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Enhanced Electrochemiluminescence from a Stoichiometric

Ruthenium(ll)-Iridium(lll) Complex Soft Salt

Kalen N. Swanick,” Martina Sandroni,® Zhifeng Ding,* and Eli Zysman-Colman*

Abstract: Electrochemiluminescence (ECL) and electrochemistry
are reported for a heterometallic soft salt,
[Ru(dtbubpy)s][Ir(ppy)2(CN)2]2 ([Ir][Ru][lr]), consisting of a 2:1 ratio
of complementary charged Ru and Ir complexes possessing two
different emission colors. The [Ru]®** and [Ir] moieties in the
[Irl[Ru][lr] greatly reduce the energy required to produce ECL.
While ECL intensity in the annihilation path was enhanced 18x
relative to that of [Ru(bpy)s]°*, ECL in the co-reactant path with tri-n-
propylamine was enhanced a further 4x. Spooling spectroscopy
gives insight into ECL mechanisms: the unique light emission at 634
nm is due to the [Ru]**" excited state and no [Ir]” was generated in
either route. Overall, the soft salt system is anticipated to be
attractive and suitable for the development of efficient and low
energy cost ECL detection systems.

Introduction
Electrochemiluminescence or electrogenerated
chemiluminescence (ECL) is an emerging and sensitive tool for
analyte detection, devices, and biological probes." ECL is
emitted through bimolecular recombination of radicals that are
electrochemically generated in solution. Radical species can
generated from a single molecular emitter (annihil
mechanism) or through a bimolecular set of electrochemical and
chemical reactions between the emitter and a suit
reactant (co-reactant mechanism). The seminal ECL
fact is based on [Ru(bpy)s]*/tri-n-propylamine
reactant scheme (bpy = 2,2-bipyridine).”) Most
involve single luminophores and thus a unique e
The search for high-efficiency ECL reagents th
the entire visible spectrum is intense and much re
has focussed on neutral® and charged™ *
mononuclear complexes to address these design challenges.
Based on the pioneering work by Richter and co-work
Hogan and Francis et al. showed how pgixtures of luminoph
in the presence of TPrA could
potentials and thus produce ECL sy
readouts.™ ® Independently, pursuing a
design, Schmittel et al. have inyestigated the
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the first time the electrochemistry and
ft salt [Ru(dtoubpy)s][Ir(ppy)2(CN)z]2
[-2,2'-bipyridine; ppyH = 2-
phenylpyridine), [Ir][Ru][lr], that is a 2:1 stoichiometric mixture
of complexes@ontaining a cationic [Ru(dtbubpy)s*"'? and an
' w)Z(CN)Z]_M with  significant  ion-pairing
“Funder both annihilation and co-reactant conditions.
unique soft salt is composed of a red-orange-emitting
jum(ll) cation and a blue-green-emitting iridium(lll) anion.
pare  [Ir]J[Ru][lr] with reference complexes
l2, [Ru]Clz, and TBA[Ir(ppy)2(CN)2], TBA[Ir] as
well as 1:2 mixture in solution (TBA = tetra-n-
butylammonium).l"®! Surprisingly, the ECL signal of [Ir][Ru][lr]
reflects emission solely from the [Ru] moiety. This observation
disjpguishes this system from recently reported mixtures of
ores by Hogan and Francis wherein they can selectively
each complex as a function of potential."" %@ Coincident
our present report, Frisbie and co-workers reported how a
ixture of [Ir(dFppy)(bpy)]PFs and [Ru(bpy)s](PFs)2 in a polymer
gel resulted in uniquely Ru-based emission under annihilation
conditions."" In the case of [Ir][Ru][lr] ECL is probably
generated from [Ir]" and [Ru]" annihilation, which therefore
reduces the energy required to emit light from [Ru]*. A
significant enhancement in ECL intensity was observed from the
soft salt solution, which is further enhanced by adding TPrA as a
co-reactant.

