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ABSTRACT: Hydrophilic poly[2-methoxy-5-(2-ethyl-
hexyloxy)-1,4-phenylenevinylene] (MEH-PPV) conjugated
polymer dots (CP-dots) capped by Triton X-100 were
synthesized. For the first time, the electrochemiluminescence
(ECL) emission of CP-dots was investigated in aqueous
solution. At the glassy carbon/water interface, the CP-dots
have excellent and multichannel ECL properties, such as
having annihilation ECL activity in the absence of coreactants,
and give bright anodic and cathodic ECL emission (590 nm)
in the presence of tri-n-propylamine (TPrA) and peroxydi-
sulfate (S,04°7), respectively. The versatile ECL properties of
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the hydrophilic CP-dots combined with their low cytotoxicity, good biocompatibility, and easy bioconjugation may suggest
promising applications of this new type of ECL nanomaterial in novel biosensing and bioimaging, and new types of light-emitting

devices.
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1. INTRODUCTION

Conjugated polymers (also called semiconducting polymers)
are promising materials for various optoelectronic applications,
including light-emitting diodes, field-effect transistors, and
photovoltaic devices.'™ Conjugated polymer dots (CP-dots)
were originally developed for preparing thin film in the
optoelectronic devices.”> However, in recent years, CP-dots
have attracted considerable attention due to their high intensity
of fluorescence and good photostability.’ Because of their
outstanding characteristics, a lot of CP-dots have been used as
bright fluorescence probes.” > At the same time, they have
exhibited low cytotoxicity and good biocompatibility compared
to the heavy metal quantum dots; thus, these nanomaterials
have drawn more and more attention for biological applications
including bioimaging and drug delivery.'*"*

In general, polymerization in heterophase systems and
postpolymerization dispersion, including emulsion and repre-
cipitation techniques, are two main methods for preparing CP-
dots."> Some CP-dots have been produced from semi-
conducting polymer using surfactants, such as sodium dodecyl
sulfate (SDS) or poly(ethylene glycol) (PEG), as capping
agents via miniemulsion methods.'*~"” Recently, some CP-dots
have been synthesized from commercially available polymers by
simple reprecipitation methods.'®*™*° However, the lack of
functional groups for commercial conjugated polymer limits the
applications of CP-dots in some extent. Therefore, several
strategies have been developed for synthesizing functionalized
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CP-dots. The main routes include cross-linking CP-dots with
functional polymer molecules in reprecipitation proce-
dures,”' ™ and synthesizing functionalized CP-dots from
specially designed conjugated polymers with various functional
groups.zs'27

In addition to the applications in fluorescence sensing and
imaging systems, CP-dots have been applied in the electro-
chemiluminescence (ECL) system. Bard and co-workers first
prepared the F8BT CP-dots and investigated their ECL in the
acetonitrile solution.”® Recently, they have investigated the
ECL properties of oligothiophene CP-dots in benzene/
acetonitrile solution.””*° However, since these ECL systems
work in the organic solvent, the volatile solvent vapors may do
harm to the environment and experimenter, and the ECL
sensing applications of CP-dots are limited due to the fact that
most analytes are distributed in the aqueous solutions.
Although CP-dots with strong ECL properties may have
promising applications in chemical sensing, the ECL research
based on the CP-dots is still in its infancy. Much research is
needed for the ECL of CP-dots, especially synthesis of
hydrophilic CP-dots, and their ECL behaviors and mechanisms
in aqueous solutions.
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In this work, stable, uniform, and hydrophilic CP-dots were
synthesized by capping conjugated polymer, poly[2-methoxy-S-
(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) par-
ticles, with Triton X-100. MEH-PPV conjugated polymer was
selected for the synthesis of CP-dots with ECL properties since
MEH-PPV is one of the most widely studied light emitting
polymers that glow when excited by electricity,>’ and MEH-
PPV film has shown good ECL activities in organic solvent.**
Triton X-100 was chosen as the capping surfactant based on the
consideration that Triton X-100 is a widely used nonionic
surfactant and has good solubility in the organic solvents such
as benzene and tetrahydrofuran (THF) needed for dissolving
MEH-PPV,** making it easy to obtain surfactant-capped CP-
dots by the simple reprecipitation method mentioned above.
For the first time, ECL of CP-dots in aqueous medium was
studied. The CP-dots exhibit annihilation ECL activity upon
switching potential between anodic and cathodic potentials and
give bright anodic and cathodic ECL emission in the presence
of tri-n-propylamine (TPrA) and peroxydisulfate (S,05>7),
respectively. The nonsurface state ECL mechanism of the CP-
dots at the glass carbon/water interface was investigated and
discussed. Finally, the potential application of CP-dots in
sensing was envisioned.

