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ABSTRACT: Electrochemiluminescence (ECL) of a
hybrid system consisting of PbS nanocrystals (NCs) and
a BODIPY dye (BDY) capping ligand was discovered to
produce highly efficient dual emissions with tri-n-propyl-
amine as a coreactant. By means of spooling ECL
spectroscopy, the strong dual ECL emission peaks of
984 and 680 nm were attributed to the PbS and BDY
moieties, respectively, and found to be simultaneous
during the light evolution and devolution. The ECL of
the PbS was enhanced via NC collisions with the electrode
and reached an efficiency of 96% relative to that of
Ru(bpy);**, which is the highest among the semiconductor
NCs.

D ing et al. demonstrated electrochemiluminescence or
electrogenerated chemiluminescence (ECL)" of silicon
nanocrystals” (NCs) a decade ago. Since then, a wide range of
semiconductor NCs® such as Ge," CdTe,” CdSe,’ CdSe/ZnSe,”
and PbS,* as well as carbon NCs” have been investigated for the
ECL in visible or near-infrared (NIR) region.g'10 In most cases,
the inherent optical and electrochemical properties do not
translate into efficient ECL, due to the surface state induction
effect.'! For example, it has been shown that replacing oleic
acid (OA) with octadecylamine can change the ECL of PbS
QDs, although it is still weak emission.'”

Bard, Rosenthal, and co-workers pioneered the electro-
chemistry and ECL research of several BODIPY dyes in
aqueous,13 organic,I4 and emulsion'® media. In all cases, the
electrochemical features showed a direct correlation to the
BODIPY structures,'® while their ECL efficiency was not as
high as expected. Our designed BODIPY dye (BDY, Scheme 1)
that has a giant molecular structure is chemically and
electrochemically stable, with a photoluminescence (PL)
quantum yield of 0.24 vs. rhodamine B,'” and an efficient
ECL efficiency of >80% relative to that of Ru(bpy);**/TPrA
coreactant systern.18 PbS NCs emit in NIR region, which is
suitable for in vivo'” or in vitro bioimaging™® and applications in
medical sciences.”’ The visible light emission of the BDY
moiety is readily visualized by the naked eyes. The combination
of both the PbS and BDY in the same system could enable dual
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emissive ECL systems, which have not been demonstrated
before.

Herein, for the first time we report highly efficient dual-color
ECL based on a PbS and BDY hybrid system (PbS-BDY,
Schemes 1 and S1 in Supporting Information) in the presence
of tri-n-propylamine (TPrA) as a reductive coreactant. Spooling
ECL spectroscopy' ”** of PbS-BDY and PbS-OA along with the
ECL—voltage curve was used in elucidating the ECL
mechanisms.

PbS-BDY and PbS-OA NCs were synthesized according to
procedures reported by us elsewhere.'” Figure 1la shows the
spooling ECL spectra of 0.3 mg/mL PbS-BDY NCs with 20
mM TPrA in CH,Cl, during a potential scan cycle between
—0.4 and 1.4 V vs. SCE at 20 mV s~". The ECL spectrum of
PbS-BDY shows two nominal peaks at 680 and 984 nm at an
onset potential of 0.540 V (Figure Sla in Supporting
Information). In contrast, the onset ECL spectrum of PbS-
OA NCs under the same conditions displays only one emission
peak at 975 nm at approximately the same potential (0.560 V,
Figures 1b and S1b). The differential pulse voltammogram
(DPV) of the PbS-BDY (Figure 2a) shows a nominal peak at
0.744 V vs. SCE, corresponding to the generation of PbS®*-
BDY** (BDY is oxidized at 0.603 V'®), while that of PbS-OA
displays an oxidation reaction to PbS-OA®" with a peak
potential (EP) of 0.685 V (Figure 2b). Relevant cyclic
voltammograms are also provided in Figures S2 and S3. At
the ECL onset potential, both the oxidized PbS and BDY
moieties reacted with the electrogenerated (EP ~ 0.81 V vs.
SCE) TPrA®*’ that has a reduction power of —1.7 €V, injecting
an electron to their LUMOS, as illustrated in Scheme 1.