Results and Discussion

The electrochemical properties™ ' of [Ru]Cl,, TBA[Ir]
and the soft salt [Ir][Ru][lr] were assessed in acetonitrile, using
TBAPF; as the supporting electrolyte. The data are gathered in
Table 1, and the cyclic voltammograms (CVs) are shown in
Figure 1, together with the corresponding ECL-voltage curves.
Similar to [Ru(bpy)]**,? red-orange-emitting [Ru]Cl, exhibits a
reversible oxidation at 1.11 V vs. SCE, corresponding to the
Ru" couple, and a reversible reduction at -1.45 V, attributed to
electron injection into the LUMO mostly contributed from the
dtbubpy ligands (Figure 1a). The chloride oxidation as that in the
case of [Ru(bpy)s]Cl. ®? was not observed in the potential
window, indicating that [Ru’®" is easier to be oxidized than CI".
Blue-green-emitting TBA[Ir] is characterized by an irreversible
oxidation at 0.98 V and a reversible reduction at -2.32 V,
displaying a much larger electrochemical energy gap (AEredox)



than that of [Ru]Cl, (Figure 1b). The oxidation process is
centered on iridium centre with significant contributions from the
phenyl rings of the ppy ligands, while the reduction is mainly
localized on the pyridyl rings. The electrochemical data for these
reference compounds match those reported in the literature.!*
The first reduction and oxidation of [Ir][Ru][lr] show a
superposition of partial features of the two reference complexes
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(Figure 1c). The reduction wave corresponds to that of [Ru]**
(Figure 1a). The oxidation centered on Ir is the first oxidation
wave for the soft salt, an irreversi ocess identical to that of
TBA[Ir] (Figure 1b). The ratio of ction current peak
height to the oxidation one is 1:2
stoichiometry of the soft salt. For ECL,
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Figure 1. CVs of 0.1 mM a) [Ru]ClI; (in black), b) TBA
blue) in potential ranges between their 1% reduction
blue (b), green (c), and orange (d), respectively. Sca

Table 1. Electrochemical and ECL data®

Complex Eqp/V AE eqox/€V
[Ru]ClI, -1.45; 1.1 2.56 638
TBA[Ir] -2.32;0.98° 3.30 517

[IF[Ru][lr]  -2.60; -2.33; -1.86; 2.42
-1.61; -1.45; 0.97"

1.14°

@ CVs were recorded in dry, nitrogen-purge
TBAPF; as the supporting elect]
V vs. SCE and were calibrate
(0.38 V in ACN).'® ®
reversible. ¢ Annihilati

[Ir] complexes produce
radicals [Ru]™ and [Ru]**" (Fi
respectively.

L from their Yelectrogenerated
1a), [Ir]*" and [Ir]’ (Figure 1b),

cathodic region in Figure
oint to a greater stability
BA[Ir] and [Ru]*" species of [Ru]Cl;,
ibility observed for the [Ir]*" species of
ies of [Ru]Cl.. Very interestingly,
u]* and [Ir] ions in the soft salt,
ECL was generated via nihilation mechanism involving
radicals from both complexes instead of from one species alone

1a and 1b for the r
for the [Ir]" species
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(in pink), c) [Ir][Ru]fK'] (in purple), and d) 1:2 [Ru]Cl2: TBA[Ir] mixture (in
oxidation, along with the corresponding ECL-voltage curves in red (a),
te wag at 0.1 V/s. First cycle is shown, and arrows indicate the scan direction.