2. EXPERIMENTAL SECTION

Material. Poly[2-methoxy-S-(2-ethylhexyloxy)-1,4-phenylene-
vinylene] (MEH-PPV, average MW 70 000—100 000) was purchased
from Sigma-Aldrich. Tri-n-propylamine (TPrA) was purchased from
Fluka. Triton X-100, tetrahydrofuran (THF, anhydrous, 99.9%),
potassium peroxydisulfate (K,S,05), phosphate (PBS buffer), and the
filter membrane were available from local reagent suppliers. All other
reagents employed were of analytical grade. Doubly distilled water was
used throughout this work.

Preparation of Triton X-100-Capped MEH-PPV CP-Dots. The
Triton X-100-capped MEH-PPV CP-dots was prepared by modifying
the reprecigitation procedure for hydrophobic CP-dots reported in the
literature;™” i.e., the co-solution of conjugated polymer and Triton X-
100 in tetrahydrofuran (THF) was used as the precursor instead of the
pure solution of conjugated polymer in THF. In a typical procedure,
10 mg of MEH-PPV conjugated polymer was dissolved in 20 mL of
THEF by stirring overnight under a nitrogen atmosphere, and the
solution was filtered through a filter paper to remove any insoluble
material. The polymer solution was diluted and mixed with 20 uL of
Triton X-100 in THF to produce an MEH-PPV concentration of 20
ppm by sonication. Then, 2 mL of the mixture was injected into 8 mL
of ultrapure water under the vigorous sonication condition. The THF
was removed by partial vacuum evaporation, followed by filtration
through a 0.2 m membrane filter, to obtain MEH-PPV CP-dots. The
excess free Triton X-100 molecules were not removed from the CP-
dot suspension since they almost did not affect the electro-
chemiluminescent property of CP-dots and could make the CP-dots
more stable in aqueous solution. The fluorescent and electro-
chemiluminescent properties did not obviously change in aqueous
media over a long time (more than 6 months). The hydrophilic Triton
X-100-capped CP dot aqueous solution was stored in the dark at 4 °C
before further usage. For a control, the hydrophobic CP-dots, i.e.,
MEH-PPV CP-dots without Triton X-100 capping, were prepared by
the previously reported procedure.*

Instrumental Analysis. The fluorescence spectra of MEH-PPV
CP-dots were measured using an F-4600 fluorescence spectropho-
tometer (Hitachi, Japan), and the excitation wavelength was set at 500
and 520 nm for MEH-PPV polymer in THF solvent and MEH-PPV
CP-dots, respectively. UV—vis absorption spectra were characterized
by a UV—vis spectrophotometer (TU-1950, Persee). The morphology
and size of the MEH-PPV CP-dots were characterized by atomic force
microscopy (AFM) with a Nanoscope Multimode IIla (Veeco
Instruments, USA) and dynamic light-scattering (DLS) technology
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using a ZetaPALS (Brookhaven Instrument Corporation, USA),
respectively. ECL and electrochemistry were measured on an
EC&ECL detection system (MPI-E, Remex Electronic Instrument
Lt. Co., Xi'an, China) equipped with a working electrode (e.g,, GC, Pt
or Au disk electrode with a diameter of 2.0 mm), a Pt wire counter
electrode, and an Ag/AgCl (3 M KCl) reference electrode. Unless
otherwise stated, the biased high potential of the photomultiplier tube
(i.e., PMT) was —800 V. A set of optical cutoff filters (495, 535, 5SS,
575, 590, 620, 640, 680, and 705 nm) were used to measure ECL
spectra by being placed in turn before the PMT window during the
detection of ECL intensity.

ECL Measurements of MEH-PPV CP-Dots. Before ECL
measurement, the working electrode was freshly cleaned and modified
with a layer of CP-dots by dropping and drying 1 uL of CP-dot
aqueous solution on the electrode surface at room temperature.
Annihilation ECL activity of CP-dots was investigated by applying a 1
Hz potential step between the anodic potential (+0.7 V) and the
cathode potential (—1.4 V). The anodic ECL of MEH-PPV CP-dots
was measured by applying an anodically polarized potential from 0 to
+1.3 V at a scan rate of 100 mV/s in the absence and presence of
TPrA. The cathodic ECL of MEH-PPV CP-dots was measured by
applying a cathodically polarized potential from 0 to —1.5 V at a scan
rate of 100 mV/s in the absence and presence of K,S,Oq.

