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Introduction

Advancements in organic electronics have strengthened the
growing interest in research on organic electroactive materials.
While a lot of such substances are already known, the contin-
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Two donor—acceptor—donor (D—-A-D) derivatives of benzothiadiazole (BTD) symmetrically functiona-
lized with dihexylfluorene units serving as a linker between the BTD core and the thiophene (Th-FBTD)
or bithiophene (2Th-FBTD) electron-donating groups were designed, synthesized and comprehensively
characterized. Both compounds show high photoluminescence quantum yield (PLQY) both in solution
and in the solid state. Th-FBTD demonstrates PLQY values of 82% and 96%, whereas 2Th-FBTD exhibits
values of 74% and 97% in DCM and Zeonex, respectively. These compounds were employed as emissive
dopants in multilayer solution-processed OLEDs, resulting in green electroluminescence with an
emission peak at ca. 540 nm. The OLEDs display comparable performance, with a maximum external
quantum efficiency of 3.5% for Th-FBTD and 2.8% for 2Th-FBTD. Both Th-FBTD and 2Th-FBTD undergo
quasi-reversible electrochemical reduction and irreversible oxidation, giving stable electroactive polymer
layers of bipolar character: p(Th-FBTD) and p(2Th-FBTD). The electrodeposited polymers undergo one-
step reversible reduction and two-step reversible oxidation. Their electrochemical oxidation is
accompanied by a reversible color change. Analysis of the optical density difference and coloration
efficiency revealed improved electrochromic properties in both visible and near-infrared (NIR) ranges in
p(2Th-FBTD) compared to that in p(Th-FBTD).

Numerous studies have explored dual electrochromic and
emissive compounds; however, these materials predominantly
exhibit electrochromism and photoluminescence.'®'" There are
also known materials with both electrochemically controlled col-
oration and emission.”*™’ Electrochemically controlled (switch-

uous development of new technologies requires materials with
increasingly sophisticated properties. One of the promising
directions are multifunctional or multipurpose materials, which
exhibit more than one useful property and can therefore be
utilized in a variety of electronic devices or enable fabrication of
devices capable of performing multiple functions concurrently.'”

“Faculty of Chemistry, Warsaw University of Technology, Warsaw, Poland

b Cardinal Stefan Wyszynski University, Faculty of Mathematics and Natural
Sciences, School of Exact Sciences, Warsaw, Poland

¢ Faculty of Chemistry, Silesian University of Technology, Gliwice, Poland.
E-mail: sandra.pluczyk-malek@polsl.pl

9 Centre for Organic and Nanohybrid Electronics, Silesian University of Technology,
Gliwice, Poland

¢ Department of Physics, Durham University, Durham, UK

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc01583e

This journal is © The Royal Society of Chemistry 2024

able) emission, also called electrofluorochromism, is a property of
reversible switching between states with high and low photolumi-
nescence upon electrochemical reduction and/or oxidation."”>°
However, there are significantly fewer reports regarding dual
electrochromic and electroluminescent molecules. This is prob-
ably due to the challenges associated with developing an electro-
chromic system that exhibits efficient electroluminescence at the
same time. Nevertheless, certain studies demonstrate that meti-
culous structural design can yield materials with the desired
properties.”' >

In recent years, organic electroactive compounds with
donor-acceptor-donor (D-A-D) structures have attracted con-
siderable attention due to their properties, which can be tuned
by a proper selection of electron-rich and electron-deficient
groups.”’ The mode of linking donor and acceptor groups
allows adjusting the magnitude of interaction between them.
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This in turn exerts a remarkable influence on the optical,
electrochemical, and spectroelectrochemical properties of the
resulting material.>*2®

Benzothiadiazoles (BTDs) show strong electron-withdrawing
properties and hence may undergo reversible electrochemical
reduction.”® Additionally, they are widely used as a fluoro-
phore.?® Furthermore, the use of benzothiadiazole as a building
block was found to result in multifunctional materials. For
instance, Koldemir et al. reported a polymer based on BTDs
which they used in a dual electrochromic/electroluminescence
device and additionally demonstrated satisfactory photovoltaic
performance using this material.>" On the other hand, fluorene
serves as a notable building block known for its promising
performance in electrochromic and electroluminescent devices.>"*>
Finally, thiophenes and their derivatives are renowned as electron-
donating materials typically exhibiting stable electrochromism.*'~?
Additionally, thiophene derivatives with an unsubstituted
a-position are often active in electrochemical polymerization
facilitating deposition of electrochromic layers.*"**

