via

the S-route, where the singlet excited state is directly populated
upon radical ion annihilation. With alarge Stokes shift, amore
correct calculation of the energy of the excited singlet-state
energy can be estimated by considering the wavelength where
the absorbance and emission curves cross; in our case, this
would yield an excited singlet state energy of 2.27 eV (at 546
nm), for which our estimated —AH° = 2.09 eV for reduction
and first oxidation would be insufficient to populate it. Experi-
mentally, we observe that, upon pulsing into the second
oxidation process, where —AH® = 2.32 eV and the calculated
singlet-state energy is higher, the ECL emission profile is
maintained, suggesting that, in this excess energy scenario, the
same excited state is formed and is thus energy-sufficient, even
for the reduction—first oxidation case. Given the apparent high
ECL efficiency, even with the uncertainties presented in the
calculations, we assign it to an energy-sufficient system.*®

Experimental and Simulated Transient ECL. In transient
ECL experiments, the behavior of the ECL emission is
monitored versus time during multiple-potential-step chrono-
amperometry;? this programming alternates the potential of the
working electrode between a cathodic potential (radical anion
generation) and an anodic potential (radical cation generation).
Electrogenerated reactants in excess from pulsej — 1 react with
freshly electrogenerated reactants generated during pulse j, and
so forth. When the radical ions are generated under mass-
transfer-controlled conditions and at equal time intervals, i.e.,
the cathodic pulse is of equal length to the anodic pulse, the
ECL emission will show a characteristic decay which is a
product of the Cottrell decay along with the consumption of
theradical ions by the annihilation reaction. Provided the radical
ions are stable, the ECL transient during cathodic and anodic
steps should exhibit the same shape, and the intensity of the
emission should not decrease with increasing number of steps
(after complete development of a quasi-steady-state diffusion
layer).*>?2 Much of the early ECL literature included the
analysis of these transients for the extraction of kinetic and
mechanistic parameters, e.g. through the use of Feldberg plots.?
However, the complexity of the ECL process has limited its
applicability.? Our approach in thiswork isto use transient ECL
as evidence of the stability of the radical ions and aso to show
aparticular case in which unequal transients can also be caused
by the reactant stoichiometry. Despite the existence of a vast
literature on ECL transients and the study of mixed systems,?*
e.g. systems in which D and A in egs 1 and 2 are located on
different molecules and where possibly different stoichiometric
amounts of D and A could be used, to the best of our knowledge
this case has not been simulated previously and compared to
experimental results.?>%

a. Experimental ECL Transients. Three kinds of ions can
be formed during the reduction and oxidation of 1b: the radical
anion 1b~, theradical cation 1b™, and the dication 1b?*". Figure
6 is a schematic of the polarity and selection of the potential
steps for the production of the different ions and shows the
results of transient ECL generated by different combinations
of these: Figure 6a, in which ECL was generated by radical
anion and radical cation annihilation (1-1 case), and Figure 6b,

(22) Bezman, R.; Faulkner, L. R. J. Am. Chem. Soc. 1972, 94, 3699-3707.

(23) Feldberg, S. W. J. Am. Chem. Soc. 1966, 88, 390-393.

(24) Forry, S. P.; Wightman, R. M. In Electrogenerated Chemilumines-
cence; Bard, A. J,, Ed.; Marcel Dekker: New Y ork, 2004; Chapter 6.
Richter, M. M. In Electrogenerated Chemiluminescence; Bard, A. J.,
Ed.; Marcel Dekker: New York, 2004; Chapter 6.

(25) Maloy, J. T. In Electrogenerated Chemiluminescence; Bard, A. J., Ed.;
Marcel Dekker: New York, 2004; Chapter 3.
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Figure 6. Current (red, solid) and ECL (purple, dotted) transients with
0.5 s pulsing time for 0.5 mM 1b in dichloromethane (a) pulsed between
reduction and first oxidation and (b) pulsed between reduction and second
oxidation, and (c) comparison of transient ECL generated through (a)
(purple, solid) and (b) (red, solid). Panels on the right show schematically
the potentials used and the polarity of the step as indicated in the graphs.
+ indicates an anodic step or production of radical cations; — indicates a
cathodic step or production of radical anions. For the 1-1 case, an oxidation
potential of 1.12 V and areduction potential of —1.32 V were applied; for
the 1-2 case, an oxidation potential of 1.36 V and a reduction potential
of —1.32 V were applied (vs SCE).

in which ECL was generated by radical anion and dication
annihilation (1-2 case). Both cases show that the ECL responses
arefairly stable, in that the transient response does not decrease
with the number of steps, thus indicating, as grasped from the
chemical reversibility in the CV shown in Figure 1, no evident
loss of 1b or its electrochemically reduced/oxidized species due
to chemical decomposition into other products. This feature is
characteristic of strongly emitting ECL systems.