3. RESULTS AND DISCUSSION

Morphology and Spectrum Characterization of
Hydrophilic MEH-PPV CP-Dots. The AFM image of the
hydrophilic CP-dots is shown in section (a) of Figure 1A. From
the typical height profile along the line plotted in the AFM
image (section (b) in Figure 1A), and the related size
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Figure 1. (A) AFM data of Triton X-100-capped MEH-PPV CP-dots:
(a) AFM image; (b) the height profile along the line plotted in AFM
image; (c) height distribution. (B) Size distribution obtained for CP-
dots by DLS. (C) UV—vis absorption (black line), fluorescence
emission (red line), and fluorescence excitation spectra (blue line) of
MEH-PPV polymer in THF solvent (dashed line) and MEH-PPV CP-
dots in aqueous solution (solid line). Inset: first and second from the
left are, respectively, the photos of MEH-PPV polymer in THF and
CP-dots in water under white light; first and second from right are,
respectively, the photos of CP-dots in water and MEH-PPV polymer
in THF under 365 nm UV light.
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distribution (section (c) in Figure 1A), it can be known that the
hydrophilic CP-dots exhibit a relatively narrow distribution
with an average height of 50 nm. The DLS data shown in
Figure 1B suggest that the size distribution column of
hydrophilic CP-dots is centered at 50 nm with a quite narrow
shape. The DLS result is well consistent with that of AFM in
particle size.

For a better understanding of the optical and electrochemical
properties, it is necessary to analyze the structure of Triton X-
100 functionalized CP-dots and answer the question of whether
Triton-X 100 was coated on the MEH-PPV dot surfaces or was
just blended inside the MEH-PPV dot matrix. The synthesized
Triton X-100 modified CP-dots were dialyzed by a 10000 Da
MWCO membrane, allowing the removal of Triton X-100
(with a molecular weight of 647 Da) from the Triton X-100-
CP-dot system while keeping CP-dots (>70 000 Da). If Triton-
X 100 was coated on the surfaces of CP-dots, then the size of
CP-dots would not change significantly. Otherwise, if Triton X-
100 was just blended inside the CP-dot matrix, then the CP-
dots might be divided into much smaller particles due to the
interaction of the blended Triton X-100 with water and the
separation of MEH-PPV chains along the places occupied by
Triton X-100. The dialysis experimental result shows that the
size of Triton X-100 modified CP-dots was changed from 50 to
44 nm (Figure S1, Supporting Information). The slight change
in diameter of the particles indicates that Triton-X 100 was
coated at the surfaces of CP-dots. The sizes of core—shell
structures and encapsulation efficiency of Triton X-100 on the
CP-dots was approximately estimated from the amount of
Triton X-100 immobilized on the CP-dots after completely
removing free Triton X-100 by long time dialysis (see Figure S2
and related data analysis in the Supporting Information). The
core size of the hydrophilic CP-dots was approximately
estimated to be 35 nm (ca. 160 MEH-PPV chains). The
thickness of Triton X-100 shells of the CP-dots were,
respectively, 7.5 nm (ca. two-molecule-layer thick) and 4.5
nm (ca. one-molecule-layer thick) before and after dialysis
(Figure S3, Supporting Information). The hydrophilic CP-dots
after dialysis (44 nm in diameter) was likely coated with one
Triton X-100 layer (~21000 molecules), from which the
encapsulation efficiency of Triton X-100 on the CP-dot surfaces
was calculated to be 5.5 molecules/nm? However, it is difficult
to estimate the encapsulation efficiency of Triton X-100 on the
CP-dot before dialysis (i.e., SO nm particles), since the amount
of Triton X-100 on such particles could not be detected
accurately by UV absorption (i.e., outermost layer of Triton X-
100 was not stable and could be dissolved into water) during
dialysis. Figure S2 (Supporting Information) also suggests that
the immobilized Triton X-100 monolayer on the surface of CP-
dots (formed in 64 h after dialysis beginning) was quite stable
since their characteristic UV peak at 275 nm did not change
upon further dialysis (see the UV spectrum at 72 h).

The UV—vis absorption spectrum and excitation and
emission fluorescence spectra of the obtained MEH-PPV CP-
dots (solid lines in Figure 1C) have been measured and
compared with those of MEH-PPV polymer in THF (dashed
lines in Figure 1C). The CP-dots have a wide UV absorption
band between 400 and 600 nm with a maximum absorbance at
520 nm. The excitation fluorescence spectrum of the CP-dots
has a very similar profile as the UV spectrum and has the
maximum fluorescence emission at 520 nm excitation. The CP-
dots have a relatively narrow emission fluorescence spectrum
with a maximum emission at 590 nm. By comparison, it can be