Taking into account all the abovementioned points, we have
decided to synthesize D-A-D derivatives of benzothiadiazole
symmetrically functionalized with dihexylfluorene serving as a
linker between the BTD core and thiophene (Th-FBTD) or
bithiophene (2Th-FBTD) units. In this work, we present the
results of electrochemical, spectroscopic, and UV-Vis spectro-
electrochemical characterization of these two new D-A-D mul-
tifunctional materials. The investigated molecules exhibit high
fluorescence quantum yield both in the solid state and in
solution. They can be used as emissive dopants in multilayer
solution-processed OLEDs, demonstrating promising perfor-
mance. Additionally, both molecules undergo electrochemical
polymerization yielding stable electrochromic layers. Our
comprehensive analysis demonstrated that incorporating an
additional thiophene ring in the monomer structure has a
positive impact on the electrochromic properties of the electro-
deposited polymeric layer. The obtained polymer p(2Th-FBTD)
exhibits improved stability, optical density difference, and
coloration efficiency in the visible and near-infrared (NIR)
range compared to p(Th-FBTD) with bithiophene units. The
benzothiadiazole derivatives featuring a fluorene linker and
thiophene or bithiophene units proposed in this study have
demonstrated enhanced coloration efficiency compared to

S
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various donor-acceptor type polymers, including those based
structurally on fluorene,® thiophene,®® and benzothiadi-
azole.”” This observation further underscores the substantial
potential of our materials.

Results and discussion
Synthesis

Both 4,7-bis(9,9-dihexyl-7-(thiophen-2-yl)-9H-fluoren-2-yl)benzo-
[c][1,2,5]thiadiazole (Th-FBTD) and 4,7-bis(7-([2,2’-bithiophen]-
5-y1)-9,9-dihexyl-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazole (2Th-
FBTD) were prepared using a similar synthetic approach.
The synthesis of the common core unit, 4,7-bis(7-bromo-9,9-
dihexyl-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazole (Br-FBTD), was
achieved in three steps according to known procedures or
their modifications.®® First, one of the bromine atoms of
the commercially available 9,9-dihexyl-2,7-dibromofluorene
was exchanged with trimethylsilyl unit under previously
reported conditions.>®* BrFTMS (7-bromo-9,9-dihexyl-9H-
fluoren-2-yl)trimethylsilane was then coupled via a Suzuki-
Miyaura reaction with 2,1,3-benzothiadiazole-4,7-bis(boronic
acid pinacol ester) to form 4,7-bis(9,9-dihexyl-7-(trimethylsi-
Iyl)-9H-fluoren-2-yl)benzo[c][1,2,5]thiadiazole (TMS-FBTD). In
the next step, the peripheral trimethylsilyl groups were sub-
stituted by bromine to afford the key intermediate compound
4,7-bis(7-bromo-9,9-dihexyl-9H-fluoren-2-yl)benzo[c][1,2,5]thia-
diazole (Br-FBTD) in high yield (94%). Finally, Br-FBTD was
used in Stille or Suzuki-Miyaura coupling with appropriate
electron-rich terminal groups: 2-(tributylstannyl)thiophene or
2,2'-bithiophene-5-boronic acid pinacol ester to obtain Th-
FBTD and 2Th-FBTD, respectively. The synthetic procedure is
summarized in Scheme 1. Further synthetic details can be
found in the ESI} which in addition contains all spectroscopic
(*H NMR and "*C NMR) data (Fig. $1-S5, ESI¥).

Thermal analysis

Thermal stability of the obtained compounds was examined
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). The experimental data are presented in
Fig. 1. Both Th-FBTD and 2Th-FBTD exhibit endothermic
transitions associated with melting at 114 °C and 216 °C,

Pd(PPh;),
DMF/toluene, 100 °C

Br-FBTD

S /\ P
Oy

K,CO,, Pd(PPh,),
DMF/toluene 100°C

Scheme 1 Synthetic route for preparation of Th-FBTD and 2Th-FBTD.
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respectively. High decomposition temperatures, Tqy, corres-
ponding to a 5% weight loss, have been observed: Ty = 442 °C
in 2Th-FBTD and T4 = 425 °C in Th-FBTD, indicating excellent
thermal stability.

