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Optical Read-Out of the Electrical Switching of
Cobalt-Terpyridine-BODIPY Molecules Immobilized as
Single Layer on ITO

Kévin Magra, Jean-Frédéric Audibert, Diana Dragoe, Talal Mallah,* Fabien Miomandre,*
and Marie-Laure Boillot*

A single layer of a dyad made of a cobalt(II) bis-terpyridine complex
functionalized with a Boron-dipyrromethene (BODIPY) fluorophore on
transparent Indium Tin Oxide (ITO) electrode is prepared. A modulation of
the photoluminescence intensity of the fluorophore upon the application of an
electric stimulus on the ITO electrode that supports 10 picomoles of
molecules is demonstrated. The intensity of the fluorescence intensity
decreases when the cobalt is at the oxidation state +III, due to CoIII oxidative
quenching of BODIPY emission that has a higher driving force than the CoII

reductive quenching initially responsible for the low fluorescence intensity of
the chemisorbed dyad.

1. Introduction

Molecular dyads based on electrochemically active and lumines-
cent components with tunable optical response of one moiety re-
sulting from the charge state change of the other part are among
the most studied molecular switches.[1,2] Such molecular switch
was first reported in 1993,[3] and a diversity of such molecules
were eventually designed.[4–6] Among them, metal complexes
played an important role, either as the redox switch or the
luminophore,[5,7] to generate electrofluorochromic systems in
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which the luminescence properties can
be electrochemically controlled and tuned.
In such dyads, when the metal complex
is electroactive, an electrical stimulus not
only changes the charge of the metal ion
but may also promote spin-crossover type
conversion (high spin to low spin and
vice versa),[8] providing electronic states
with relatively large energy barriers, and
hence molecular bistability. To the best
of our knowledge, the investigations of
such functional molecules that can be elec-
trochemically stimulated and optically de-
tected were performed only in solution
and not at the single molecule level or as

monolayers. In this context, the design of Co complexes
that present tunable redox and spin-state switching proper-
ties as well as processability, was considered. One decisive
advantage is the possibility to control the magnetic behav-
ior from an electrical input with an optical output. Ultra-
thin films of covalently immobilized Co complexes on con-
ductive substrates were investigated for a variety of purposes:
catalysis,[9,10] electron conduction,[11] molecular transistor,[12]

photoelectric conversion,[13,14] electrochromism,[15,16] switchable
materials.[17–19]

One of the bottlenecks is to reduce the delay time between ap-
plying the electrical stimulus and reading the optical response
that must be intense enough. Electrochemical scanning tun-
neling microscopy methods,[20] or the Electrochemistry/Atomic
force microscopy coupling were developed for locally probing
processes at the molecular scale, but general applications are lim-
ited by the slow time scales inherent to such techniques. The cou-
pling between electrochemistry and fluorescence microscopy al-
lows monitoring in a non-invasive, synchronous and very sensi-
tive way, the electrochemical and the fluorescence signals arising
ultimately from single molecules located at the proximity of the
electrode.[21,22] It is worth noting that the electrofluochromism
of a single layer,[23] and of isolated non-dyad molecules,[24] have
been recently reported, demonstrating the feasibility of such sen-
sitive detection.

We report here, the detection at the single layer level
of the reversible electrical switching of original heteroleptic
cobalt(II) complexes functionalized with a sensitive BODIPY
fluorophore,[25] covalently immobilized on an Indium Tin Ox-
ide (ITO) electrode (see in Figure 1a). We use well-established
terpyridine and fluorescent BODIPY building blocks to design
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Figure 1. a) Illustration of the concept based on functional monolayers
of [(La)CoII(Lc)](BF4)2 covalently immobilized on the ITO electrode; b)
Cyclic voltammogram of the monolayer ITO-[(La)CoII(tpy-Ph-BODIPY)] (in
CH3CN/Bu4N+PF6

− (0.1 M), 25 °C); c) Corrected fluorescence emission
spectra (——, green) and its corresponding amplitude standard deviation
(——, grey) at the monolayer-electrolyte interface averaged within 2 sec
after the start of the laser irradiation at 474 nm.

the new dissymmetric electrofluorochromic dyad.[13,26] The char-
acterization and the study of the functionalized surfaces are
achieved with cyclic voltammetry (CV) and emission spectropho-
tometry measurements using a set-up consisting in a fluores-
cence microscope coupled to an electrochemical cell. With this
set-up, fluorescence spectra under electrochemical control can
be recorded to investigate the possibility to electrically switch the

magnetic properties of the complex with an optical readout of its
redox state.

