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Identification of the Irreversible Redox Behavior of Highly

Fluorescent Benzothiadiazoles

Philipp Rietsch*,® Sebastian Sobottka®,® Katrin Hoffmann, Pascal Hildebrandt,®
Biprajit Sarkar,™ ¥ Ute Resch-Genger,*' and Siegfried Eigler*™

Redox switches are applied in various fields of research,
including molecular lifts, electronic devices and sensors. Switch-
ing the absorbance between UV and Vis/NIR by redox processes
is of interest for applications in light harvesting or biomedicine.
Here, we present a series of push-pull benzothiadiazole
derivatives with high fluorescence quantum yields in solution
and in the crystalline solid state. Spectroelectrochemical
analysis reveals the switching of UV-absorption in the neutral
state to Vis/NIR absorption in the reduced state. We identify the
partial irreversibility of the switching process, which appears to
be reversible on the cyclic voltammetry timescale.

The class of benzothiadiazoles (BTD) bears tunable absorption
and emission features. Hence, their bandgap and orbital
energies can be adjusted making those fluorophores attractive
for fundamental photophysical research. BTDs are synthetically
accessible from o-phenylenediamine derivatives as starting
materials. Subsequent coupling reactions like Sonogashira,
Suzuki, and Buchwald-Hartwig coupling give access to a
plethora of symmetrical and unsymmetrical derivatives.'"™
BTDs can be applied in organic light-emitting diode (OLED)
materials,*” polymers with defined electronic and optical
properties,® " in sensory metal-organic frameworks,"" solar
cells™ or in field-effect transistors (FET)."® Furthermore, BTDs

[a] P. Rietsch,* P. Hildebrandt, Prof. Dr. S. Eigler
Institute of Chemistry and Biochemistry
Freie Universitdt Berlin
Takustral3e 3, 14195 Berlin (Germany)
E-mail: siegfried.eigler@fu-berlin.de
[b] Dr. S. Sobottka,* Prof. Dr. B. Sarkar
Institute of Chemistry and Biochemistry
Freie Universitdt Berlin
Fabeckstral3e 34-36, 14195 Berlin (Germany)
[c] Dr. K. Hoffmann, Dr. U. Resch-Genger
Department 1, Division Biophotonics
Bundesanstalt fiir Materialforschung und -priifung (BAM)
Richard Willstditter StraBe 11, 12489 Berlin (Germany)
E-mail: ute.resch@bam.de
[d] Prof. Dr. B. Sarkar
Chair of Inorganic Coordination Chemistry
Institute of Inorganic Chemistry
University of Stuttgart
Pfaffenwaldring 55, 70569 Stuttgart (Germany)

These authors contributed equally to this manuscript.
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cptc.202000050

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

3

> 0

ChemPhotoChem 2020, 4, 668-673 Wiley Online Library

668

can act as ortho-diamine protecting groups and can thus be
used as precursors for other molecular compounds, e.g.
diaminodicyanoquinones and quinoxalines."'  Although,
those applications involve redox processes, there are few
publications where the BTD unit was considered as a redox
switch."® In this regard, most currently used redox switches are
based on, e.g. organometallic motives or complex organic
structures such as perylenediimide-dithienylethene dyads."="

Up to now, spectroelectrochemical properties of BTDs have
been investigated in studies on p- and n-doping effects in
deposited thin films.”"?? However, there are no examples
reported which focus on establishing potentially electrochromic
switches using the BTD molecular unit. In this regard, cyclo-
voltammetry (CV)-experiments give evidence for the electro-
chemical reversibility of redox processes. However, here we
show that spectroelectrochemical investigations give a more
reliable proof of the chemical (ir)reversibility of redox processes.
Accordingly, herein we present a series of push-pull BTD
derivatives with an identical electron-donating alkyne-methoxy
group on one side and a variation of (electron-withdrawing)
groups on the other side (Figure 1). We furthermore analyzed
the fluorosolvatochromism of these compounds and measured
fluorescence decay kinetics/fluorescence lifetimes (t) and
fluorescence quantum yields in solution (®g) and solid state
(®4*). We investigated the non-radiative relaxation through
measurements in primary alcohols of different chain length and
in mixtures of ethanol and polyethylene glycol 400 (EtOH/PEG),
thereby separating the effect of viscosity and polarity on BTD
emission.