Calculations

We use density functional theory (DFT) and time-dependent
DFT (TD-DFT) implemented in Orca 4.2.1°°** to model the
electronic excited state properties of Th-FBTD and 2Th-FBTD.
The molecules adopt a geometry in which the peripheral
thiophene (Th-FBTD) and bithiophene (2Th-FBTD) subunits
are nearly coplanar (dihedral angle ~20°) with the linking
fluorenes. The fluorene units then form a larger torsion angle
with the central benzothiadiazole moiety, ca. 40°, which allows
for partial conjugation. The highest occupied natural transition
orbitals (HONTOs) for the S; state are distributed over the
benzene fragment of the benzothiadiazole unit as well as the
fluorene units, with negligible contributions from the thio-
phenes/bithiophenes. However, the thiophene/bithiophene
units clearly alter the electron density on the fluorenes through
c-donation. The lowest unoccupied natural transition orbitals
(LUNTOSs) for the S; state are localized predominantly at the
benzothiadiazole acceptor (Fig. 2). The lowest excited singlet
state (S;) displays a large transition oscillator strength f(S, —
S;) ~ 1-2 in both molecules, thanks to the significant overlap
of the frontier natural transition orbitals (NTOs) mainly at the
benzene fragment of the benzothiadiazole unit. This suggests
that Th-FBTD and 2Th-FBTD should display a highly fluores-
cent behavior.*’ The S, — S; (3.24 eV for Th-FBTD and 3.21 eV
for 2Th-FBTD) transition can be assigned a hybrid local and
charge transfer (CT) character, nn* + CT, due to the electron
density partly shifting from the fluorene units inwards to the
acceptor. Another transition with a significant ( f > 1) oscilla-
tor strength is S, — Sz (4.19 eV for Th-FBTD and 3.85 eV for
2Th-FBTD) with a similarly large overlap of the respective NTOs
(see HONTOs and LUNTOs for the S; state in Fig. S6 in the
ESIY). Simulated absorption spectra of Th-FBTD and 2Th-FBTD
are presented in the ESI,} Fig. S7, singlet and triplet excitation
energies for both molecules are listed in Tables S1 and S2
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Fig. 1 TGA and DSC curves for (a) Th-FBTD and (b) 2Th-FBTD.
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LUNTO

HONTO

Fig. 2 The highest occupied and lowest unoccupied natural transition
orbitals (NTOs): HONTO and LUNTO, respectively, for the S, state, calcu-
lated at the ground state (Sg) geometry of Th-FBTD and 2Th-FBTD, using
the CAM-B3LYP/def2-SVP/CPCM(CH,Cl,) level of theory.

UV-Vis absorption and fluorescence spectroscopy

To investigate the optical properties of the studied compounds,
we used spectrophotometry and fluorescence spectroscopy. The
normalized UV-Vis absorption spectra of Th-FBTD and 2Th-
FBTD, recorded in dichloromethane (DCM), are shown in Fig. 3
(dashed lines). We observe two main absorption bands within
the optical window. DFT calculations suggest that both bands
display a hybrid nn* + CT character which is consistent with the
experimental behavior of the two luminophores. The energeti-
cally lowest transition is centered at ca. 430 nm for both
luminescent molecules. However, the onset of this absorption
band is slightly red-shifted in 2Th-FBTD compared to Th-FBTD,
leading to a more narrow energy gap in the former: 2.51 eV (2Th-
FBTD) and 2.55 eV (Th-FBTD). A more significant shift can be
observed for the higher energy band as in this case, it is centered
at 345 nm in Th-FBTD and at 371 nm in 2Th-FBTD (Table 1).
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Fig. 3 UV-Vis absorption spectra (dashed lines) and normalized photo-
luminescence spectra (continuous lines) of investigated benzothiadiazole
derivatives Th-FBTD and 2Th-FBTD in ¢ = 107® M DCM solution. The
spectra are normalized to the lowest absorption band of each respective
molecule.

The normalized fluorescence spectra recorded in DCM are
shown in Fig. 3 (continuous lines). These spectra consist of one
broadband signal centered at 568 nm for Th-FBTD and 582 nm
for 2Th-FBTD. The fluorescence spectra of 2Th-FBTD exhibit a
bathochromic shift as compared with Th-FBTD, which is in line
with the behaviour of the absorption spectra. This shift is likely
attributed to the stronger o-donating effect of bithiophenes
relative to thiophenes on the HOMO energy. Additionally, the
Stokes shift for 2Th-FBTD (6128 cm ') is greater than that for
Th-FBTD (5704 cm™"). Such large Stokes shifts are commonly
observed in D-A-D structures and indicate the intramolecular
charge transfer character of the lowest excited state.***> More-
over, this substantial Stokes shift may also be linked to sig-
nificant geometry relaxation of these molecules in the excited
state.*® Furthermore, the large Stokes shift results in a relatively
small overlap between absorption and emission (indeed, a
relatively negligible overlap is observed in Fig. 3). This char-
acteristic feature is advantageous in solid-state applications,
such as in organic light-emitting diodes (OLEDs), as it reduces
losses due to re-absorption of electroluminescence, potentially
leading to higher external quantum efficiency (EQE).