Asshown in Figure 6a, the ECL transient generated by radical
anion—cation annihilation exhibits a symmetrical response
during the anodic and cathodic pulses; in Figure 6b, however,
where ECL is generated by anion—dication annihilation, a
broader ECL signal was obtained during the cathodic pulse
compared to the anodic pulse. This can be more clearly observed
in the comparison made in Figure 6¢c between the two
experimental cases. A possible misinterpretation of the shape
of the transients in Figure 6b without taking into account the
effects of the stoichiometry of the reaction could suggest that
the radical anion is chemically unstable, so that, upon anodic
stepping (production of dications), the ECL intensity decays
faster in time as a consequence of the decomposition of the
anions.™® This explanation is contrary to the stability observed
in the transients of Figure 6afor the 1-1 case, and also because
the overall ECL emission isincreased when comparing the 1-2
case with respect to the 1-1 case; furthermore, the CV of 1b
does not suggest any chemical instability. The difference in the
shape of the 1-2 case with respect to the 1-1 case in Figure 6¢
can be better explained by the following arguments that take
into account the stoichiometry of the reactants. In the first
cathodic pulse (t = 0.5 s, ), 1b™" is produced; since no radical
cations are initialy present in the system, there is no ECL
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emission at t = 0.5 s. In the following first anodic pulse (t =
1s,j+ 1), 1b™ or 1b?™ (for the 1-2 case) is freshly produced
and reacts with 1b™ produced in step j and ECL emission is
observed; 1b~ isthe limiting speciesin both cases, so the same
ECL emission profile is produced for the first anodic pulse as
evidenced in Figure 6¢ at t = 1s. Sincein the 1-2 case alarger
amount of charge isinjected for the generation of 1b?** at pulse
j + 1 compared to the 1-1 case, more radical cations are left to
react with 1b~ for the following cathodic pulse (t = 1.5s,j +
2), thus a broader peak is observed for the 1-2 case; after the
cathodic pulseat 1.5 s, less 1b~" isleft for the following anodic
pulse (t = 2 s, j + 3) as a consequence of a larger amount of
radical cations having been consumed during pulsej + 2, thus
a narrower ECL signal is seen in pulse j+3 compared to the
1-1 case; the following pulses can be described by these same
arguments. To understand and quantify the observed differences,
simulation of transient ECL was performed, and the results are
shown below.

b. Digital Smulation of Transient ECL. Electrochemical and
ECL digital simulations were carried out using the COM SOL
Multiphysics software v.3.2 which uses a finite element method
(FEM) to treat diffusion and reaction kinetics. The problem was
solved in the transient mode, and a 1D approach was used to
model planar diffusion to the electrode. While the use of an
exponentialy expanding grid has been criticized for ECL
simulations using the finite difference method,? it did provide
the necessary stability and memory efficiency required to treat
the coupled homogeneous and heterogeneous electrochemical
conditions in this FEM simulation.

Figure 7 shows a summary of the simulation model, where
the required reactions for the ECL process (panel A) have been
expanded from those shown in egs 1—4 to account also for the
possibility of electrogeneration of a dication in addition to the
radical cation and radical anion, the annihilation reaction
between a dication and a radical anion, and the nontrivial
oxidation of the parent molecule by the dication (compropor-
tionation). Panel B shows the discretization of the simulation
space; this was performed by using an exponentially expanding
grid with a base box length of AXy =15 nm and an element
growth factor of 1.2 (8 = 0.2, where Ax, = Axo €, Ax, being
the size of simulation element k). For a simple potential step at
a diffusion-limited potential and following Cottrell behavior,
the size of the simulation space should accommodate at |east
6—7 times the extension of the diffusion layer §, where § ~
(2Dt)¥2, D being the diffusion coefficient of the species and t
the length of the potentia step. While in transient ECL the
potentia is being stepped to different values, 6 can be safely
approximated using the total time of the experiment. For our
typical simulations and experiments, t ~ 10 sand D = 1 x
1075 cm?/s, as explained earlier in the text, so 76 ~ 989 um; as
shown in Figure 7B, we decided to use a simulation space 1
mm in length (55 simulation elements), where the region closest
to the electrode is meshed the finest.

