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Abstract

Monolayers of tetrazine terminated alkyl chains have been grafted on ITO through siloxane
functions. These monolayers are electroactive and display fluorescence with a maximum close to 560
nm when excited in the visible range. Potential step cycles have been applied and the fluorescence
intensity drawn from background and bleaching corrected emission spectra was found to be
switched off and on reversibly according to the applied potential. This demonstrates that the
luminescence of grafted fluorophores can be electrochemically controlled as it is in solution and the

emission intensity can be followed with a good signal to noise ratio even for a monolayer.
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Introduction

The electrochemical switch of light emission, called electrofluorochromism has become a topic of
interest especially in the past decade, because it opens new routes to control the optical properties
of molecules and materials. The topic has been reviewed recently, highlighting the large number of
molecular compounds likely to show this property as well as the instrumental set-up developed to
investigate the process'™. Up to now, most of the experimental works have been devoted to
molecules in solution® or more scarcely to bulk materials’ and examples of electrofluorochromism in

solid state remain very rare® despite its major interest to design high contrast devices”'’. The



detection of the phenomenon is based on either spectrofluoelectrochemistry in thin layer
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electrochemical cells or fluorescence microscopy (wide field™ or confocal'®*’) and more recently

STM'® which allows downsizing the detection to the single molecule level. If we except polymers™®?*

with recent examples combining aggregation induced emission (AIE) pendant groups on a conjugated
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backbone and nanoparticles® ", that can be easily deposited on electrode surfaces as thin films,
there has been to our knowledge no example of electrofluorochromism investigated directly on
surface confined molecular systems at the monolayer scale. Recent studies by Levillain et al.
highlighted the fact that surface-confined molecular systems may behave differently from their
counterparts in solution, due to specific interactions in the confined state®”. Another challenge to
overcome lies in the reliable detection of switching phenomena down to the monolayer scale,
because the number of fluorophores is very low compared to solution and bleaching phenomena
become a real issue. Self-assembled monolayers (SAMs) bearing redox active fluorescent terminal
groups can be easily synthesized using well mastered techniques like Langmuir-Blodgett or simply
self-assembly on surface by dip-coating or soaking. However, the only works found in the literature
where fluorescence and electrochemical properties are simultaneously measured in situ on SAMs
come mainly from Bizzotto et al. who used fluorophore-labeled DNA on gold and detection under

3931 Information about the structure and heterogeneity of the monolayer

fluorescence microscope
can be drawn from the coupling of optical and electrochemical techniques®*. Moreover, as the
fluorescence signal is very sensitive to the vicinity of the electrode surface, the electrochemically

2- .
3234 On our side,

induced desorption can be easily detected by the emission intensity enhancement
we mainly use this coupling to tune the luminescence output as a function of the electrode potential
input in a reversible way, which is the basics of electrofluorochromism®. Therefore, we found it of
high interest to demonstrate that electrofluorochromism can be triggered and detected on surface

confined systems even at the monolayer scale.

To achieve that goal, an electrofluorochromic unit must be selected. Tetrazines are the smallest
organic electroactive fluorophore units * and they have proven their efficiency in the design of
electrofluorochromic windows>®. Moreover the possibility of grafting them on surfaces with an

d*3% In our

adequate anchoring group depending on the nature of the substrate was also reporte
case, as we use ITO as the working transparent electrode, a siloxane terminated tetrazine was
selected, as its grafting efficiency was previously demonstrated on silica®® and titania®® nanoparticles.
After proving the formation of monolayers of tetrazine derivative on the ITO surface using cyclic
voltammetry and ATR-FTIR measurements, we report the first example of electrofluorochromism

recorded by reversibly switching a monolayer.



Results and discussion

3-Chloro-6(4-(3-(triethoxysilyl)propyl-carbamoyl-oxy)butoxy)-tetrazine (TEOSTz) was synthesized

according to a procedure adapted from ref.®.

The tetrazine derivative is then grafted on activated ITO according to the reaction represented in

scheme 1. The detailed experimental protocol is reported in S.I.
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Scheme 1. Formation of tetrazine terminated alkyl chain monolayers on ITO.
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The grafting of TEOSTz on ITO is first analyzed by ATR-FTIR. Figure 1 shows the ATR-IR spectra of
TEOSTz as a pure liquid molecule, the hydrolyzed molecule after treatment by acetic acid in CH,Cl,
for 20h and the monolayer grafted on ITO after hydrolysis (ITO-TEOSTz). The spectrum of the
molecule exhibits the features of the carbamate moiety with vc-o (I, 1716cm™, strong (s)), On.n (I,
1515cm™, s), Scn+Venn (1, 1280cm™, medium-weak (M-w)), Vasc.o.c (1246cm™, asym., s) Vewn + Veo +
doent dce (957cm™, s)*, and also those of the alkyl chain with the Ocn, (1460cm™, m) bending
vibration. The tetrazine group (Tz) is evidenced by the cycle stretching bands at (1498-92cm™, s;
1458cm™, m), by the vibration vr,.0.c (1197cm™, asym., m) and also by the one at 780 cm™ (m)*™.