2. Results and Discussion

2.1. Functional Molecule and ITO-Anchored Monolayer

The functional molecules were assembled on ITO using a
phosphonate anchoring group following a reported sequential
approach (Schemes 1 and S1, S2, S3, and Figure S1 (Sup-
porting Information), for ligands synthesis and single layer
preparation).[13,26,27]

We use X-ray Photoelectron Spectroscopy (XPS) to analyze
the monolayer (Figure S2, Supporting Information). The sur-
vey spectrum (three different regions) confirms the presence of
Co, C, N, and P elements along with In, Sn and O signals of
ITO. The core-level spectrum of Co2p consists of two main peaks
(spin-orbit coupling components): Co2p3/2 at 781.4 ± 0.2 eV and
Co2p1/2 at 796.4 ± 0.2 eV and their corresponding satellite peaks.
The Co2p3/2 peak, separated by ≈6 eV from its satellite indicates
the presence of CoII state.[28] The N1s peak at 399.8 ± 0.2 eV is
typical for imine type nitrogen atoms.[29] The N/Co atomic ratio
determined from the area of the Co2p3/2 and the N1s bands varies
(three different spots) from 7.4 to 8.3 consistently with the theo-
retical value of 8. The P2p3/2 component of the P2p core-level dou-
blet is at 133 ± 0.2 eV, corresponding to phosphate type bond.[30]

These data demonstrate the success of the stepwise grafting pro-
cess of the dyad on ITO. The homoleptic complex [CoII(tpy-Ph-
BODIPY)2](PF6)2 was also prepared and its electrochemical and
optical behavior was used as a reference (Scheme S4; Figures S1,
S3 and S4, Supporting Information). The CV of this complex
recorded in CH3CN (Figure S3, Supporting Information) shows
the redox processes centered on the metal ion (reversible Co+3/+2

couple at E1/2 = 0.52 V/SHE, non-reversible Co+2/+1 couple at
Epc = −0.43 V/SHE) and those associated to the BODIPY moiety
(BODIPY+1/0 couple at Epa = 1.47 V/SHE, reversible BODIPY0/−1

couple at E1/2 = −0.79 V/SHE).[26,31,32] The UV–vis absorption
spectrum (Figure S4, Supporting Information) is dominated by
the intense intra-ligand transition of BODIPY at 499 nm while
the absorption of the ttpy and [Co(ttpy)2]2+ chromophores (ttpy
= 4′-phenyl-2,2′:6,2′’-terpyridine) is observed at higher energies.
The emission spectrum consists in the BODIPY fluorescence at
515 nm that intersects the absorption peak at E0-0 = 2.45 eV.[26]

2.2. Electrochemistry and Fluorescence of Monolayer

The electrochemical behavior of the monolayer on ITO-
[(La)CoII(Lc)](BF4)2 was probed by CV (Figure 1b; Figure S3a, Sup-
porting Information). The reversible signature of the CoII/CoIII

couple (E1/2 = (Epa+Epc)/2 = 0.44 V/SHE) has a symmetrical
bell-shape that characterizes the behavior of immobilized redox
species. It is consistent with the oxidation potential of Co ([0.44-
0.56] V/SHE) for related monolayer architectures.[13,14,33,34] The
peak-to-peak separation (ΔEpp = 90 mV) indicates a marked slow-
ing down of the electron transfer. ΔEpp tends to grow with the
reorganization (counter ion, solvation) upon the redox process
of immobilized systems.[35] The broadening may result from
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Scheme 1. Synthetic method followed for the anchoring of the functional complex [(La)CoII(Lc)](BF4)2 on ITO (Lc = BODIPY-Ph-tpy and La = O3P-CH2-
Ph-tpy).

