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Solid state electrochemiluminescence from homogeneous and 

patterned monolayers of bifunctional spirobifluorene  
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Electrochemiluminescence (ECL) generated by a monolayer of 

spirobifluorene derivative covalently bound onto an indium tin 

oxide (ITO) substrate is reported for the first time. Our approach 

allows to efficiently prepare homogeneous and patterned 

substrates through micromolding in capillaries (MIMIC), and 

opens novel scenarios for multicolour ECL applications.  

Electrochemiluminescence (ECL) is the electrochemical 

activation of suitable molecules or ions to generate, upon 

sufficiently exergonic electron transfer reactions, excited state 

species (emitters) that cause luminescence. ECL is a very 

attractive analytical tool due to low background and high 

sensitivity.
1
 Since its early studies, an increasing number of 

research activity was dedicated to study novel efficient ECL 

dyes for multicolour sytems.
2
 Compared to the ECL in 

homogeneous solution, where the emitters are dissolved and 

free to diffuse, the development of the heterogeneous ECL, 

where emitters are confined at the electrode surface, 

emphasizes the good temporal and spatial resolution of the 

technique while minimizing or avoiding some drawbacks, such 

as the experimental design and the regeneration of species.
3
 

Heterogeneous ECL has recently been proposed for the highly 

sensitive detection of different analytes in complex matrixes, 

such as proteins in latent fingermarks,
4
 the quantification of 

cancer biomarkers
5
 and more recently single cell visualization.

6
 

To date, inorganic coordination complexes such as 

ruthenium(II) tris-bipyridine
7
 are the most widely used 

luminophores for the heterogeneous ECL systems since they 

provide very intense signals. However, the main drawback is 

that the red ECL emission cannot be tuned, thus hampering its 

application in multi-coloured systems. As an alternative, other 

transition metals, e.g. iridium
8
 and platinum,

9
 or 

nanomaterials such as quantum dots
10

 or doped silica 

nanoparticles
11

 are employed to tune the ECL emission. 

Although organic molecules offer an easy possibility to vary 

the emission wavelength thanks to their chemical versatility,
12

 

their use in heterogeneous ECL is rare.
13

 Recently, the high 

efficient electrochemiluminescent properties of bifunctional 

organic dyes based on spirobifluorene unit chemically 

modified with two triarylamine units (Spiro-TPA) were 

described.
12a,14

 Translating the ECL emission of organic dyes 

from solution to solid state is of enormous interest. Moreover, 

although spirobifluorenes are attracting a lot of interest in 

many technological applications,
15

 the formation of controlled 

ordered monolayers of spirobifluorene derivatives covalently 

linked to solid support is rare.
16

 

Herein, we present the fabrication and the electrochemical, 

photophysical and ECL characterizations of the organic emitter 

1, a derivative of Spiro-TPA (Chart 1), investigated either in 

solution or as self-assembled monolayer (SAM) onto an indium 

tin oxide (ITO) electrode surface. Our synthetic approach 

involves the independent functionalization of the two fluorene 

halves to favour the covalent linkage of the chromophore onto 

the ITO surface in packed monolayer. 

Compound 1 was prepared as depicted in Scheme S1 (for 

experimental details see the Electronic Supplementary 

Information, ESI). Friedel-Craft acylation of 2,7-dibromo-9,9’-

spirobifluorene (2) allowed to introduce a ketone on the 

unsubstituted fluorene half (3). The intermediate 4, obtained 

by Baeyer-Villiger reaction, was deprotected by reaction with 

boron tribromide to give the 2-hydroxy-2’,7’-dibromo-9,9’-

spirobifluorene (5). The Suzuki cross-coupling reaction gave 

the extended aromatic compound 6 bearing two 

triphenylamine substituents. Then, the linker was added by 

reaction with (3-isocyanatopropyl)triethoxysilane to give the 

final product 1. 
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Chart 1. Chemical structure of dye 1 and its binding mode onto solid surface. The 

structure of Spiro-TPA is reported for comparison.  

The photophysical characterization of 1 in DMF solution 

(Figure 1a) shows the same trend reported for Spiro-TPA 

(Figure S1 and Table S1). The absorption spectrum displays 

two bands in the UV region with the lower peak at 372 nm 

attributed to the π-π* transition of the aromatic system,
12a,14

 

while the photoluminescent (PL) spectrum shows a 

structureless broad band with maximum at 456 nm.  

Not unexpectedly, the comparison between the two spiro-

derivatives indicates that the presence of the linker is not 

significantly affecting the optical properties of the dye, in line 

with the well-known lack of electronic conjugation between 

the two fluorene halves in spirobifluorene-based molecules.
17

  

SAM of 1 on ITO coated glass was obtained by immersing for 

24h freshly cleaned substrates in a 0.5 mM solution of 1 in 

toluene, at room temperature and under argon atmosphere. 