:2 [Ru]Cl: TBA[Ir] mixture.

igure 1c), in a potential window from 1.16 to —1.48 V. Initially,
Rul** is reduced to its radical anion, [Ru]", at -1.36 V (Eq. 1),
and [Ir]- is oxidized to its radical cation, [Ir],, at 1.07 V (Eq. 2).
The excited species [Ru]*** is generated (Eq. 3), via electron
transfer from the HOMO of [Ru]" to the HOMO of [Ir]’ (Scheme
1). The [Ru]**" then emits light via relaxation to the ground state
(Eq. 4). The [Ru]" was stabilized while the [Ir] was destabilized
in the soft salt, the radical cations appear to be less stable than
the radical anions. ECL was generated mostly in the anodic
region in contrast to that from the reference mononuclear
complexes. The ECL intensity, corresponding to the photons
generated, of the [Ir])[Ru][lr] complex is 62 nA compared to 45
nA for [Ru]Cl;, an increase of approximately 1.4 times. Lodge
and Frisbie’s groups recently investigated ECL devices of an
iridium(lll) complex, Ir(diFppy)2(bpy)PFes [diFppy = 2-(2" 4’ -
difluorophenyl)pyridine; bpy = 2,2’ -bipyridyl], blended with
Ru(bpy)s** at various molar ratios in an ion gel.'" They
coincidently discovered that the only red-orange-colored light
was enhanced by a factor of 2. In contrast, Kerr et al reported
mixed annihilaton ECL of Ru(bpy)®* with various
cyclometalated iridium(lll) chelates, where dual colors were
observed.!"!

UFHRU?*[Ir]} + & — [IF[Ru]"[Ir} [1]



[rHRUl [} — [N [RuF[Ir]" + 2e- 2]
2[IFRul"Ir] + [ [RU*'I] —
2[IFH [Ru?™*[Ir] + [IF[Rul*[Ir} 3]
[IFHRUP*™*[Ir] — [IF[Rul*[Ir] + hv, [4]
+ — + — + hv1

(I (A TR

[Ru]*™ [Ir]*

[Ru]?+* [Ir] [Ru]?*

Scheme 1. ECL mechanism for generation of [Ru]*" excited

species.

The ECL efficiencies of [Ru]Cl, and TBA[Ir] were 2.14 %,

and 2.83 %, while [Ir][Ru][lr] was determined to be 2.51 %, (see
ECL efficiency calculation, Eq. S1 in Sl). Thus, there was no
significant ECL efficiency enhancement for the soft salt relative
to the reference complexes in this potential region.
The ECL emission spectra were acquired during pote
scanning for the three complexes (Figure 1e-1h).l"®
heterometallic [Ir][Ru][lr] shows an ECL peak wavelength at
634 nm (Figure 1g), while mononuclear parent c Xes
display ECL peak wavelengths at 638 nm for [Ru]Cl.
and 517 nm for TBA[Ir] (Figure 1f).
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Figure 2. a) CV (in purple) ECL-voltage curve overlaid (in

green) of [Ir][ ed potential range between
with ECL-voltage curve
: r] mixture solution, in an

of 1.38 V to -2.81 V. Both are shown
window. The scan rate was 0.1 V/s,

howing scan direction.

gure 1e),
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The ECL spectrum of [Ru]Cl; correlates well with the 298
K photoluminescence (PL) spectrum in acetonitrile solution (Aem

Finally, the ECL of [Ir]J[Ru][l
emission, indicating that
formed during the elg
corroborate our pro

Electrochemi
[Ru]CI:TBA[Ir] m
carried out in the s

solution containing 1:2
e complexes were also
s [Ir][Ru][Ir] (Figure 1d).
ixture are similar, there is
-voltage curves: the light
re follows the same cathodic emission
ce complexes instead of anodic ECL
found 4 well, the maximum ECL intensity
reached only 1d), with a relative efficiency of
4.37 % compared to 62 nA for [Ir][Ru][lr] (Figure 1c). The ECL
peak wavew of 635 nm for the mixture (Figure 1h) matches
9

a large discr

t of [Ir][ r] (Figure 1g).