These electron transfer reactions led to the formation of
excited PbS (PbS*) (Scheme 1a) and BDY (BDY*) species
(Scheme 1b) that relaxed to the ground state and emitted light
simultaneously. It is also very possible that the two excited
states are generated on the same nanocrystal because of the
close oxidation potentials of the BDY and PbS. The evolution
and devolution of the two ECL emissions during the potential
scan cycle followed the reaction kinetics of the system (Figure
1a) and did not change the peak wavelengths, which are parallel
to those of PbS-OA (Figure 1b) and BDY'® luminophores and
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Scheme 1. ECL Mechanisms of PbS-BDY Nanocrystals in the Presence of TPrA
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Figure 1. Spooling ECL spectra of (a) 0.3 mg/mL PbS-BDY and (b) 0.3 mg/mL PbS-OA NCs in CH,Cl, containing 0.1 M TBAPF, during a
potential scan cycle between —0.4 and 1.4 V vs SCE at a scan rate of 20 mV s™". Each spectrum was acquired for 1 s, with a time interval of 5 s.

agree very well with those determined from ECL—voltage
curves (Supporting Information).

The ECL peak at 984 nm was assigned to the PbS moiety,
while that at 679 nm to the BDY site by comparing the ECL
spectra of the PbS-BDY, PbS-OA (Figure S1), and BDY.'
These assignments were further corroborated by analyzing the
photophysical properties of BDY,"® PbS-OA, and PbS-BDY
NCs along with the accumulated ECL spectra of the three
systems (Figure 3). Under the irradiation of a 532 nm laser and
with the same spectrograph and CCD camera apparatus as
depicted elsewhere for Au nanoclusters,”* the PbS-BDY NCs
showed a dual-color photoluminescence (PL) spectrum in both
visible and NIR regions, dashed curve in Figure 3a. The weak
PL peak at 955 nm in the NIR region correlates well with that
of PbS-OA, shown in Figure 3b. In the visible region, the PbS-
BDY NCs in CH,Cl, display similar dual PL peaks as in
toluene:'” one from the relaxed excited state across the
HOMO-LUMO gap (530 nm) and the other from interligand

11267

interactions (655 nm) similar to those (603 and 695 nm) of
BDY.'® The lower ECL intensity at 984 nm from the PbS-BDY
(Figure 1a) than that of the PbS-OA (Figure 1b) was due to the
lower nominal PbS concentration in the PbS-BDY than that in
the PbS-OA, when the same mass concentration of 0.33 mg/
mL was used, assuming PbS NC size unchanged during the
PbS-BDY preparation via ligand exchange from OA to BDY."”
The small red shift of the ECL peak relative to the PL one is
attributed to the inner-filter effect.'®” Interestingly, the BDY
ECL peak of the PbS-BDY (red in Figure 3a) shows a shoulder
peak at ~615 nm, which was not observed in the ECL of the
BDY electrolyte solution."® Deconvolution of the spooling
spectra at 1.1 and 1.4 V vs. SCE is shown in Figure S4 with
three fitted peaks at 615, 687, and 984 nm. The dominance of
the 687 nm emission peak of PbS-BDY in the ECL spectrum
indicated that the intermolecular interactions between the BDY
ligands in PbS-BDY are very strong, similar to those of high
concentration solutions of BDY."® This is understandable since
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Figure 2. Differential pulse voltammograms (DPVs) of (a) PbS-BDY
NCs (0.33 mg/mL) and (b) PbS-OA NCs (0.33 mg/mL) obtained in
CH,CI, containing 0.1 M TBAPFq.
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Figure 3. PL (dashed lines, excited at 532 nm) of PbS-BDY (a) and
PbS-OA (b). The solid lines show accumulated ECL spectra of PbS-
BDY/TPrA (a) and PbS-OA/TPrA (b). The ECL spectra were
obtained during two consecutive potential scan cycles at 20 mV s™" in
the potential range of —0.4 to 1.4 V for both PbS-DBY/TPrA and PbS-
OA/TPrA systems. The inset shows the zoomed-in part of the PL

spectrum.

the PbS NCs act as an anchor to concentrated BDY ligands
around the core, resulting in strong interligand n—n
interactions.