The potential versus time programming used for the electrode
boundary is shown in Figure 7C; the simulated stepping was
accomplished by setting a time-dependent sine wave as the
argument of a step function that alternated between an oxidizing
and areductive potentia, E* and E™, respectively, thus resulting
in a sguare wave with a potential step length of 0.5 s, as
described experimentally in Figure 6. The use of Butler—Volmer
(B-V) kinetics to describe the flux of electroactive species with

(26) Feldberg, S. W. J. Elecroanal. Chem. 1981, 127, 1-10.
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Figure 7. Summary of simulation model used for transient ECL. (A) Chemica and electrochemical reactions used, egs 5—11. (B) 1D simulation space
showing the spatial simulation elements and the relevant boundaries. (C) Programming used for the electrode potential vs time; (D) Coupled diffusion and
kinetics used in the simulation space for each species, egs 12—16. (E) Butler—Volmer expressions for the flux to the electrode boundary for each species,

egs 17—21. (F) Initia and semi-infinite boundary conditions used.

respect to the electrode boundary allows relating the potential
programming to the operation of the electrode (eqs 17—21).
As well, the use of Fick’s second law of diffusion, including
reaction kinetics, allows the description of the following
chemical reaction mechanisms necessary for the ECL process
in the simulated space (egs 12—16). The respective equations
for these two processes are shown in Figure 7D for each
participating species; species that can either be both reduced
and oxidized, e.g. the parent molecule and the radical cation,
required the use of more than one B-V expression to be
described. Figure 7F also shows the initial and semi-infinite
boundary conditions, which indicate that only the parent
molecule is present at the beginning of the experiment and in
the bulk of the solution.

For the evaluation of the model equations in Figure 7, al
second-order kinetics were assumed to be fast and to proceed
close to diffusion limitation, such that Kem = ke = 1 x 10°
M~1s™1, and the radiative decay of the excited state of the parent
molecule was assumed to have alifetime of 1 ns, such that Kem
=1 x 10°s7%, atypica value for fluorescence emission.?” For
the evaluation of the B-V kinetics, we assumed that the transfer
coefficient o = 0.5, f = 38.94 V™1 (where f = F/RT, with the
Faraday constant F = 96 485 C/mol, the gas constant R = 8.314
Jmol, and the temperature T = 298 K), and the standard rate

(27) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer Science + Business Media: New Y ork, 2006.

constant k° for the two reversible oxidations k1 = K°px2 =
10 cm/s and for the reduction k°¢ = 1.5 x 1073 cm/s, in
accordance with the text. For the evaluation of the potential
expressionsin the B-V model, a simplification was used in order
to avoid very large numbers in the evaluation of the exponen-
tials, which led to instabilities in the numerical evaluation. Such
simplification involved decreasing the potential gap between
E°ox1 (first oxidation) and E°q (first reduction) to manageable
values without affecting the accuracy of the results; i.e., the
experimental energetic gap of 2.19 V between E°; and E°q
was reduced to 0.6 V. The used standard potentials used were
E°x1 = 0.3V, E%, = 053V, and E°¢ = —0.3 V, and the
selected stepping potentials, which operate under diffusion-
limited conditions, were EF = 0.36 V and E" = 0.59 V for the
first and second oxidation processes, respectively, and E- =
—0.36 V for the reduction process. The values chosen for the
stepping and standard potentials for the oxidation reactions at
the electrode are in accordance with the potential separation
between the first and second oxidations observed experimentally
in order to accurately compare simulation and experiment.