Exten the potential more positive (Figure 2a), the soft
undergoes a second irreversible oxidation, to generate
' (Eq. 5), centred on Ru at 1.48 V, which is very similar to
the oxidation of [Ru]** in [Ru]Cl, (Figure 1a). The
of the Ir moiety was not well resolved due to

consecutive’ oxidation current peak heights of the two Ir anions
and the Ru cation demonstrate the 2:1 ratio corresponding to the
stoichiometry of [Ir][Ru][Ir], see S| Figure S1. More interestingly,

onal reduction waves were observed. The second and third
ction peaks (Egs. 6 and 7) possess similar current heights
the first (Eq. 1), which are attributed to further reduction
eactions centered on the dtbubpy ligands on [Ru]*
comparison with the literature data.!""
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Figure 3. Spooling ECL spectra of [Ir][Ru][Ir] soft salt, first cycle
shown, with an extended potential window between 1.43 V and -
2.83V, t =165 s for two cycles. Left inset shows the onset ECL
spectra while the right inset illustrates the fitting of ECL spectra
to one peak at 634 nm when the potential was 0.95 V. The
applied voltage interval for the ECL spectra is 100 mV.



Scanning to further cathodic potentials reveals two
successive reduction reactions of the ppy ligands on both [Ir]
anions. When [Ir] was reduced to [Ir]>* (Eq. 8), the
electrochemical current was more than 4 times higher than that
for the first reduction of the [Ru]** moiety. The generated [Ir]*’
moiety can reduce [Rul]** in the bulk, to regenerate the [Ir]
species (Eq. 9), a catalytic effect. Furthermore, there is almost
no such catalytic enhancement on the second reduction of the
[Ir]- anions (Eq. 10).

[ TRUP'[IF] — [N [RUl* i + & [5]
[IFHRu]ir} + & — [IF}{RuITir} [6]
[IFHRUTTIr} + & — [Irl[Ru} [ir} [7]
(IR} [ir} + 2e — [Irf [Ru} [Irf>* [8]
[IF2 [Ru} [+ 2[1rH {Rul*[ir}

[IFH R Tir} + 2[Ir} [Ru] "[ir} [9]
[IF2 [Ru [ir” + 2e — [ [Ru} [ir}*" [10]

The ECL-voltage curve in a potential window between 1.48
and —2.79 V in Figure 2a demonstrates a dramatic enhancement
in ECL intensity in the annihilation path upon generation of
[Rul***. The strong ECL peak reached a maximum intensity of
1118 nA. The enhancement in ECL intensity increased
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Figure 4. CV (in purple) overjfid with ECL-voWurve (in
green) of [Ir][Ru][lr] soft sa .02 M TPrA cb-reactant,
between 0.00 V to 1.5 V, sca s 0.1 V/s, first cycle
shown.

approximately 18x in Figure
efficiency increased from 2.5
3x. It appears
situation can be
that expressed by

compared to Fi§ure 1c. Here, the
to 7.21%, an increase of about
**+ excited species in this
ight via pathways similar to
a .
CV of the 1:2 [Ru]Cl::TBA[Ir] mixture
extended potential range displays the
ividual complexes, [Ru]Cl. (Figure
There is no catalytic current
enhancement in the CV, however ECL was now mostly
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generated in the anodic potential region compared to Figure 1d,
where ECL was only generated in the cathodic region. The
potential window must be extend reater positive potential
in order to observe any enhanceme the mixed solution.
The maximum ECL, upon oxidation of [l hanced much
less than with [Ir][Ru][lr], with an EC
second ECL peak, as ob in
(Figure 2a), does not appear
solution at the same potienti
mixed solution was
[Ir][Rul][lr].
Spooling E
window were reco
for one complete