known that the shapes of the spectra (UV absorption spectrum,
excitation and emission fluorescence spectra) of the CP-dots
are very similar to those of MEH-PPV polymer in organic
solvent (dashed lines in Figure 1C). However,the CP-dots in
aqueous solution have obvious red-shifts in spectra (20—25
nm) compared with MEH-PPV polymer in THF. The latter has
maximum values at 500, 500, and 565 nm, respectively, for
UV—vis absorption, excitation fluorescence, and emission
fluorescence spectra. The photos of the polymer THF solution
and CP-dots aqueous solution are, respectively, orange and
pink under white light, whereas they are bright yellow and dark
pink under a UV (365 nm) light (inset of Figure 1C). The red-
shifts in UV—vis and fluorescence spectra may be attributed to
an increase in chain—chain interaction and a conversion of a
disorder phase to a highly ordered phase upon swelling of the
rapidly reprecipitated nanoparticles with solvent."?
Electrochemical and ECL Responses of MEH-PPV CP-
Dots. Electrochemical and ECL properties of MEH-PPV CP-
dots were investigated on the modified glassy carbon (GC)
electrode in aqueous solutions. In the experiment, the CP-dots
immobilized-GC electrode was inserted into an ECL cell
containing a nitrogen-saturated (or oxygen-free)-phosphate
solution (pH 9.0) and applied a cyclic potential between —1.2
and +1.3 V. In the anodic process, CP-dots give an irreversible
anodic peak at +0.65 V (curve (a) in Figure 2A), showing that
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Figure 2. (A) Cyclic voltammogram (CV) and Izc—V response
obtained for the CP-dots in aqueous solution: (a) CV for the CP-dots-
modified GC electrode; (b) CV for bare GC electrode; (a’) Iy —V
curve for the CP-dots-modified GC electrode; (b’) I —V curve for
the bare GC electrode. (B) Annihilation ECL emission (solid line)
obtained for the CP-dots-modified GC electrode in the aqueous
solution by stepping potential between +0.7 and —1.4 V (dashed line).
The aqueous solution was nitrogen-saturated (ie., O,-free) pH 9
phosphate buffer solution.

positive charges (holes) can be easily injected into the
semiconductive CP-dots. However, in the cathodic process,
no obvious cathodic peak can be found, indicating that it is
difficult to inject electrons into CP-dots. Without the addition
of coreactants, such as TPrA and $,04°", CP-dots only have a
weak anodic ECL peak at potential +0.90 V. The weak anodic
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ECL may be due to the presence of some impurities in
solution, such as OH~ dissociated from water that act as ECL
coreactants.>® Similar weak anodic ECL peaks have been
observed for molecular luminophores (e.g., Ru(bpy);>*),** and
nanomaterials (e.g,, carbon-dots),®® in neutral or weakly
alkaline solutions without adding coreactants.

Annihilation ECL activity of CP-dots was evaluated by
recording ECL transients of the nanoparticles upon applying a
1 Hz potential step between anodic and cathodic potentials. A
typical ECL response obtained at applying a pulse potential
between —1.4 and +0.7 V is shown in Figure 2B. CP-dots give
an obvious anodic ECL signal when the potential is stepped
from —1.4 to +0.7 V, whereas they give a much higher (4
times) cathodic ECL signal when the potential is stepped from
+0.7 V back to —1.4 V. These ECL transients suggest that CP-
dots have strong annihilation ECL activity. The possible
annihilation ECL mechanism is proposed in eqs 1—3

_ k. _
CPD + e~ = CPD (1)
k
CPD + h" 3 cpD' (2)

k
CPD™ + CPD' = CPD* 4+ CPD — 2CPD + hv (3)

where CPD and CPD* are ground-state and excited-state CP-
dots, respectively. In the annihilation ECL process, negatively
charged CP-dots (CPD™) are electrogenerated at a cathodic
potential with a rate constant of k. eq 1), whereas positively
charged CP-dots (CPD*) are produced at an anodic potential
with a rate constant of k, (eq 2. The values of k_ and k, reflect
electron- and hole-injection efliciencies, respectively. The
annihilation electron transfer between CPD™ and CPD" results
in the formation of excited-state CP-dots (with a constant rate
of k), followed by the annihilation ECL emission eq 3.
Apparently, the annihilation ECL intensity (or the formation of
excited-state of CPD*) is dependent on the rate constants of
the electrochemical and chemical steps shown in eqs 1-3 (i.e,
k. k, and k). Simultaneously, the lifetimes (or stabilities) of
CPD™ and CPD" intermediates should influence the ECL
emission since CPD™ and CPD" are produced sequentially on
the electrode by applying double step potentials. The
degradation of CPD™ and CPD" can be expressed as follows:

_ kl
CPD = Product 1 4)
k
CPD' 3 Product 2 (3)

The less stable intermediate (CPD~ or CPD") will have a
larger degradation rate constant (k; or k,). It is assumed that
the chemiluminescence reaction process, eq 3, is the rate-
determining step, ie., the slowest step in the above ECL
reactions; then from eqs 1—S5, we can obtain the following net
formation rate of CPD~, CPD*, and CPD* (see eqs 6—8):

veny = P = k. [cPD) - i [oPD ©
+

Veppt = % = k,-[CPD] — k,-[CPD'] )
sk

Veppt = d[CePDT] _ k,-[CPD™]-[CPD"]

dt (8)

It is assumed that the concentration of CPD (ie., [CPD])
does not change during a very short time of electrolysis (e.g.,

less than 1 s). Then, from eqs 6 and 7, we can obtain the
amount of electrogenerated CPD™ and CPD, as shown in eqs
9 and 10:

ok (1 — exp(—
[cPD] = s [CPD]-(1 — exp(—k;t)) o)
[cPD'] = E.[ch].(l — exp(—k,t))
2 (10)

After being applied with the cathodic potential (e.g,, —1.4 V)
for 7 seconds to generate CPD”, the working electrode is
stepped to the anodic potential (e.g., +0.7 V) to produce CPD*,
a sharp anodic ECL peak can be observed in a very short time
of t, («r). During the follow-up anodic process, the
electrogeneration of CPD~ (eq 1) stops and degradation of
CPD™ (eq 4 continues, while both electrogeneration and
degradation of CPD" take place. At the anodic ECL peak (f =
t,), the concentrations of CPD~ and CPD* (i.e. [CPD~]{~* and

[CPD*]{™*) can be expressed by egs 11 and 12:

k
[CPD}™* = =[CPD]-(1 — exp(~ky7))-exp(—kit,)
1
(11)
[CPD'] ™ = E-[CPD]-(1 — exp(—kt,))
: k, (12)

Combining eq 8 with eqs 11 and 12, we can obtain eq 13 to
estimate the anodic ECL peak:

ped d[CPD*] _ kyk-k,
o dt k -k,
exp(—kit,)-(1 — exp(—k,t,)) (13)

Similarly, we can obtain eq 14 to estimate the cathodic ECL
peak:

-[CPDP-(1 — exp(—k))-

amec  d[CPD*] K-k ok,
Ve = = ]1;1~k2 [CPDP*-(1 — exp(—k,7))-
exp(—k,t)-(1 — exp(—k;t,)) (14)

The ratio of anodic ECL peak height to cathodic ECL peak
height can be obtained by eq 15:

c—a
R Ucpp*
a—c

Vcpp*

(1 — exp(=k;7))-exp(=k;t,)- (1 — exp(=kyt,))

(1 — exp(—ky7))-exp(—kyt,)-(1 — exp(—kyt,))

k, (1- —k

— _2 ( eXP( IT)) (for ts N 0)
ky (1 — exp(—k,7)) (15)
Equation 15 suggests that the ratio of anodic to cathodic

peak height (R) is mainly determined by stabilities of CPD~
and CPD* (k; and k,) and is independent of both electron
injection efficiency (k) and hole injection efficiency (k,). From
eq 15, we can have the following deductions: (1) When k, > k;,
ie., CPD™ is more stable than CPD", then R > 1 (see Figure S4
and related analysis at page S4 in the Supporting Information);
i.e,, anodic annihilation ECL is stronger than the cathodic one.
(2) When k; < kj, i.e,, CPD" is more stable than CPD~, then R
< 1; i.e,, cathodic annihilation ECL is stronger than the anodic
one. On the basis of the above theoretical analysis for
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annihilation ECL reaction kinetics and the fact that cathodic
annihilation ECL of CPD is stronger than the anodic one
(Figure 2B), we can conclude that CPD* is more stable than
CPD".

The coreactant ECL of CP-dots, including anodic and
cathodic ECL, was investigated. The anodic ECL of CP-dots
was measured by applying an anodically polarized potential
from 0 to +1.3 V in the presence of TPrA (a classic electron
donor). A strong anodic ECL signal can be observed for CP-
dots in the presence of TPrA at a potential higher than +0.9 V
(curve (a) in Figure 3B), with a maximum value at +1.1 V. The
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Figure 3. (A) Cyclic voltammograms and (B) anodic ECL responses
obtained at GC electrode for systems containing: (a) CP-dots and $
mM TPrA; (b) CP-dots only; (c) S mM TPrA only. Inset: amplified
curves b and c. (C) Cyclic voltammograms and (D) cathodic ECL
responses obtained at GC electrode for systems containing: (a) CP-
dots and S mM K,S,0;; (b) CP-dots only; (c) S mM K,S,04 only.
Inset: amplified curve of b and c. The aqueous solutions were pH 9
PBS (0.1 M phosphate). Scan rate was 100 mV s™".