The simulated ECL signal was obtained by two approaches,
the first one by integrating the rate of emission of the excited
state, eq 11 in Figure 7A, across the simulation space at specified
intervals (time stepping = 1 ms) and the second one by
modeling the emitted light (species b in Figure 7A, eq 11) asa
pseudoparticle with extremely high diffusion coefficient (e.g.,
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Figure 8. Comparison between simulated and experimental results for
transient ECL: (a) simulated transients for the 1-1 (black) and 1-2 (yellow)
cases, where — and + signs indicate cathodic and anodic stepping
respectively, and all other conditions are as explained in the text; (b)
comparison for the 1-1 case between simulation (dotted) and experimental
(continuous) transients on the same scale; (c) same as (b) but for the 1-2
case. Simulated transients neglect the first 5 ms of each step.

D = 107 cm?s), and integrating its flux at the electrode boundary
to obtain a “photonic current”.?® While the units of the ECL
signa are arbitrary (i.e., do not include effects from the quantum
efficiency of emission, geometry of photon collection, or
response of the detector), the relative intensities and shape of
the response were consistent upon comparison of both transients
(e.g., by overlapping them on the same scale). Comparison of
the simulated and experimental results was done in the same
fashion and is shown in Figure 8 for the two cases of interest,
i.e. the reaction of the radical anion generated at E~ and either
the radical cation (1-1 case) or dication (1-2 case) generated at
E*.

Figure 8a shows the comparison of the two simulation resullts,
1-1 case and 1-2 case, and Figure 8b,c shows the comparisons
of the corresponding experimental and simulated results.
Qualitatively there is a very good agreement between the
experimental and simulated results; the simulation effectively
recreates the following features. (1) There is a predicted
difference in the shape of the ECL transients when comparing
the 1-1 case to the 1-2 case; that is, upon changing the
stoichiometry of the problem without the need to include other
effects such as instability of the radical ions. (2) The relative
widths and intensities of the curves agree well with the
experimental ones, the simulation predicting in the 1-2 case
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Table 3. Quantitative Comparison of Experimental and Simulated
Results Obtained by Numerical Integration of ECL Transients

relation species predicted experimental/detector®
TsTray 1b 0.5 0.47 + 0.03PMT
ToTray 1b 0.5 0.53 £ 0.017 PMT
TsTrao 1b 0.25 0.17 + 0.04 PMT
T Trao 1b 0.75 0.834+ 0.07PMT
Tray: Tra2 1b 143 1.3+ 0.10PMT
1.4+ 0.3CCD
TT(1;1):TT(1;2) Rubpy 1.43 1.6 + 0.15 CCD
TT(1;1):TT(1;1) Rubpylb N/A 1.1+ 0.2CCD
TT(1:2):TT(1:2) Rubpylb N/A 1.2+ 0.14 CCD

#Nomenclature: Ty, total transient for one cycle with
stoichiometry xiy; T, large transient component; Ts, small transient
component. ®PMT and CCD indicate whether the detector of ECL
measurement is a photomultiplier tube or charge coupled device
respectively as described in the text. Standard deviations were obtained
from three relevant measurements.
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Figure 9. Comparison of ECL emission spectra for the 1-1 cases (dotted
lines) and 1-2 cases (continuous lines) for Rubpy (blue) and 1b (red); 0.5
mM Rubpy in MeCN and 0.5 mM 1b in CH,Cl, with 0.1 M TBAPF; as
supporting electrolyte. Area of electrode, 0.028 cm?; step time, 0.1 s; dlit
width, 0.5 mm; integration time, 30 s. For 1-1 Rubpy, the spectrum was
generated by pulsing between 1.28 VV (80 mV over oxidation peak potential)
and —1.53 V (50 mV over first reduction peak potential); for 1-2 Rubpy,
the spectrum was generated by pulsing between 1.28 V (80 mV over
oxidation peak potential) and —1.73 V (50 mV over second reduction peak
potential) versus Ag electrode.

narrower transients for the anodic pulses and wider ones for
the cathodic pulses when compared to the 1-1 case. (3) The
first transient, i.e. t = 1 s, shows no difference between the 1-1
and 1-2 cases due to the role of 1b™ asthe limiting reactant, as
explained in the discussion of Figure 6. The fit is satisfactory,
considering the simplifications of the mechanism used (Figure