large inner reorganization energy (in the Marcus sense) or an
electrochemical square scheme involving a slow electron self-
exchange,[36] between CoII and CoIII at the electrode surface.[8]

Interestingly, the Co peak is well separated from the one as-
sociated to the irreversible oxidation of the BODIPY moiety
(>1.51 V/SHE). The linear variation of the anodic peak current
of Co with the potential scan rate (Figure S3b and S3c, Sup-
porting Information) confirms a redox process which is not
diffusion-limited but controlled by the number of immobilized
redox species and yields to a surface concentration Γ of 0.05-
0.08 × 10−10 moles cm−2 (≈10 picomoles cm−2). This value corre-
sponds to a monolayer with 4%–6% saturated coordination sites
relatively to the estimated saturation coverage of the electrode,
Γsat = 1.37 × 10−10 moles cm−2, close to those reported (0.06-0.7
× 10−10 moles cm−2).[13,33,34]

2.3. Photoluminescence and Electrofluorochromism of the
Monolayer

We probed the photoluminescence (PL) and electrofluo-
rochromism (EFC) of the monolayer with an excitation at
474 nm and an electrochemical modulation between two val-
ues of the potential corresponding to the Co redox switch,
but remaining below the oxidation potential of BODIPY. A
fluorescence signal was observed in the 520–670 nm range for
the modified ITO in contact with air (Figure S4, Supporting
Information) assigned to a weak BODIPY emission that was
absent for bare ITO. It was also recorded when the modified ITO
electrode is in contact with an electrolyte solution (Figure 1c).
One issue that must be considered when applying the potential
signal supposed to monitor the fluorescence intensity is the
gradual bleaching of this signal upon continuous irradiation that
is especially strong with a monolayer.

To test the homogeneity of the monolayer, bleaching kinetic
curves were recorded at various positions for the same sample
(Figure S4 and Table S1, Supporting Information). For the 5
recorded positions, the maximal value for the integrated inten-

sity in the emission range can be averaged to Imax = 15 212 ±
543, indicating a good homogeneity of the sample. The bleaching
kinetics were fitted with a three exponentials function and an ap-
parent rate constant of 0.01 s−1. A similar analysis was conducted
for the monolayer in contact with the electrolyte (Figure S5, Sup-
porting Information), with a final rate constant of 0.04 s−1, show-
ing a more efficient bleaching in the presence of the electrolyte,
as expected especially if photoinduced charged processes are in-
volved.

The electrofluorochromic properties of the monolayer were in-
vestigated by applying successive potential steps between −0.03
and +0.87 V/SHE (CoII/CoIII redox window) for 3 successive cy-
cles back and forth, under illumination (Figures S6 and S7, Sup-
porting Information). The green curve (Figure 2) represents the
extracted contribution of the electrochemical modulation to the
variation of the fluorescence intensity after normalization by the
bleaching component. To do so, the raw fluorescence variations

Figure 2. Intensity profile corrected (normalized) from bleaching profile.
Simultaneous variation of fluorescence intensity (——, green) and cur-
rent (——, blue) for a monolayer ITO-[(La)CoII(tpy-Ph-BODIPY)] in con-
tact with an electrolyte when the potential values (——, red) vary in a stair-
case manner between −0.03 and +0.87 V /SHE (6 cycles of 20 s). The fluo-
rescence intensity versus time plots were corrected as described in Figure
S6 from the decay resulting from the sole photobleaching of CoII.
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Figure 3. Diagram of the photoinduced electron transfer processes taking place at the modified electrode in contact with the electrolyte upon the
photoexcitation at 470 nm, a) in the absence of polarization (open circuit) and b) when the electrode is polarized at potentials higher than E°(CoIII/CoII).
The values of E°(BODIPY+1/0*-Ph-tpy) and E°(BODIPY0*/−1-Ph-tpy) are based on the calculation with the Rehm and Weller equation and E0-0 = 2.45 eV
(Tables S2 and S3, Supporting Information).