intensity of the anodic ECL signal from the CP-dots/TPrA
system is >100 times stronger than that from a system
containing CP-dots only (curve (b) in Figure 3B) or TPrA only
(curve (c) in Figure 3B). Apparently, the ECL peak potential
(+1.1 V) is much higher than the anodic peak potential (or
hole-injection potential) of CP-dots (+0.65 V, curve (b) in
Figure 3A) but very near the oxidation peak potential of TPrA
(+1.05 V at CP-dots-modified GCE, curve (a); or +0.95 V at
bare GCE, curve (c) in Figure 3A). This indicates that hole-
bearing CPD* (or positively charged CP-dots) at lower anodic
potential is quite stable, and its lifetime is longer enough for its
further ECL reactions with the electron-donating free radical
(TPrA®) electrogenerated from TPrA at higher potential.
Moreover, it can be known that anodic ECL potential is
determined by the oxidation potential of TPrA. The possible
anodic ECL mechanism is proposed in eqs 16—18:

CPD — e~ — CPD' (16)
TPrA — e — TPrA + H (17)
CPD' + TPrA" — CPD* + product — CPD + hv  (18)

The cathodic ECL of CP-dots was measured by applying a
cathodically polarized potential from 0 to —1.5 V in the
presence of K,S$,04 (a classic hole donor). A strong cathodic
ECL signal can be seen at potentials less than —1.25 V (curve
(a) in Figure 3D). The cathodic ECL intensity increases with
negatively shifting potential and tends to reach a constant value

at potential lower than —1.5 V. It can be known from the
comparison of ECL curves in Figure 3D and cyclic voltammo-
grams in Figure 3C that the cathodic ECL that occurs at
potentials of —1.25 to —1.5 V is much more negative than the
reduction potential of $,047, i.e., the hole generation potential
(begins at —0.6 V and reaches a maximum at —1.2 V). This
indicates that the cathodic ECL emission potential is
determined by the electron injection potential of CP-dots.
Although it is difficult to measure the electron injection
potential of CP-dots from CV (curve (b) in Figure 3C) for the
absence of current wave, its value can be estimated to be ca.
—15 V from the ECL potential of CP-dots/S,04*" system
(curve (a) in Figure 3D). It should be noted here that the
cathodic peaks at —0.6 V (curves (a—c) in Figure 3D) are
associated with the reduction of dissolved oxygen. On the basis
of the above experimental results, the possible anodic ECL
mechanism is proposed in eqs 19—21:

$,0,°" + e — SO,"” + SO,>” (19)
CPD + e~ —» CPD (20)
CPD + SO,"” - CPD" + 8O,”” - CPD + v (21)
Effect of Trion-X 100 on the ECL Activity of CP-Dots.

The nonionic surfactant, Triton X-100, plays an important role
in the electrochemistry and ECL of the CP-dots. The Triton X-
100-capped CP-dots have an obvious anodic CV peak at +0.65
V (see curve (a) in Figure 4A) and an ECL peak at +0.90 V
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Figure 4. Cyclic voltammograms (A) and ECL responses (B) obtained
for Triton X-100-capped CP-dots (a) and bared CP-dots at GC
electrodes in nitrogen-saturated (i.e., O,-free) aqueous solutions (0.1
mol L™ phosphate, pH 9). Schematic models for the electron and hole
injections into hydrophobic (C) and hydrophilic (D) CP-dots.

(see curve (a) in Figure 4B), whereas the bare CP-dots do not
give any CV or ECL peak (see curve (b) in Figure 4A and curve
(b) in Figure 4B, respectively). Apparently, the higher polarity
of nanoparticles benefits ECL reactions of CP-dots. The bare
MEH-PPV CP-dots are hydrophobic nanoparticles; thus, there
will be an oil/water interface between the CP-dots and
hydrophilic PBS when they are immobilized on the electrode
and inserted into the test aqueous solution (Figure 4C). The
formed oil/water interface prevents the electron or hole
injection from electrodes, and electrode/hole donors in the

