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ABSTRACT: Here we report an electrochemiluminescence (ECL)
self-interference spectroscopy technique (designated as ECLIS)
with spatial resolution in the normal direction of electrode surface.
Self-interference principally originates from the superposition of
ECL emitted directly by luminophores and that reflected from
electrode surfaces, resulting in a spectrum consisting of orderly
distributed peaks. Based on this spectrum and theoretical analysis
by matrix propagation model, the distance between luminophores
and electrode surface can be probed with a vertical resolution in the
nanometer scale. We demonstrated firstly in this work that the
height of ECL luminophores assembled on the electrode surface
using different molecular linkers, such as double stranded DNA,
could be determined, as well as possible conformation of linker
molecules at the surface. Moreover, the thickness of ECL emitting
layer adjacent to the electrode surface was estimated for the
classical coreactant ECL systems involving freely diffusing
Ru(bpy)s?* and tri-n-propylamine in solutions. The thickness was
found to vary from ~350 nm to near 1 um, depending on the
concentration of Ru(bpy)s**. We believe that ECLIS with a high
vertical resolution will provide an easy way to collect molecular
conformation information and study ECL reaction mechanisms at
electrode interfaces.

Electrochemiluminescence (ECL) is luminescence in which the
emissive excited state is generated by electrochemical reactions.'?
Since the reactions are confined to the surface/vicinity of the
electrode and highly sensitive to the surface reactivity, ECL
possesses excellent spatially-controlled resolution. For examples,
direct ECL imaging of the electrode surface can reveal spatial
distribution of active sites. ECL imaging have also manifested itself
as a powerful tool for the detection in microelectrochemical and
microfluidic systems, visualization of latent fingermarks,3*
recognition of metabolite-generated toxicity and multiple
biomarkers.>® More recently, ECL microscopy has been developed
for imaging cells™® and nanoparticles,'®*® with the lateral
resolution down to nanometers.'4%> However, only a few works
have paid attention to the spatial resolution in the vertical direction
of electrode surface. Vertically resolved information is very
important for deciphering reaction mechanisms and developing
ECL-based immunoassays. For the classical coreactant ECL
system of Ru(bpy)s?*/tri-n-propylamine (TPrA), the thickness of
light emitting layer at the electrode surface is resolved to vary from
several hundred nanometers to few micrometers, depending on the
coreactant used and the concentration of Ru(bpy)s?*.1617 While in
microbead-based immunoassays, the vertical distribution of
coreactant radicals over a layer comparable to the bead size
determines essentially the sensitivity.'

Herein we report a novel ECL technique with vertical nanoscale
resolution based on the principle of optical interference. Optical

interference refers to the superposition of two or more coherent
light waves to generate constructive and destructive fringes. For the
widely studied thin-film optical interference, light reflected by the
film mutually interferes to form orderly distributed peaks in the
interferometric spectrum.® Optical interference has found wide
applications in diverse fields, such as biosensing,2-%
electrochemistry?®26 and molecular analysis.?’? In this work an
ECL self-interference spectroscopy (ECLIS) technique based on
interference of ECL in-situ generated at the electrode surface is
reported. It was firstly employed to determine the height of
luminophores at the electrode surface with vertical nanoscale
resolution. It was then applied in measuring the thickness of
emitting layer of classical coreactant ECL systems involving freely
diffusing Ru(bpy)s?* and TPrA.
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Figure 1. ECL self-interference at the gold/silica/silicon (Au/SiO,/Si)
electrode surface (left) and experimental ECLIS measurement (right).

ODI’.‘Q

. Collimating
Lens

RE

Figure 1 illustrates the principle of ECL self-interference and
experimental system for ECLIS measurement (see details in
supporting information (SI), Section S1). Under dark conditions,
self-interference light originated from the superposition of ECL
emitted directly by luminophores (termed as direct emission) and
that reflected (termed as reflected emission) by electrode surface is
focused by a collimating lens into an optical fiber and finally
transmitted to the spectrophotometer after passing through a 200-
um-wide slit. A homemade three-electrode electrochemical cell
was used (Figure S1), in which the Au/SiO2/Si electrode acted as
the working electrode. This electrode was prepared by electron-
beam evaporation of an ultrathin layer of gold onto the SiO2/Si
wafer using titanium as the adhesion. The intermediate SiO: layer,
with a thickness of ~6.21 um (Figure 2a), plays the crucial role for
optical interference. As shown in Figure 2b, the evaporation of
gold and titanium formed an ultrathin and uniform coating layer.
The thickness of gold layer is 11.80 nm (determined by
ellipsometry). The gold surface is very smooth with a sub-
nanometer roughness (Figure S2).
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Figure 2. (a, b) Cross-sectional SEM images of SiO./Si substrate (a) and
Au/SiO,/Si electrode (b). (c, d) Experimental (open circles) and simulated
(solid curves) white light interferometric spectra in air. The scale bars in (a)
and (b) are 10 pm and 100 nm.