These latter bands do not vary much during the hydrolysis step.

The hydrolysis of the ethoxysilane groups is visible by the decrease of the doch» (1498cm™, shoulder),
8CH3 (1370cm™, sym., m), the doublet vassio0e: (1103, 1077cm™, asym., s), Vssio-et (935cm™, sym, s-m)

and Vsio.g (1037cm™, m) *.

The adsorbed monolayer is hydrolyzed and condensed given the absence of the band at 1077cm™

and the appearance of a strong and broad band located at 1108cm™ and assigned to the Si-O-Si



stretching'. Beside the C=0 band already seen in the pure molecule at 1716cm, another band
appears at 1680cm* assigned to the C=0 group which has formed hydrogen bonds. In the same way,
the dwy band is shifted from 1532cm™ (molecule) to 1568cm™ (monolayer). This can account for the
presence of strong hydrogen bonds between the NH group and the C-O or C=0 groups. The Tz bands
are globally unchanged upon grafting. From ATR-IR measurements it can be concluded that the
monolayer is hydrolyzed and well condensed via the formation of Si-O-Si groups. The presence of
strong hydrogen bonds mainly via the NH moiety is clearly connected to an organization of the chains

of the TEOSTz molecules in the monolayer.

The modified ITO electrode ITO-TEOSTz is then characterized by cyclic voltammetry and emission
spectrophotometry. The results are shown in figure 2. CV shows a symmetrical peak shape curve as
expected for an electroactive molecule grafted on the electrode surface. The electrochemical signal
is reversible, showing that the tetrazine moiety can be reduced into a stable anion radical likely to be
reoxidized on the backward scan, like in solution. The amount of charge related to the redox
conversion can be extracted by integration of the CV and allows estimating the coverage ratio®. A
value of 100 uC is obtained leading to a coverage of 2.2 10™° mol cm?, consistent with the formation
of a probably not densely packed monolayer if one refers to the corresponding value for ferrocene **.
The half width of the redox peak is close to the theoretical 90 mV expected for a monoelectronic
charge transfer, showing that electrostatic interactions are negligible between charged species,

which is consistent with a loosely packed configuration.

It is noticeable that the reduction peak of TEOSTz is accompanied by another reduction peak at more
positive potentials which has been assigned to a proton assisted reduction (see below). The pre-peak

involves the tetrazine moiety as it evolves the same way as the main reduction peak upon cycling.

The emission spectrum shows a broad band centered at 560 nm, characteristic of the
chloroalkoxytetrazine fluorophore®. This demonstrates that tetrazine still behaves as an
electroactive fluorophore once grafted on the ITO surface. As the electrochemical signal is reversible,

conditions are fulfilled to test the electrofluorochromic properties of the monolayer.

Figure 3 shows the fluorescence images (in false colors) and emission spectra when a potential signal
made of successive steps between 0 V and -0.65 V is applied. These two potential values belong to
the stability range of the neutral and anion radical forms of the Tz derivative respectively. A clear
contrast in the various images can be seen in fig. 3B but the difference in intensities remain small.
Emission spectra in fig. 3C show various contributions coming from background (especially ITO itself).

The magnitude of these contributions can be seen on blank experiments recorded on bare ITO but

' The accuracy of the wavenumbers of the grafted monolayer is +5cm™.



without correlation with the electrode potential (see fig. S1). Despite this significant background
contribution, when the electrode potential varies from 0 to -0.65 V and back to 0 V, clear variations
in emission intensity can be seen in the wavelength range where Tz emits (530-615 nm). Subtraction
of this background, corresponding to the emission spectrum after the potential of -0.65 V is
maintained so that all the Tz fluorophores have been reduced, allows one to extract the signal
coming from the Tz monolayer alone (figure 3D). Now the variation of emission intensity assigned to
the reduction and reoxidation of the Tz fluorophore can be clearly seen. It can be noticed that the
emission intensity can be fully quenched upon reduction (red trace) but only partly recovered upon
reoxidation (see green trace vs. blue trace). This is due to the fact that bleaching also contributes to
quench the emission of the monolayer. This is especially evidenced by recording the raw emission
intensity from integration of emission spectra between 530 and 615 nm during the same period of
time as in the signal of figure 3A. The result is shown in figure 4. In the time period when no potential
modulation is applied, a gradual intensity drop is observed which can be modelled by an exponential
decay. The potential modulation applied in the 15-20s, 30-35s and 45-50s time intervals shows the

contribution of the electrochemical signal to quenching.