hydrophilic phase into the hydrophobic CP-dots, and thus
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blocks the ECL reactions, eqs 1—3 and 16—21, mentioned
above. In contrast, Triton X-100-capped CP-dots are hydro-
philic nanoparticles (Figure 4D); hence, no oil/water interface
is formed between the nanoparticles and hydrophilic phase, and
then charge (electron or hole) transfers and ECL reactions can
undergo. Generally, the increase in polarity of nanoparticles
may enhance the solubility of nanoparticles in water. Therefore,
the stability of Triton X-100-capped CP-dots film at the GC
electrode surface was investigated by immersing the modified
electrode for different times. It was found that ECL intensity
had a slight decrease in ECL (ca. 10%) upon the first 20 min
immersing and maintained a relatively constant value with
further immersing (Figure SS, Supporting Information),
showing that Triton X-100-capped CP-dots film is basically
stable at the GC electrode. The satisfied stability might be
attributed to the nonionic property of Triton X-100 and
possible hydrogen bonds between the hydrophilic poly-
(ethylene oxide) chain and —COOH and —OH groups at
GC electrode surfaces. The effects of other surfactants,
including poly(styrene-co-maleic anhydride) (PSMA), Pluronic
F-127, and sodium dodecyl sulfate (SDS), were investigated.
The former two surfactants are amphiphilic polymers (or
nonionic surfactants), and the latter is a typical ionic surfactant.
Experimental results show that the ECL activities of the MEH-
PPV dots capped by PSMA or Pluronic F-127 are much weaker
than that of CP-dots capped with Triton X-100 (Figure S6,
Supporting Information). In terms of the ionic surfactants, such
as SDS, we have had tried to prepare and investigate CP-dots
capped by these types of surfactants. However, we failed to do
this because SDS has poor solubility in THF and the
reprecipitation method is not appropriate for preparing CP-
dots capped by SDS. Briefly, the preparation of Triton X-100
functionalized hydrophilic CP-dots realizes the strong ECL
emissions of the emerging CP-dots in aqueous solution.

Effect of Electrode Material on ECL of CP-Dots, and
ECL Spectra. Electrode material strongly affects the ECL of
the CP-dots. Three working electrodes of different materials,
including GC, Pt, and Au, were used to investigate the ECL
responses of CP-dots, respectively. The cathodic and anodic
ECL peak intensities obtained at different working electrodes
are compared and shown in Figure 5A,C. Both cathodic and
anodic ECL intensities obtained at the GC electrode are much
higher than those obtained at Pt and Au electrodes, with the
order: GC > Au > Pt. The significant difference in ECL
activity of CP-dots at the different working electrodes may be
associated with the polarity of the working electrode. It has
been reported that Pt and Au electrode surfaces are quite
hydrophilic, whereas the GC electrode has a relatively
hydrophobic surface.*® Although Triton X-100-capped CP-
dots are hydrophilic, their polarity (determined by the
poly(ethylene oxide) chain of Triton X-100 after capping) is
relatively low. Therefore, Triton X-100-capped CP-dots may
have better electrochemical and ECL activities at the GC
electrode with relatively lower polarity.

The spectra of cathodic and anodic ECL emissions at GC
electrodes were measured and are shown in Figure SB,D,
respectively. The ECL spectra from the cathode and anode
(black columns) are very similar, with maximum ECL emission
peaks at 590 nm, suggesting that the cathodic ECL of the CP-
dots/S,04*” system and the anodic ECL of CP-dots/TPrA
share the same ECL luminophores. Moreover, the ECL spectra
of CP-dots are essentially the same as their FL emission spectra
with a maximum intensity at 590 nm (red dashed lines in
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Figure 5. Anodic (A) and cathodic (C) ECL peak intensities obtained
for CP-dots—coreactant systems at different kinds of electrodes.
Anodic (B) and cathodic (D) ECL spectra obtained for CP-dots—
coreactant systems at the GC electrodes. The coreactants in anodic
and cathodic CP-dots—coreactant ECL systems were 5 mM TPrA and
S mM K,S,0, respectively. For comparison with ECL spectra of CP-
dots, the fluorescence emission spectra of CP-dots (red dashed lines)
were provided in (B) and (D).

Figure SB,D), indicating that ECL of CP-dots involves a
nonsurface state ECL reaction mechanism.***’7*° In other
words, ECL and FL of CP-dots share the same ground and
excited states.