Subsequently, the functionalized substrates were rinsed 

thoroughly with toluene, dichloromethane and ethanol and 

dried under an argon stream.  

Characterization of the functionalized surfaces by X-ray 

photoelectron spectroscopy (XPS) revealed the presence of 

peaks associated with tertiary amine at 400 eV and amide at 

402 eV, which are absent in the cleaned solid support (Figure 

2a and S2). 

By static water contact angle measurements, the increased 

values from 54.5° (unfunctionalized ITO) to 76.5° 

(functionalized ITO) indicates the increased hydrophobicity of 

the surface in presence of SAM (Figure S3). 

 

Figure 1. Absorption, excitation (PLE) and emission (PL) spectra of 1 (a) in DMF (2 

µM) and (b) onto ITO surface. 

  

Figure 2. a) Non functionalized ITO vs. functionalized ITO in XPS analysis of 

nitrogen signal. b) TOF-SIMS overlay of signals in positive mode. c) and d) 

Fluorescence microscopy on patterned ITO substrate (lines 50x30 and 25x15 

µm).  

Further analyses of the organic monolayer were performed on 

patterned SAM obtained by micromolding in capillaries 

(MIMIC),
18

 which gave a structured substrate alternating lines 

with or without 1. MIMIC is a soft lithography technique 

allowing to build defined structure in micrometer scale by 

using a polymeric stamp as a template. We used a 

polydimethylsiloxane (PDMS) stamp to grow SAMs of different 

line width (between 15 and 50 µm). 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

(Figure 2b and S4) and atomic force microscopy (AFM) (Figure 

S5) revealed the patterned structure onto solid substrates. 

There is a small different height between neighbouring lines 

(circa 0.2 nm), which is very close to the AFM instrument 

resolution. However, the difference between lines is better 

defined using chemical composition via TOF-SIMS. Although 

we didn’t observed an ion fragment corresponding to the 

whole molecule, by TOF-SIMS we were able to plot the 

patterned substrate by identifying small organic ion fragments 

from 1 and inorganic fragments from the unfunctionalized 

surface. In addition, condensation experiments carried out on 

silicon substrate confirmed the formation of patterned SAMs 

(Figure S6).  

The photophysical characterization of the homogenous SAM of 

1 onto ITO substrate (Figure 1b) displays a behaviour similar to 

that in solution (Table S1). The absorption and excitation 

maxima are slightly blue shifted, while the hypsochromic shift 

in the emission in more evident, with maximum at 420 nm 

instead of 456 nm. Interestingly, the photophysical properties 

are affecting by the condition used to form the SAMs (Figure 

S7). By increasing the temperature up to 40 °C for 24 h, the 

absorption peak raises, indicating higher coverage of the 

surface. However, the emission slightly decreases, probably 

due to a self-quenching process. If the reaction time is reduced 

to 3 h at 40 °C, the monolayer shows a low intensity 

absorption band with maximum at 354 nm, indicating low 

coverage of the surface. Interestingly, in such conditions the PL 
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band appears broader with maximum at 500 nm and a 

shoulder around 425 nm. By comparing spectra arising from 

different SAM preparations, we can hypothesize that the 

formation of SAMs proceeds through different steps.
19

 At low 

coverage, the molecules form aggregates characterized by a 

red shifted emission. By increasing the surface coverage, the 

dyes reorganize in ordered molecular SAM resulting in the 

increased emission at 420 nm and the disappearance of the 

band at 500 nm. Studies to determine the driving force of the 

sequential arrangement (dipole-dipole interaction, dispersion 

interactions or steric hindrance) are under investigation in our 

laboratories. 

Although the QY in solid state is lower than in solution, we 

were able to observe the blue emission of the organic SAM 

also by fluorescence microscopy using a DAPI filter (Figure 2c 

and 2d). This clearly indicates the success of the strategy 

adopted to grow SAMs of spirobifluorene molecule. 