e S2 for two complete
t 634 nm was observed
ution. These spectra clearly
that [Ir]” excited species was generated,
ak in Figure 2a was attributed to the
Ru]™ moiety caused by the catalytic
electrochemica rved in the CV in Figure 2 (Eq. 9).
The spooling ECL spectra of the 1:2 [Ru]Cl.:TBA[Ir]
mixture also gow the consistent ECL peak wavelength at 634
from Ieration of [Ru]*”. Furthermore, the ECL
ancemem might be due to the increased concentration of
° moiety caused by the catalytic electrochemical reaction,
ed in the CV in Figure 2 (Eq. 9), to generate [Ru]*" (see
S3). Again, the ECL intensity was weaker than that
. The soft salt solution containing 20 mM TPrA
as scanned anodically with a potential window
between 000 V and 1.52 V (Figure 4). TPrA underwent
oxidation beginning at 0.48 V, at which the ECL onset was
obgerved. ECL showed a maximum of 140 nA at this potential.
potential region, neither complex moiety is yet oxidized.
The ECL generation follows the mechanism proposed for
bpy)s]*"/TPrA co-reactant system in the same situation
ported by Miao et al.,” involving the TPrA" cation radicals as
he main driving force (Eq. 12 and 14); i.e. TPrA was oxidized to
TPrA™ (Eq. 11), then rapidly deprotonated to generate the TPrA’
radical (Eq. 12). The TPrA’radical donated an electron to the
LUMO of the [Ru]** moiety, generating the [Ru]" species (Eq.
13). At this time, the TPrA™ radical then removed an electron
from the HOMO of [Ru]" moiety (Eq. 14). Thus, [Ru]*" is
generated that will emit light when radiatively relaxing to the
ground state (Eq. 4).

—~

TPrA — TPrA" + e [11]
TPrA" — TPrA" + H* [12]

[rHRul[Ir} + TPrA —
[Ir] {Ru]"[Ir} + ProN*C=HCH,CHs [13]

[Ir] [Ru]"Ir]} + TPrA™ — [Ir|[Rul*[Ir] + TPrA [14]

As the potential was scanned more positive, TPrA
continued to oxidize and reach a peak at 0.90 V,""¥ at which ECL
intensity rose to a maximum of 1430 nA. ECL continued to
increase from that point while the rising slope decreased. Here,
TPrA in the vicinity of the electrode was depleted and therefore



the TPrA’ concentration decreased. While [Ir]” oxidation to [Ir]" in
[Ir][Ru][lr] was initiated and reached a peak at 1.04 V, TPrA’,
with a reduction potential of -1.70 V vs. SCE,!" does not have a
sufficiently negative potential to reduce [Ir] to [Ir]*" with its
reduction potential of -2.33 V (Figure 2a). Again, no [Ir]” excited
state should be generated.

Finally, once the [Ru]** moiety was oxidized around 1.49 V,
an enhancement of ECL intensity up to 4800 nA was observed.
No reverse oxidation wave was observed, demonstrated by the
instability of TPrA™ due to a fast deprotonation process, as
described by Lai and Bard.'"¥ The addition of TPrA as co-
reactant to [Ir][Ru][lr] enhanced the amount of ECL intensity ca.
4x compared to that under annihilation conditions (from 1118 nA,
Figure 2a, to 4800 nA, Figure 4).

[T RUP I + TPrA” — [IF[RU* [T + Pro.N*C=HCH,CHs  [15]

Here, the [Ru]** species is oxidized to generate [Ru]**" (Eq.
5). The strong reducing agent, TPrA’ (Eq. 12), donates an
electron to the LUMO of the [Rul]*" species (Eq. 15). This
generates the [Ru]** excited species that emits light. Although
the intensity of ECL was 4x higher using TPrA as co-reactant
compared to the intensity via annihilation however, the relative
ECL efficiency was determined to be 2.67 % compared to
7.21 % from annihilation scanning since the consumption of the
electrons went even higher.

Consistent with the above ECL experiments, no [Ir]”
observed from spooling ECL spectra, Figure 5. In the
potential range, the spooling spectra showed constant evolution
and devolution of peak at 634 nm. This confirms that thgalRu]**"
excited species is the only species that emits t via
annihilation or co-reactant studies. )

m TTis2v

|
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Figure 5. Spooli
with 0.02 M TPrA
scan rate of 0.1 V/s

.1 mM [Ir][Ru][Ir] soft salt
0.00 V to 1.52 V, with a
wo complete cycles, t = 165 s (evolution
jon of ECL in purple).