White light interference in air was firstly studied at the SiO2/Si
substrate and Au/SiO/Si electrode using an external light source.
The spectra display distinct and sharp peaks in the range from 600
nm to 780 nm (open circles, Figure 2c and d). The peaks exhibited
at the former surface are apparently larger than that at the latter one,
due to the reflectivity difference between gold and SiO2 surfaces.
Given the gold surface has a higher reflectance, the light reflected
from there is stronger than that at the SiO2/Si interface (SI, Section
S2.1 and eq. S9). It means that the gold layer should be as thin as
possible.

The interference response can be rationalized by the matrix
propagation model (Sl, Section S2.2 and Figures S3-S4), which
simplifies the multilayer film electrode as a single front surface.'®
For the Au/SiO2/Si electrode consisting of three layers and light
incidence at the normal direction, the characteristic matrix is,

B 3 | coso, ising,)/n, ||| 1

ot il e

C | in,sing, C0S 3, ng
where B and C are the normalized electric and magnetic fields at
the front interface, respectively. & = 2znn/Li/A, with nr and Lr
denoting the refractive index and thickness of the r layer. 1 is the
wavelength. ns is the refractive index of the substrate. This model
essentially offers an easy way to calculate the light reflectance at
the front interface,

R_(nOB—C](nOB—C] @
nB+C ){ n.B+C

where no is the refractive index of incident medium. The white light
interferometric spectrum can be thus calculated as the product of
the intensity of incident light and the reflectance (R, eq. 2) at
different wavelengths (SI, Section S2.3 and Figures S5-S6). As
shown in Figure 2c and d, the calculated spectra (solid curves)
match well with experimental ones. Taking a minimum of least-
squares deviation between two spectra as the criterion, the
thickness of SiO2 layer was estimated to be 6.44 um, close to that

determined from SEM image.
Instead of using external light, ECL in-situ generated at the

electrode surface can function as the source to generate interference.

We firstly examined the vertical resolution of ECLIS with
monolayer films of luminophores. 3-Mercaptopropionic acid
(MPA) and double stranded DNA (dsDNA) consisting of fifty base
pairs (50-bp) were used as short and long linkers, respectively, the

distal ends of which bear Ru(bpy)s**-derivatized luminophores
(Figure 3a and c). Figure 3b and d display the ECLI spectra using
2-(dibutylamino)ethanol (DBAE) as the coreactant. In both cases,
distinct and orderly distributed spectral peaks are observed in the
range from 550 nm to 850 nm, confirming the occurrence of ECL
self-interference. By contrast, if a gold coated glass (Au/glass)
electrode was used, only normal ECL spectra with a single peak
were obtained (Figures S7-S8), indicating that the intermediate
SiOz is essential.
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Figure 3. (a, c) lllustration of luminophore monolayers using MPA (a) and
dsDNA (c) as the linker. (b, d) Normalized ECL self-interference spectra
obtained for MPA- (b) and dsDNA-bridged (d) monolayers in phosphate
buffer (PB) (0.2 M, pH 7.4) containing 30 mM DBAE. The potential was
swept from 0.6 V to 1.2 V at a scan rate of 0.05 V/s.

According to matrix propagation model, ECL reflected by the
film electrode can be also simplified to occur at a single front
interface (Figure S9). Then ECL self-interference is equivalent to
the interference of coherent light from two positions. The phase
difference due to reflection at the front interface (A¢r) is given by
(SI, Sections S2.2 and S3.2),
in,(CB" - BC*)}

Ag, = arctan . - 3
P [ nBB —CC @)
So the ECL self-interference spectrum can be calculated by (SlI,
Section S3.2 and Figure S10),