The cyclic voltammetric analysis (see Table S2), carried out in 

DMF/0.1 M TBAP at 25 °C, also confirmed the absence of any 

sizeable effect of the linker on the redox properties of the 

spirobifluorene derivatives. The formal potential (E°) values 

were obtained as the average between the cathodic and 

anodic peak potentials. Compound 1 shows similar 

electrochemical behavior to a series of fluorene and 

spirobifluorene-based bifunctional organic dyes previously 

investigated by us
12a

 (see, e.g., Figure S8). Two CV peaks are 

detected in the negative-going scan. The first peak (R1) shows 

a peak-to-peak separation (∆Ep,R1) compatible with the 

reversible formation of the fluorene radical anion. The second 

reduction peak (R2), attributed to the generation of dianion, is 

only partially reversible at low scan rates. Fully reversibility 

was however obtained at relatively higher scan rates, thus 

allowing its E°R2 to be determined. The oxidation peak is fully 

reversible with a ∆Ep distinctly larger (Table S2) than the 

typical one-electron value of 59 mV at 25 °C.
20

 It is also 

significantly larger than the ca. 29 mV separation expected for 

a fully developed two-electron process.
21

 This behavior, as 

previously observed,
12a

 is due to the fact that the two 

triphenylamine moieties are oxidized at very similar potentials, 

and the minor interaction between the two redox centers 

point to two poorly interacting HOMOs, therefore entropic 

reasons make the second process less favored by a factor 

(2RT/F) ln 2 = 35.6 mV (at 25 °C).
22

  

Similar electrochemical behaviours were observed for the ITO 

modified with 1. In this case, the surface confined CV was 

investigated at different scan rate in order to quantify the 

surface coverage of the SAM (see Figure S9). The experimental 

data provide a surface density of spirobifluorene groups (Γ1) of 

2.4×10
-11 

mol cm
-2

, which is very similar to the values reported in 

literature for ITO surfaces bearing different functionalizations.
23 

The ECL properties of SAMs of 1 onto ITO substrate were 

investigated using the coreactant strategy. Differently from 

ECL annihilation, where the radicals involved in the excited 

state formation are electrochemically generated upon 

consecutive reduction and oxidation of the same chemical 

precursor, the use of a coreactant assures the generation of 

intermediates that, after oxidation or reduction, act as strong 

reductant or oxidant agent. These species are capable of 

reacting with one of the electrogenerated radicals of the 

emitter producing an excited state.
1
 Typically, coreactant ECL 

is used when one of the radical ion is not stable or its 

formation cannot be achieved before the background 

oxidation or reduction of the solvent, or the supporting 

electrolyte, or both. In our case, since the ECL emitter 1 is 

covalently linked onto the ITO substrate and its diffusion is 

prevented, the use of a coreactant is necessary to achieve ECL.  

The ECL emission intensity of the SAM 1 onto ITO substrate 

was investigated by cyclic voltammetry (CV) using benzoyl 

peroxide (BPO) as “reductive oxidation” coreactant (Figure 3), 

which follows the reaction mechanism schematized in scheme 

1.
24

 In particular, after reduction at the electrode surface (eq. 

1), the BPO radical anion is converted to the strong oxidant 

species Ph-CO2
● (eq. 1), which subsequently reacts with the 

radical anion of the spirobifluorene (eq. 2), leading to the 

generation of the emitting excited state (eq. 3). 

The ECL emission using BPO as coreactant reported in Figure 

3a occurs in the potential region where the reduction of both 

coreactant and spirobifluorene is achieved. The ECL spectra 

recorded in the same experimental conditions (Figure 3b) 

presents a broad band with maximum at around 440 nm. 

Furthermore, our previous studies on this kind of 

spirobifluorene compounds suggest that the luminescence 

comes from a singlet excited state.
12a,14

 It is worth noting the  

similarity between the ECL and the PL spectra recorded for 

SAMs grown at different temperature (Figure S7 and S10), 

which further supports our hypothesis about the stepwise 

formation of SAMs onto solid surface.  

The ECL quantum yields was calculated, via a comparative 

method, relative to the conventional Ru(bpy)3
2+

, as the 

photons emitted per dye-molecule. In line with the very high 

ECL QY of analogues spirobifluorene luminophores measured 

in the homogeneous ECL,
14

 the SAM of 1 shows 3 times higher 

ECL intensity compared with Ru(bpy)3
2+

 (see Figure S11 and SI 

for the details).  

In summary, we reported the modification of ITO surface by 

SAMs of spirobifluorene-based dye either grown 

homogeneously or patterned by MIMIC. Together with a full 

characterization of the functionalized substrates, the 

investigation of ECL properties on pure organic dye in solid 

state are here reported for the first time. The data validate the 

self-assembly strategy, opening to novel opportunities in the 

field of electrochemiluminescent multicolour applications on 

solid state. 

 

Figure 3. a) CV and ECL emission intensity and b) ECL emission spectra with BPO 

of SAM of 1 onto ITO substrate. Measurements performed in deaerated ACN 
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with BPO 7 mM and TBAH 40 mM. a) CV recorded at scan rate: 0.1 V/s. PMT bias 

750 V. Potentials reported vs Ag/AgCl 3 M. b) ECL emission spectra: voltage 

applied       -2.5 V vs Ag. Integration time: 1 s. Increment: 3 nm. PMT bias 750 V. 

 
Scheme 1. Possible ECL reaction mechanism with coreactant onto electrode 
surface. 
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