We started the synthesis of the presented BTD derivatives
from o-diaminobenzene and followed the published procedure
(Figure 1)."" Compounds 1-4 were synthesized according to
procedures of Park et al.”® Compounds 2 and 4 were isolated
from the same reaction mixture in respective yields of 12% and
54 %.

The photophysical characterization was subsequently done
in four solvents of varying polarity and proticity, namely n-
hexane (apolar and aprotic), dichloromethane (DCM; medium
polarity, aprotic), dimethylsulfoxide (DMSO; polar and aprotic),
and ethanol (EtOH; polar and protic). The absorption and
fluorescence spectra of 1-4 in DCM are shown in Figure 1B. The
molar extinction coefficients (€) of 1-4 reach a maximum at
about 300 nm with values up to 35,000 M'cm™' and show a
second absorption maximum around 400 nm with smaller €
values of about 10,000 M~'cm™'. The smaller € values in n-
hexane and EtOH might arise either from solubility/aggregation
issues, possibly in conjunction with the hydrogen bonding to
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Figure 1. A) Synthetic route to benzothiadiazole derivatives 1-4. i) SOCI,,
dichloromethane (DCM), 5 h, reflux; ii) HBr, Br,; iii) THF, TEA, 1-ethynyl-4-
methoxybenzene, Pd(PPh;),Cl,, Cul; iv) THF/H,0, 1.2 eq. of the respective
boronic acid, K,CO;, Pd(PPh,),. Compounds 2 and 4 were isolated from the
same reaction mixture in yields of 12% and 54 %. v) THF/H,0, 1.2 eq. phenyl
boronic acid, K,CO;, Pd(PPh,),, yield: 96 %. The fluorescence quantum yields
(®g) of 1-4 in DCM are given in %. B) Absorption spectra and normalized
fluorescence spectra of 1-4 in DCM. The dye concentration was 10<™>°M.

the nitrogen atom in the BTD core unit in case of EtOH. The
high energy absorption band around 300 nm was attributed to
n-t* transitions and the low energy absorption band to the
HOMO-LUMO transition involving an intramolecular charge
transfer (ICT) state.™ To elucidate the role of the two
absorption bands on dye emission, we measured an excitation
emission matrix (EEM) of 3 in hexane (Figure S2), thereby
demonstrating that excitation at both absorption maxima
induce the same emission located at 473 nm.

Subsequently, we assessed the influence of solvent polarity
and proticity on the emission properties of 1-4. The red shift of
the fluorescence maximum (Figure 2A) from 473 nm in hexane
to 522 nm in DCM and 550 nm in DMSO of 4 is visible by the
naked eye (Figure 2B).

The emission spectra in the polar aprotic and protic
solvents DMSO and EtOH closely match. An increase in solvent
polarity results also in a broadening of the emission band of 4,
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the full width at half maximum (FWHM) of the gaussian fits of
the fluorescence spectra decrease from 15x10* cm™ in hexane
to 0.9x10* cm™ in ethanol (Table S2). Exemplary spectroscopic
results of fluorosolvatochromism are shown in Figure 3, where
4 was analyzed in primary alcohols of different chain length,
from EtOH (E,"=0.654) to 1-decanol (E/'=0.525). As the
polarity of these alcohols changes only slightly compared to
the other solvents (hexane, DCM, DMSO, EtOH), the solvato-
chromic shifts are smaller. The absorption band is red shifted
with increasing polarity whereas the fluorescence maxima are
blue shifted. The S,-S, energy gap is thus decreasing. This effect
is furthermore enhanced by the increasing refractive index of
the alcohols with increasing chain length.”” Solvent depend-
ency of absorption and emission was investigated by Lippert
and Mataga separately in the 1950s and later merged in the
Lippert-Mataga equation [Eq. (S1)].