are recorded and fitted by the same three exponentials function
as previously in the absence of electrochemical signal. This fit
is applied to the data in the mask regions corresponding to the
initial drop before starting the switch and to the plateau values
at the end of each cycle (Figure S6, Supporting Information).
The apparent rate constant extracted from the fit is the same
as in absence of electrochemical signal (0.04 s−1). The modula-
tion of the emission intensity due to the electrochemical modu-
lation corresponds, therefore, to the difference between the raw
intensity values and those from the bleaching kinetic fit and re-
sults in the green curve. The first cycle presents singularities
(not shown here), like a spontaneous increase in fluorescence re-
gardless of the direction of the potential switching, and a plateau
of fluorescence intensity for the CoII form, suggesting a run-in
stage due to structural or/and electronic factors that evolve with
the formation of a new equilibrium state. In the following cy-
cles, however, the trend is clearly an emission drop when oxi-
dizing CoII to CoIII followed by fluorescence recovery upon back
reduction of CoIII to CoII Moreover, the amplitude of the intensity
modulation for each cycle follows the applied potential, becom-
ing larger when the potential is more positive, in relation with a
higher value of the CoIII/CoII ratio compared to previously. This
is a good indication that the green curve is actually an exact rep-
resentation of the electrochemical modulation of the emission
intensity.

This fluorescence intensity drop upon oxidation corresponds
to a more efficient quenching of the BODIPY emission by the
diamagnetic CoIII than by the paramagnetic CoII. This behav-
ior reported in valence-tautomeric analogues,[37,38] is a conse-
quence of competitive processes (energy transfer and / or elec-
tron transfer) that may occur in the two forms. To analyze the
role of the different sub-units in the photoinduced electron trans-
fer (PET) mechanisms,[39,40] we considered the redox proper-
ties of ITO-[(La)CoII(tpy-Ph-BODIPY)] (Figure 1; Figures S3a and
S8, Supporting Information), those of the homoleptic analogue
[Co(Lc)2](PF6)2 (Figure S3d) and the estimates of the excited state
redox potentials based on the Rehm and Weller equations. Dif-
ferent intramolecular reactions were found to be associated to

negative free enthalpy values (Figure 3, Tables S2 and S3, Sup-
porting Information). The intramolecular electron transfer be-
tween BODIPY* and the CoII ion (Equation 1) is thermodynam-
ically favored (ΔG ≈−1.14/−1.22ITO eV) but a faster PET takes
place between BODIPY* and the CoIII ion (Equation 2) (ΔG
≈−1.50/−1.42ITO /eV) which dominates the kinetics of the pro-
cess. The data extracted from the study of [CoII(Lc)2](PF6)2 in so-
lution also suggest a competitive pathway depending on the ki-
netics of the electron transfer toward the electrode and that of the
intramolecular transfer between BODIPY* and CoII (Equation 3).
This process (Equation 3) that leads to potentially non-stable CoI

intermediates is much less energetically favored (ΔG ≈−0.55 eV).
The competing mechanism involving energy transfer can be rea-
sonably excluded because no significant variation of absorption
at the excitation wavelength or in the emission range has been ob-
served for the homoleptic complex when the applied potential lies
in the range of cobalt oxidation only (Figure S9, Supporting Infor-
mation). We can reasonably assume that the large driving force
(ΔG> 1.4 eV) for the electron transfer between BODIPY0*/−1 and
CoIII/CoII makes this process dominant over other pathways.[41]

The final outcome (Figure 3) thus consists in a reductive quench-
ing of BODIPY* by CoII in the absence of electrochemical sig-
nal (ON state), becoming replaced by a more efficient oxidative
quenching of BODIPY* by CoIII when the electrode is polarized
at potentials higher than 0.6 V/SHE (OFF state). Similar results
for dyads involving a ruthenium redox center likely to quench the
emission of porphyrins were already reported in solution, con-
firming the effectiveness of such mechanism.[25,42,43]