Effect of Dissolved Oxygen. It is well-known that
dissolved O, is an important quencher to the fluorescence
and ECL of luminophores, such as Ru(bpy),’, via energy
transfer from the excited state of luminophores to O,. Thus, the
effect of dissolved O, in aqueous solution on the ECL of CP-
dots was investigated. For the anodic ECL including
annihilation ECL (Figure S7, Supporting Information) and
the coreactant anodic ECL in the presence of TPrA (Figure S8,
Supporting Information), their emissions are obviously
inhibited and their intensity are decreased with increasing
dissolved O, concentration in samples (i.e., using N, (O, free)-,
air (20% O,)-, and pure O, (100% O,)-saturated PBS in turn).
Apparently, this ECL inhibition can be attributed to the
quenching of excited-state CP-dots by O,. However, for
cathodic ECL of CP-dots, including annihilation and coreactant
ECL routes, dissolved O, has both enhancing and quenching
effects (Figures S7 and S9, Supporting Information). In the
presence of relatively low O, concentration (i.e., in air-saturated
solution), dissolved O, can enhance the ECL of CP-dots. This
enhancement of ECL implies that O, might act as a coreactant,
or electron transfer mediator, although the exact enhancing
mechanism is unknown in the present stage. In the presence of
high O, concentration (i.e, in pure O,-saturated solution),
ECL is obviously inhibited compared with the case of O,-free
(i.e, N,-saturated solution), suggesting that the above-
mentioned quenching effect of O, (via energy transfer from
the excited state of CP-dots to O,) on the ECL CP-dots is
dominant at high O, concentration.

ECL Mechanism. On the basis of the above experimental
results and discussion, the ECL mechanisms of CP-dots are
summarized in Figure 6. The hydrophilic Triton X-100-capped
CP-dots have an optical band gap of 2.1 eV (590 nm) in
aqueous solution. At the GC electrode, the hydrophilic CP-dots
can easily obtain electrons and holes from the electrode directly
or from electrogenerated free radicals and give ECL emission

DOI: 10.1021/acsami.5b04305
ACS Appl. Mater. Interfaces 2015, 7, 15160—15167


http://dx.doi.org/10.1021/acsami.5b04305

ACS Applied Materials & Interfaces

Research Article

Cathode ECL

Cathode

MEH-PPV NPs

Annihilation ECL | Anode ECL

1 "
{TPrAH —-TPrA
! 9
. T|1rA-+

Figure 6. Proposed ECL reaction mechanisms for CP-dots in aqueous solutions.

via three types of ECL routes. In the annihilation ECL route,
electrons and holes are all provided directly by the working
electrode.

The electrons and holes are injected, respectively, into the
conduction band (CB) and valence band (VB) of the CP-dots
by applying a stepping potential; i.e., the GC working electrode
is periodically switched between anode and cathode. The
subsequent annihilation of the electron/hole pairs gives rise to
ECL emission. In the anodic ECL route, holes are injected into
the VB of CP-dots directly by the anode, whereas electrons are
injected into the CB of CP-dots by the anodically generated
TPrA°® radicals, which is followed by the annihilation of
electrons and holes, and anodic ECL emission. In the cathodic
ECL route, electrons are provided directly by the cathode,
whereas holes are donated by the cathodically generated SO,*~
free radicals. The annihilation of electrons and holes in the CP-
dots produce the cathodic ECL emission.

4. CONCLUSIONS

In summary, hydrophilic and strongly ECL CP-dots have been
synthesized by capping hydrophobic MEH-PPV CP-dots with
the nonionic surfactant Triton X-100. For the first time, the
ECL of CP-dots was investigated in aqueous solution. The
hydrophilic CP-dots exhibit annihilation ECL, anodic ECL, and
cathodic coreactant ECL activities at the GC working electrode.
The nonsurface state ECL and easily tunable band gap of the
semiconducting polymer enable the synthesis and applications
of multicolor CP-dots. Additionally, CP-dots possess low
cytotoxicity, good biocompatibility, and easy labeling and
bioconjugation, suggesting that the hydrophilic CP-dots are a
new type of excellent ECL nanomaterial as semiconducting
nanocrystals, carbon quantum dots. It is envisioned that the
hydrophilic CP-dots have promising applications in novel
chemosensing, biosensing, and new types of light-emitting
diodes. For examples, the sensitive anodic ECL response with
TPrA implies that the hydrophilic CP-dots might be used to
develop chemical sensors for some biologically interesting
molecules such as amino acids, proteins, or amine-containing
drugs. The easy modification of the CP-dots on electrodes
might enable the development of new types of label-free solid-
state ECL immunosensors for antibodies or antigens. The ECL

emission might enable fabrication of new types of orange (590
nm) light-emitting devices, the light emission of which could be
controlled by various stimulating potential signals (e.g., pulse,
constant, or scanning potentials) and different molecules (e.g.,
charge or hole donors).
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MEH-PPV, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenyl-
enevinylene]

CP, conjugated polymer

ECL, electrochemiluminescence or electrochemiluminescent
TPrA, tri-n-propylamine

THEF, tetrahydrofuran

CV, cyclic voltammogram or cyclic voltammetry

CPD, CP-dots

CB, conduction band
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