Although this model is built on simplified solvent-chromo-
phore interactions and the assumption of a spherical chromo-
phore (Onsager radius), it is widely used to describe solvato-
chromism and was used for BTDs before.”” In Figure S7 the
Lippert-Mataga plot of 1-4 is shown. The dipole change upon
excitation is lowest for 1 (12.26 Debye) and highest for 4 (18
Debye). In addition, 4 also bears the highest ground state
dipole moment as revealed by DFT calculations (Table S3). Both
effects are ascribed to the cyano-group substituent. An
increasing dipole moment upon excitation was found for BTDs
before and is a well-known phenomenon.”**” To explain the
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Figure 3. A) Photograph of solutions (10~ M) of 4 in the alcohols ethanol
(black), 1-butanol (red), 1-hexanol (green), 1-octanol (blue) and 1-decanol
(purple) under illumination with 366 nm light. The respective quantum yields
are indicated below in %. B) Normalized absorption spectra (solid lines) and
emission spectra (dashed lines) of 4 (color code as in A). The Stokes shift
decreases with increasing length of the alcohol chain and hence decreasing
polarity. The red shift of the absorption and emission are marked by red and
blue arrows, respectively. C) Fluorescence lifetime (black; right axis) and
fluorescence quantum yield (blue; left axis) values in primary alcohols of
decreasing chain length, revealing the polarity-induced changes of both
features and their correlation. The concentrations of the measurements were
-IO<M'>SM‘

small difference in the change of the dipole moment for 4 in
the two plots (aprotic solvents vs. series of primary alcohols in
Figure S7), we measured 4 in EtOH-PEG mixtures containing
increasing percentages of PEG400. There is almost no differ-
ence of the Dimroth-Reichardt polarity parameter E;" between
PEG400 (0.66) and EtOH (0.65).”**" Thus, addition of PEG
increases the viscosity drastically but changes the polarity only
slightly (Figure S11).%% We observe no shift in the absorption
maximum and a small bathochromic shift of approx. 4 nm for
the fluorescence maximum with increasing viscosity of the dye
microenvironment. Thus, the polarity and the proticity of the
alcohols seem to be responsible for the observed difference in
the Lippert-Mataga plot.
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and therefore t of the BDT dyes 1-4 in a series of solvents of
increasing polarity and viscosity as well as in the solid state.
The @4 are consistently maximal in DCM, with values of 98%
for 3 and 4, thus reaching almost unity (Table1). All
compounds show the lowest @4 in EtOH, the solvent with the
highest polarity and highest hydrogen bonding strength.>?
Compounds 1 and 2 show a remarkably strong reduction of @,
in EtOH (15% and 16%) and reduced t of 4.12ns (1) and
2.42 ns (2). This effect is ascribed to hydrogen bonding to the
nitrogen atom of the BTD core, which is rather unprotected in
1 and 2 but sterically shielded by the phenyl substituents in 3
and 4.

Furthermore, the formation of an ICT state in solvents of
high polarity and emission from a locally excited (LE) state in
solvents of low polarity, which was found to be dependent on
the distance of the donor and acceptor moieties in push-pull
systems, could explain the trend of the generally lower ®; and
1 in polar ethanol.”*¥3**1 The highest T values (Table S5) are
found for 2 in DCM (10.02 ns) and DMSO (9.05 ns).

With increasing chain length of the solvent alcohol, and
thus decreasing polarity, decreasing hydrogen bonding
strength and increasing viscosity, T and the ®; of 4 increase
(Figure 3C and Table S6). Accordingly, from ethanol to 1-
decanol Tt increases by 12.5% and @y by 47 %. Since ®; and t
increase  with increasing viscosity are well known
phenomena,™*** we compared our results with solutions of 4
in mixtures of EtOH-PEG with increasing viscosity but only
slightly changing polarity (Figure S11). Here, both values
increase as well, 1.2% for T and 7.8% for ®; (Table S7). As the
viscosity in the EtOH/PEG mixtures and the series of alcohols is
increasing, we conclude that the drastic reduction of solvent
polarity from ethanol to 1-decanol is the reason for the 47 %
change of ®;. This is in accordance with results published in
2014 by VanVeller et al.” and for other fluorophores with ICT
character.””