The goodness of the fit between the experimental and
simulated results for 1b was further tested quantitatively; this
can be done by comparing the relative integrated intensities of
both experimental and simulated transients. Table 3 shows the
results for relevant comparisons of the features exhibited by
the ECL transients of 1b and ruthenium tris-bipyridine (Rubpy),
an ECL standard with a similar emission profile (shown in
Figure 9) and a high ECL emission quantum yield. Rubpy is
also able to generate a 2e reduced state that produces stable
annihilation ECL. Table 3 shows that, upon comparison of the
different possible transients to the total emission in one cycle
for 1b, the results are comparable to the predicted ones, within
the standard deviation of the measurements, for both the 1-1
case (TS:TT(l:l) and TL:TT(l:l)) and the 1-2 case (TS:TT(:L:Z) and
T Tra)-
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The total emission intensity of the 1-1 case with respect to
the 1-2 case (Traay:Trap) is a useful parameter; a naive
expectation might be that the system would show twice the ECL
emission for the 1-2 case. However, the combined effects of
ECL annihilation and diffusion into the bulk of the solution
and electrochemical deactivation of ions must be taken into
account (e.g., 1b"™ is prone both to react with 1b~" and to get
reduced at the electrode during a cathodic pulse). The smulation
predicts 1.43 times more total light in the 1-2 case with respect
to the 1-1 case, which agrees with the experiment with 1b and
was proved by the use of two different signa transducers.
Furthermore, this figure is aso confirmed within reasonable
accuracy in the case of Rubpy. The relationships presented in
Table 3 are directly comparable to the experiments shown in
this study. Nonetheless, simulation of the cases where the
diffusion coefficient of the species was increased or decreased
by 1 order of magnitude (e.g., 1 x 10 *cm¥s>D > 1 x 10°¢
cm?/s) and in which the step time was changed in the same
fashion (e.g., 0.05s>t> 5 ) reveded no changesin thisrelative
quantification. A final quantitative measurement displayed in
Table 3 and shown experimentally in Figure 9 is the comparison
of the total intensity of emission of 1b in comparison to Rubpy
under similar conditions. Rubpy is a good standard for
comparison to 1b because of their similar emission character-
istics, as shown in Figure 9. Our results indicate that the
emission produced by 1b is of comparable intensity to that
produced by Rubpy, which complements also the data shown
in Table 2 for DPA and 1b.

The simulation presented for the 1-2 case can aso be placed
in the context of other stoichiometric relationships. Figure 10a
shows the simulated results for the ECL transients when one
of the radical ions is produced in excess with respect to the
other. The trend observed for the 1-2 case is followed; upon
increasing the equivalents of one component with respect to
the other, the transients show the narrowing of one part of the
ECL emission and the broadening of the other. We found a
linear relationship between the total emission intensity of ECL
in one cycle compared to the 1-1 case with respect to the excess
of equivalents, as shown in Figure 10b, although as aready
mentioned the slope is not equal to 1 due to a contribution of
kinetic, diffusive, and electrochemical factors. Our group is
currently involved in the search and study of D—A systems that
can fulfill these predictions.

Conclusions

We have studied the ECL of a red, highly fluorescent
molecular dye and presented the digital simulation of transient
ECL. The molecule can produce strong ECL without a co-
reactant. The ECL intensity of this compound is higher than
that of the well-known ECL emitter DPA. ECL generated by
anion—dication annihilation is stronger than that of anion—cation
annihilation. Transient ECL responses corresponding to anodic
and cathodic pulses have equal height and are stable with
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Figure 10. Simulated ECL transients for different stoichiometric cases and
quantification of the increase in their ECL intensity compared to the 1-1
case: (a) shape of ECL transients for a 0.5 train of pulses; (b) linear plot of
the increase of total ECL intensity in one cycle (i.e., both cathodic and
anodic pulses) with respect to the 1-1 symmetrical case versus the excess
stoichiometry (e.g., for the 1-2 case, x = 2).

increasing pulses. The radical anion, cation, and dications of
the dye were stable. Transient ECL was successfully simulated
using a finite element package. The energies of both of the
annihilation reactions are sufficiently high that direct generation
of the singlet excited state, with the corresponding ECL
emission, is probable. Electron transfer to a buried acceptor site
is slower than oxidation of the more accessible donor sites in
the same molecule.
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Note Added after ASAP Publication. Figure 3 isincorrect in
the version published ASAP September 2, 2010; the correct version
reposted September 22, 2010.
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