We have demons contributions from the [Ru]**
and [Ir] moieties in [Ir][Ru][lr] to the ECL generation during
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electrochemical reactions. It is plausible that the two ions in the
[Irl[Ru][Ir] can reduce the energy required to produce ECL in
the annihilation path, from 2.56 a 0 eV for [Ru]*" and [If,
respectively, to 2.42 eV for the soft s e 1). Spooling ECL

encies. While the ECL
is consistent at 634 nm
nsity is enhanced 18
co-reactant route
her 4x higher than that in
, no ECL signal was
to the electrocatalytic
cient reduction power of

[Rul** with remarkable e
peak wavelength in the annihi
due to the [Ru]**" excited

the annihilation
generated from

CL of the soft salt were carried out
using a 2 mm isc inlaid in a glass sheath as the
working electrode (WE), a coiled Pt wire as the counter electrode
(CE), and a cogled Pt wire as the quasi-reference electrode (QRE).
ter each L(?riment, the electrochemical potential window was
A g ferrocence as the internal standard. The redox

tial of the ferrocene/ferrocenium (Fc/Fc+) couple was taken
0 V vs. SCE.?Y In annihilation ECL studies, a solution
\ approximately 0.1 mM of the molecules, 0.1 M
e supporting electrolyte and 3.0 mL anhydrous
added to the electrochemical cell with a flat Pyrex
e bottom for detection of generated ECL, which was
assembled in a glove box. For co-reactant studies, 20 mM tri-n-
propylamine was added to the annihilation solution and the air-
cell was assembled in a glove box.

yclic voltammetry experiments were performed using a
10A electrochemical analyzer (CH Instruments, Austin, TX).
general experimental parameters for the cyclic voltammetry
periments were as follows: 0.000 V initial potential in
experimental scale, positive or negative initial scan polarity, 0.1 V
s ! scan rate, 4 sweep segments, 0.001 V sample interval, 2 s quiet
time, 1.5 x 107> AV sensitivity. The ECL-voltage curves were
obtained using the CHI 610A coupled with a photomultiplier tube
(PMT, R928, Hamamatsu, Japan) held at =750 V with a high
voltage power supply. The ECL was collected by the PMT under
the flat Pyrex window at the bottom of the cell, and was measured
as a photocurrent before it was transformed to a voltage signal
using a picoammeter/voltage source (Keithley 6487, Cleveland,
OH). The potential and current signals from the electrochemical
workstation and the photocurrent signal from the picoammeter
were sent simultaneously through a DAQ board (DAQ 6052E,
National Instruments, Austin, TX) to a computer. The data
acquisition system was controlled from a custom-made LabVIEW
program (ECL_PMT610a.vi, National Instruments, Austin, TX).
The photosensitivity on the picoammeter was set manually in order
to avoid signal saturation.

ECL spectroscopy was conducted on an Acton 2300i spectrograph
with two gratings (50 //mm blazed at 600 nm and 300 /mm blazed
at 700 nm) and an Andor iDUS CCD camera (Model DU401-BR-
DD-352). The spectrograph and camera were calibrated using a
mercury lamp each time. The ECL spectra were recorded using the
Andor Technology program. The accumulated ECL spectra were
recorded during two successive potential scan cycles.
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Enhanced electrochemiluminescence (ECL) from a heterometallic soft salt, [Ru(dtbubpy); R0V )>(CN)y 1o ([Ir][Ru][Ir]) was discovered
to be suitable for the development of efficient and low energy cost ECL detection systems. CL intensity in the annihilation path
was enhanced 18x, ECL in the co-reactant path with tri-n-propylamine was enlh pooling ECL spectroscopy
unambiguously gives insight into ECL mechanisms: the unique light emission at 634 n [Ru]**" and no [Ir]-" was generated