Although bleaching is an issue, its impact on the signal to noise ratio can be limited by normalizing
the emission intensity vs. the values of the bleaching model curve (red line in figure 4). In absence of
potential modulation, a baseline with values of 1 are expected, while applying a potential modulation
leads to negative deviation from this baseline. The results are displayed in figure 5 for three
successive steps between 0 V and -0.65 V. The emission signal (chronofluorogram) shows ‘on-off-on’
switches with the duration of the ‘off’ period consistent with the one when the negative potential is
applied (5 s in the top, 10 s in the bottom). This shows the actual correlation between the
electrochemical signal (potential steps) and the fluorescence intensity obtained by integration of

emission spectra corrected from background and bleaching.

To further demonstrate that the emission signal of the monolayer can be fully controlled by the
electrode potential, an experiment consisting of three successive steps of gradually more and more
negative potential values have been applied, with the results shown in figure 6. A clear variation of
intensity is observed since the first potential step at -0.2 V, confirming that the reduction peak
observed at that potential involves the tetrazine moiety, probably in a proton assisted reduction
reaction similar to what happens with quinones. As the amount of protons is limited, an aprotic
reduction leading to the formation of the anion radical also occurs at more negative values and is
responsible for the deeper fluorescence drop observed upon the second potential step. The final step
at -0.65 V, which is supposed to achieve the exhaustive reduction of all the fluorophores, leads to a

less intense fluorescence drop because the previous backward steps did not succeed in restoring the



emission intensity at the same level as before the step. However, this final potential step drives the

emission down to zero.

To confirm the role played by the remaining acid, another set of experiments was conducted with a
much lower amount of acetic acid (hundred times more diluted solution). The corresponding CV (see
figure S2) shows a less pronounced first reduction peak which now appears as a shoulder of the main
reduction peak. The set of fluorescence images and intensities when the potential varies according to
a similar variation as in figure 3A can be seen in figure S3. The amplitude of the fluorescence drop is
the same for the three successive potential steps, when measured compared to the bleaching model
curve. More interestingly, when applying gradually more and more negative potential values upon
the three steps, as in figure 6, the corresponding emission intensity variation appears significantly
different (figure 7). Now the amplitude of the emission drop increases as the potential decreases, as
expected for a pure Nernstian electrochemical process where the electrode potential controls the
ratio of oxidized and reduced forms at the electrode. Indeed, the first two potential steps only partly
quench the emission while the last one, corresponding to the full electrochemical conversion,
actually switches the emission down to zero. After each step the emission intensity is switched back
to values close to the initial one, showing that the luminescence intensity of the monolayer can be
tuned by the electrode potential almost at will. The only restriction is the stability of the system

especially under illumination, which does not allow more than a few cycles to be applied.

Conclusion

Tetrazine functionalized monolayers have been grafted on ITO through siloxane anchoring groups.
The resulting monolayers are electroactive and luminescent. The luminescence can be tuned
electrochemically with a full contrast between the oxidized ‘on’ and the reduced ‘off’ states. The
signal to noise ratio has been optimized by subtracting the contribution of ITO in the emission
spectra. Thus we have shown that electrofluorochromic properties could be translated from solution
to surface while keeping a full electrochemical control, despite limitation in the cyclability due to
bleaching. For practical use, this might be overcome by designing thicker layers using for example a
polymer matrix or diazonium grafting. Anyway it demonstrates that modified electrodes with a very
small amount of electrofluorochromic molecules can be operated in devices like displays or sensors

based on this principle.
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ATR-IR spectra of TEOSTz: a (top): pure liquid molecule; b (middle): after hydrolysis; ¢ (bottom): after
the adsorption/grafting onto ITO substrate
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A) CV of ITO-TEOSTz in dichloromethane + TBAPFg 0.1 M at 100 mV/s.

B) Emission spectrum of ITO-TEOSTz (excitation wavelength : 482 nm) recorded with the
fluorescence microscope, after subtracting a blank made of a long irradiated sample under
polarization.
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Fluorescence images recorded at various timeframes (B) for the potential signal shown in A).

Variation of fluorescence spectra with time in the 10-25s range: raw signal (C) and signal corrected
from background (D).
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Fluorescence intensity obtained by integration of emission spectra between 530 and 615 nm (blue
dots) along with bleaching model (pink dots and yellow line).
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Chronofluorograms obtained by integration of emission spectra between 530 and 615 nm and
corrected from background and bleaching (purple or green dots) for the potential signals shown
(yellow and red lines). The duration of the ‘off’ state (-0.65 V) is 5 s (top) or 10 s (bottom) while the
duration of the ‘on’ state is 10 s (top) or 15 s (bottom).



Figure 6
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Chronofluorogram obtained by integration of emission spectra between 530 and 615 nm and
corrected from background and bleaching (purple dots) for the potential signal shown in yellow and
corresponding to the following sequence: OC(55s),0V (10s),-0,2V (5s),0V (15s),-0,45V (55s),0V
(155s),-0,7(55s),0V (105s).
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Same experiment as in figure 6 for a hundred time more diluted acid solution