Next, we measured the solid-state emission spectra (Fig-
ure 4 and Figure $14/515) and ®*° (Table 1, last row). As the
mechanochromic nature of BTDs was shown before, all samples
were ground before the spectroscopic measurements.”” The
solid state fluorescence spectra of our BDT dyes (Figure 4 and
Figure S14/S15) closely match with the respective fluorescence
spectra in DCM. The @, are between 33% (1) and 72% (3)
and are thus lower compared to the values determined in n-

Table 1. Fluorescence quantum yields of compounds 1-4 in solvents of
different polarity. The values for the normalized Dimroth-Reichardt
Parameter E;" were taken from Ref.[38]. The values for the orientation
polarization Af were calculated as described in detail in the Supporting
Information.

1 2 3 4

E Af Solvent D [%] D [%] D [%] D [%]
0.006 0.00 n-hexane 77 55 78 79
0.309 0.22 DCM 88 94 98 98
0.444 0.30 DMSO 58 83 78 87
0.654 0.29 EtOH 15 16 58 64

Solid state 33 4 72 58
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Figure 4. Normalized emission spectra of 1-4 in DCM (top, 10<™>°M) and in
the solid-state (bottom). The insets show the molecular structure (top) with a
color code used for the spectra and photographs of the crystal powders
(bottom) under illumination with 366 nm light as well as the fluorescence
quantum yields measured in the solid state (®4).

hexane, DCM or DMSO, but higher compared to EtOH
(exception: 4 with 64 % vs. 58 %) in the solid state.

Overall, 1 is the least emissive compound and 3 and 4 are
the more fluorescent ones of this series in solution, particularly
in polar solvents, as well as in the solid-state. Moreover, the
®;> values observed in this study for solid 1-4 (Table 1)
considerably exceed the ®4* values published for BTDs so far,
that are below 25%, even though these values were measured
in spin-coated thin films.”!

To gain more insights into the redox behavior of our BTD
dyes we performed cyclic voltammetry (CV) as well as
spectroelectrochemical (UV/Vis/NIR) measurements for 1-4 in a
0.1 M Bu,NPF¢ solution of DCM (Figure 5 and S16-518). The
values of the electrochemical potentials are given relative to
the ferrocene/ferrocenium couple (Fc/Fc®). All compounds
show at least one reduction process, which is electrochemically
reversible for 2-4 with potentials around —1.75 V (Table S8).

The reduction of compound 1 is only partially reversible.
Compounds 2 and 4 show another irreversible reductive
process at —2.11V and —2.23V, respectively (Table S8). This is
rather surprising, since BTDs are well known to expel the sulfur
atom upon reduction."** However, the reduction of com-
pound 1 most likely results in partial dehalogenation. All
compounds show irreversible oxidation processes around

ChemPhotoChem 2020, 4, 668-673 www.chemphotochem.org
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Figure 5. Cyclic voltammogram of 1-4 measured at 100 mV/s in 0.1 M
Bu,NPF; solution of DCM.

+ 1V, which most likely induce a chemical reaction involving
the alkyne moiety. This chemical reaction might be a ring-
closure with the nitrogen atoms, as this seems to be a common
feature in electrochemical reactions of similar compounds.””
The resulting species show re-reduction processes at around
0V for 1-4. Scan direction-dependent measurements of 4
(starting with either oxidation or reduction first) indicate that
these peaks are linked to the oxidation (Figure S18). The same
observation holds true for 1-3, if an appropriate starting
potential is chosen. For compound 4, the inset in Figure 6
confirms that the oxidation is crucial for the redox process at
oVv.
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Figure 6. Absorption spectra of 4 (black), resulting species upon reduction
(red) and after re-oxidation (green) of a 10<™>*M solution of DCM. The initial
spectrum is not completely regained, indicating the irreversibility of the
process. Inset: Cyclic voltammogram of 4 measured from 1.4V to —2.0 V in
both directions, oxidative direction (red) and reductive direction first (green).
The follow up process observed at 0 V is visible after running through the
oxidation at 1.11 V indicating that the reacting species is generated on the
oxidative side.
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The double peak at around 0V only appears after the first
oxidation (Figure 6, inset, red line) and it does not appear
starting from 0.3 V to the reductive side (Figure 6, inset, green
line). The peaks also appear, if one cycles first through
reduction and then oxidation, so these peaks are clearly caused
by a product that forms after oxidation (Figure S18B and C).