The dual ECL emissions of the PbS NC and BDY ligand
were present throughout the entire ECL spooling experiment
(Figures la and SS), while the peak intensities varied with the
potential change. After the onset ECL spectrum (Figure Sla),
the ECL emissions at 984 and 680 nm augment simultaneously
(Figure SSa) with the potential moving to 1.1 V. This could be
due to the close oxidation potentials for both PbS and BDY in
the assembled hybrid system and the increase of the TPrA

radial concentration. With the applied potential moving further
positive (1.2 to 1.4 V, Figure SSb), the emissions from the two
moieties increased while ECL intensity of BDY evolved more
strongly than that of PbS. In the reverse scan from 1.3 to 0.9 V
the PbS emission intensity remained constant; however, the
BDY emission dropped gradually (Figure SSc). Finally, both
ECL peak intensities decreased in the backward scan from 0.8
to 0.4 V, whereas BDY peak disappeared faster (dark-red and
dark-orange curves in Figure SSd).

The ECL spectra of both the PbS-OA and PbS-BDY systems
display a much stronger emission at 984 nm than their PL
emission. These observations may be explained by collisional
interactions of these NCs with the electrode surface that
enhanced the electron transfer and the generation of the PbS
radical cations because of the low band gap nature of the PbS
core, which ultimately led to the ECL enhancement via the
subsequent reaction of the PbS radical cations with TPrA
radicals through the catalytic mechanisms established for the Pt
NCs/Ru(bpy);>*/TPrA system.”* This might also be applicable
to the ECL of ligand capped PbS QDs.”

The ECL from both the PbS-OA/TPrA and PbS-BDY/TPrA
systems was investigated at other potential scan rates: 50, 100,
and 200 mV s™' (Figures S6—S11). The spooling ECL spectra
in two consecutive cycles displayed a consistent pattern as
described above. However, as the scan rate increased and the
charge injection decreased, the peak heights decreased for both
PbS and BDY emissions.

In the annihilation path, the PbS-BDY NCs did not show
appreciable ECL during potential scanning in the range of 0.8
and —1.5 V (Figure 2) in which the radical cations and anions
were believed to have been generated, while weak ECL
emissions with the two peaks at 984 and 680 nm were recorded
in the course of potential pulsing in the same range. ECL was
observed mostly at the negative pulse limit (Figure S12a),
revealing the higher cation stability compared to that of the
anion one. Interestingly, the peak height at 984 nm in the
accumulated ECL spectrum acquired during the potential
pulsing in Figure S12b is weaker than the one at 680 nm. The
above observation is in contrast to that in the coreactant route.
This is probably due to the fast polarity change and short
charge injection time during the pulsing and thus less ECL
amplification of the PbS moiety in the collision events
described above.

ECL efficiencies relative to Ru(bpy),>*/TPrA>**" for both
PbS-OA and PbS-BDY NCs in the presence of TPrA at a
potential scan rate of 20 mV s~ were found to be almost as
strong as the reference (Table S1) despite the overestimated
consumed charge. The outstanding relative ECL efliciencies of
the PbS in both PbS-BDY and PbS-OA systems up to 96% are
the highest observed from the semiconductor NCs. The ECL
efficiency of the PbS NCs decreased with an increase in scan
rate, which is consistent with the ECL amplification via
collisions with the electrode: the longer the charge injection
time, the stronger the enhancement.

In conclusion, the PbS-BDY hybrid system is a strong dual-
color ECL emitter in which the PbS moiety possesses the most
efficient ECL among semiconductor NCs. NC collisional
interactions with the electrode has been found to greatly
enhance the ECL of the PbS moiety. The PbS-BDY system is
anticipated to be excellent in biological imaging.l%’20
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