ITO −
[(

La

)
CoII (tpy − Ph − BODIPY ∗

)]
→ ITO

−
[(

La

)
CoIII(tpy − Ph − BODIPY∙−)

]
(1)

ITO −
[(

La

)
CoIII(tpy − Ph − BODIPY∙−)

]
→ ITO

−
[(

La

)
CoII (tpy − Ph − BODIPY

)]
(1′)
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ITO −
[(

La

)
CoIII (tpy − Ph − BODIPY∗)] → ITO

−
[(

La

)
CoII (tpy − Ph − BODIPY∙+)] (2)

ITO −
[(

La

)
CoII(tpy − Ph − BODIPY∙+)

]
→ ITO

−
[(

La

)
CoIII (tpy − Ph − BODIPY

)]
(2′)

ITO −
[(

La

)
CoII (tpy − Ph − BODIPY∗)] → ITO

−
[(

La

)
CoI(tpy − Ph − BODIPY∙+)

]
(3)

ITO −
[(

La

)
CoI(tpy − Ph − BODIPY∙+)

]
→ ITO

−
[(

La

)
CoII (tpy − Ph − BODIPY

)]
(3′)

3. Conclusion

The results reported in this paper made the proof of concept of
the optical read-out of the charge state of Co-containing dyad
complexes grafted on ITO as a single monolayer, with a concen-
tration of ≈10 picomoles cm−2. They also demonstrate that when
the electrode is polarized to generate the CoIII species, the elec-
tron transfer with the excited state of BODIPY is thermodynam-
ically favored leading to a more efficient quenching of its photo-
luminescence than for the CoII species, which is at the origin of
this optical readout. The modulation of the intensity of the fluo-
rescence emission can be further enhanced by adequately func-
tionalizing the terpyridine ligand to better stabilize the CoIII state.
Also, the BODIPY fluorophore can be modified in order to re-
duce the bleaching process that makes the analysis of the data
complex. We are currently working in this direction.

4. Experimental Section
Solvents and commercially available reactants were used as received.

NMR spectroscopic data were recorded on a DRX360 Bruker spectropho-
tometer and referenced to the solvent or TMS signal. High Resolution
Mass spectrometry data were collected with a Bruker micrOTOF-Q spec-
trophotometer using Electrospray as ion source.

Synthetic procedures and analytical data of Ligands La and Lc are
given in the Supporting Information.[13,26] The homoleptic complex
[CoII(Lc)2](PF6)2 was synthesized by refluxing in CH3OH a mixture of Lc
and CoCl2.6H2O (2:1 molar ratio) during 4 h. The solid, precipitated by
the addition of KPF6 in water, was dried in vacuum at 80 °C. HRMS (ESI)
m/z: calcd for C68H56B2CoF4N10-2PF6, 584.7066; found, 584.7047. The
preparation of monolayers was carried out via successive steps of impreg-
nation, rinsing and sonication, and then drying, which began first with the
immobilization of La, then the coordination of Co ions and finally the satu-
ration of the coordination sphere with the capping ligand Lc. All the details
and XPS characterizations by X-ray photoelectron spectroscopy (XPS) are
given in the Supporting Information.

The XPS measurements were performed on a K-Alpha spectrometer
from ThermoFischer, equipped with a monochromated X-ray Source (Al
K𝛼, 1486.68 eV). UV–vis spectra were recorded with an Agilent Cary 3000
spectrophotometer. Fluorescence Microscopy and Electrofluorochromic
data were recorded at room temperature using a homemade three elec-
trodes spectroelectrochemical cell (CE: Pt wire, RE: Ag/Ag/Cl wire; WE:

ITO plate) on top of an inverted optical microscope Ti Eclipse (Nikon).
CV measurements were carried out with a VersaSTAT 4 (Ametek) poten-
tiostat driven by VersaStudio software (Ametek). Samples are illuminated
in wide-field mode on the microscope with a pulsed laser diode at 474 nm.
Fluorescence intensity is collected through a longpass emission filter (LP
520 nm) and the bleaching kinetics are recorded with an SD2000 spec-
trophotometer (Ocean Optics) at 9 ps.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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