In order to probe the chemical reversibility of the redox
processes and the follow-up reactions, UV/Vis/NIR-spectroelec-
trochemistry was employed for 3 and 4 (Figure 7 and Fig-
ure $19-520). This was done using optically transparent thin
layer electrochemical cells (OTTLE) with defined starting
concentrations of about 1x10*M of the respective
compound.”"” The absorption bands of the radical anions 3~
and 4~ formed upon reduction of 3 and 4 cover the whole
visible spectrum and extend to the NIR. The respective maxima
are located at 503 nm and 544 nm for 3~ and 4~ and have
molar extinction coefficients of 12,000 and 14,000 M~'cm™,
respectively (Figure 7 and Table S9). Species 3~ features two
absorption bands at about 800 nm with a molar extinction
coefficient of about 3,000 M~'cm™' (Figure 7A).
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Figure 7. Absorption spectra of 3 (A) and 4 (B) before (red) and after first
reduction (blue). Both show one pronounced maximum around 500 nm and
a broad band absorption around 800-900 nm. The concentration was

10~ M in DCM.
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These absorption maxima are red-shifted to around 900 nm
for species 4~ and have comparable molar extinction coef-
ficients. The absorption spectra of the re-oxidized compounds
reveal that the reduction process is not completely reversible
(Figure 6 and Figure $19/520), since the absorption spectra of
the respective neutral species after reduction are reduced
relative to the initial spectra by about 25% and 35% for 3 and
4, respectively. For 4, the absorption spectrum may provide a
hint for a possible polymerization (Figure 6). The oxidation of 3
leads to a decreased and slightly shifted absorption in the UV
region at 307 nm with a molar extinction coefficient of about
18,000 M~"cm™". Species 3% shows a broad absorption covering
the complete Vis region extending up to 1,000 nm with molar
extinction coefficients around 4,000 M~'cm™' and a weak
maximum at 566 nm. The irreversibility of this oxidation
process is shown by the purple line and further proven by the
absorption behavior after re-reduction highlighting a follow-up
chemical reaction or decomposition of the compound (Fig-
ure S19). Since the oxidation processes of compounds 1-4 are
very similar, only compound 3 was investigated exemplarily. As
our spectroelectrochemical analysis of 3 and 4 showed
irreversibility of the, seemingly reversible CV experiments, the
characterization of 1 and 2 was omitted, owing to the higher
reactivity already apparent in the cyclic voltammograms.

We presented a series of push-pull benzothiadiazole
derivatives with photophysical properties governed by LE and
ICT states that reveal fluorescence quantum yields (®y) of up to
98% in aprotic organic solvents of medium polarity and up to
60% in the polar protic ethanol. We succeeded in separating
the effect of microenvironment polarity and viscosity on the
optical properties of these dyes, thereby demonstrating a
polarity-induced reduction in @4 and fluorescence lifetime. The
fact that the viscosity barely affects @4 and the fluorescence
decay kinetics suggests that a molecular motion like a rotation
in the excited state is not involved in radiation-less deactivation
of the excited states of the BDT dyes. Fluorescence studies of
BDT crystals revealed still relatively high ®; of 30%-70%.
Spectroelectrochemical investigations showed broad absorp-
tion bands in the Vis/NIR for the reduced species. As
demonstrated by CV experiments the first reduction step is at
least partly reversible, in contrast to the second reduction step
and the oxidation process. Although highly fluorescent BTDs
with reversible electrochemical behavior are an attractive class
of molecules for use as electrochemical switches, further
research and more complex architectures will be necessary to
stabilize charged BTD species.
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