1(4)=1,(2)L+R+2VR cos(Ap)] (4)

where 11(4) is the intensity of ECL emitted directly by
luminophores. Optimal matching with experimental ones (Figure
S11-S12) gives us the extra path that the reflected beam travels. If
only interference in the normal direction is monitored, the height of
ECL luminophores at the electrode surface can be estimated as the
half of extra path (Figure S9). The height of MPA- and dsDNA-
bridged luminophores thus obtained was 1.5 nm and 8.7 nm,
respectively. The former value is close to the distance between Ru
and S atoms, namely 1.28 nm, estimated by ChemBio3D software.
While the latter is smaller than that reported in literature (ca. 10.5
nm)3°, most likely due to the electrostatic attraction between
negatively charged DNA strands and positively-biased electrode.3!
Furthermore, if assuming 50-bp dsDNA has a persistence length of

2
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ca. 17 nm,* its tilt angle can be also calculated to be 59.2=(with
respect to the normal). The results clearly prove that ECLIS has a
high vertical nanoscale resolution. Indeed, fluorescence self-
interference has been reported to possess even sub-nanometer
vertical resolution.®® We believe that ECLIS has additional
advantages considering its near-zero background. Note that,
although the spectrum (Figure 3b) was not that smooth due to
relatively weak ECL emitted by the luminophore monolayer, the
calculated height was still reliable because it was dominated by the
position rather than intensity of peaks. This is indeed one of unique
advantage of ECLIS.

We next employed ECLIS to probe the emitting layer adjacent
to the electrode surface for ECL systems involving freely diffusing
Ru(bpy)s?* and TPrA, which is the most widely studied system.
Figure 4 displays self-interference spectra obtained at a low and
high concentrations of Ru(bpy)s?* (1 uM and 1 mM), which appear
similar to those of luminophore monolayer (Normal ECL spectra
with a single peak are always exhibited at the Au/glass electrode,
Figure S13). Moreover, at 1 mM the spectral peaks show a
bathochromic shift (side graph). Note that in solutions the emissive
excited states (Ru(bpy)s**") are distributed in a thin layer near the
electrode surface. If assuming (i) this layer can be divided into a
number of sub-layers, (ii) each of them can be treated as a
luminophore monolayer with a certain height and (iii) there exists
a linear distribution profile of Ru(bpy)s?** (see details in SI, Section
S4.2 and Figure S14), the overall spectrum can be calculated as the
sum of those of all sub-layers. By optimal matching experimental
and calculated spectra, the position of the highest sub-layer can be
approximately considered as the thickness of emitting layer (TEL,
Figure S15).
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Figure 4. Normalized ECL self-interference spectra obtained with the
Au/SiO,/Si electrode in PB (0.2 M, pH 7.4) containing 1 M Ru(bpy)s?*/60
mM TPrA (black curve) and 1 mM Ru(bpy)s?*/30 mM TPrA (red curve).
The applied potential was +1.2 V. The side graph shows the magnified view
of four spectral peaks.

At a low concentration of Ru(bpy)s?* (1 pM), the TEL was
estimated to be ~350-450 nm. The TEL in this case is most likely
determined by the surface concentration profile of TPrA*™ (Figure
S16) that is known to extend over few micrometers. A much
smaller TEL estimated here is likely due to the dramatic decrease
of concentration of TPrA* within ~1 pm,'® as well as the low
concentration of Ru(bpy)s?*. ECL generation is confined to the
surface and that far from the electrode surface is too low to be
detected (Figure S18). While increasing the concentration of
Ru(bpy)s?*, the value of TEL increased distinctly up to ~800-950
nm. As reported previously, under this condition the ECL
generation is dominated by the “catalytic” route involving the
homogenous oxidation of TPrA with Ru(bpy)s®* (Figure $17).17:34
Because the overall ECL reaction sequence is kinetically fast and
Ru(bpy)s?*" has a short diffusion distance (~20 nm),}” we believe
the TEL is determined by the diffusion of Ru(bpy)s®*. Therefore, a

higher ECL intensity as well as thicker ECL emitting layer was
obtained (Figure S18).

In summary, we present a novel yet simple optical interference
technique based on ECL in-situ generated at the electrode surface,
designated as ECLIS. With a high spatial resolution in the normal
direction, it enables us to measure the height of ECL luminophores
covalently immobilized on the electrode surface and the thickness
of ECL emitting layer in solutions. The information is inaccessible
by conventional ECL measurements but highly insightful for
unraveling reaction mechanisms and developing immunoassays.
We believe ECLIS will provide an easy way of studying interface
chemistry processes.
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