Table 1 Optical properties of Th-FBTD and 2Th-FBTD
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Both compounds exhibit high photoluminescence quantum
yields (PLQY) in solution and in a solid-state polymer matrix.
Notably, the PL spectra in solution display a visible positive
solvatochromism between dichloromethane and toluene. Addi-
tionally, the emission spectra in Zeonex for both investigated
compounds are blue-shifted with respect to those recorded in
toluene. Furthermore, the emission spectra in Zeonex are more
narrowband than in solution, which is attributed to the rigid
environment of the polymer matrix and its generally low
polarity (Fig. S8 and Table 1, ESIt).*”*® It is observed that both
compounds show higher PLQY in the solid-state matrix than in
dilute solution, with PLQYs reaching as high as 96% and 97%
for Th-FBTD and 2Th-FBTD, respectively. In DCM and toluene
solutions, Th-FBTD exhibits higher PLQY compared to 2Th-
FBTD. This difference is especially evident in toluene, where
Th-FBTD shows a PLQY of 95% whereas for 2Th-FBTD, it
reaches 79%. This discrepancy is also reflected in the fluores-
cence lifetime (7) of the two luminophores in the same solvent.
Th-FBTD displays 7 of 3.4 ns, corresponding to a radiative rate
constant k, of 2.8 x 10° s™*, while for 2Th-FBTD,  is 2.6 ns with
k. being 3.0 x 10® s™'. As the two radiative rates are nearly
identical, it indicates that a slight shortening of t in 2Th-FBTD
with respect to Th-FBTD is due to faster non-radiative deactiva-
tion in the former (Fig. 4). In general, the decay lifetimes and
corresponding radiative rates of Th-FBTD and 2Th-FBTD indi-
cate their strongly fluorescence behavior being a consequence
of the strongly allowed nature of the S, — S; transition
indicated by the large absorption coefficient of the lowest
electronic transition, ¢ > 10* M~! cm™%.*

Electrochemical properties

We use cyclic voltammetry (CV) to analyze the electrochemical
properties of presented molecules. Both compounds undergo
quasi-reversible reduction and irreversible oxidation (Fig. 5).
We estimate the electron affinity (EA), the ionization potential
(IP), and the electrochemical energy gap (Eg.) using the values
of onset potentials, as summarized in Table 2. The reduction
potential of 2Th-FBTD (—2.03 V) is only slightly lower than the
reduction potential of Th-FBTD (—1.98 V), indicating a negli-
gible impact of the donor on the reduction potential of the BTD
acceptor unit. Notably, the reduction potential of Th-FBTD is
the same as for earlier reported benzothiadiazole deriva-
tives with thiophene units directly attached to the BTD core
(i.e. without the fluorene spacer),*® suggesting that the fluorene

Compound Solvent/matrix Jabs®/nm (¢2/10" M~ ecm™) Jem®/Mm FWHM_p,%/nm PLQY%/%

Th-FBTD DCM 345 (7.72); 429 (3.81) 568 112 82
Toluene 344 (6.08); 431 (2.96) 539 93 95
Zeonex — 529 74 96

2Th-FBTD DCM 371 (9.05); 429 (6.75) 582 128 74
Toluene 370 (7.62); 433 (5.80) 547 95 79
Zeonex — 535 72 97

“ Absorption spectrum maxima. ® Molar attenuation coefficient. ¢ Fluorescence spectrum maxima. ¢ Full width at half maximum of the PL

spectrum. ¢ Photoluminescence quantum yield.
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Fig. 4 Photoluminescence decay of Th-FBTD and 2Th-FBTD in a
degassed dilute (c = 107° M) toluene solution: TCSPC decay traces with
collection at Ap. = 550 nm (red lines); instrument response function, IRF
(blue lines).

0 5 10

linker does not influence the reduction process of thiophene-
benzothiadiazole derivatives. However, Th-FBTD displays a
slightly higher oxidation potential compared to the previously
reported analogue.*® These findings are consistent with the
NTOs presented in Fig. 2. 2Th-FBTD exhibits a narrower energy
gap (2.50 eV) due to the presence of stronger electron-donating
bithiophene moieties. The bithiophene unit acts as a stronger
c-donor against the fluorene linker, hence reducing the oxida-
tion potential of 2Th-FBTD (0.69 V) with respect to Th-FBTD
(0.87 V). The signals recorded in the cathodic half-cycle
at 0.75 V and 0.45 V for Th-FBTD and 0.50 V and 0.25 V for
2Th-FBTD are connected with the reduction of products gen-
erated during irreversible electrochemical oxidation of investi-
gated molecules.
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OLED devices

To demonstrate the potential application of Th-FBTD and 2Th-
FBTD, they have been used as emissive dopants in multilayer
solution-processed OLEDs, denoted Dev 1 and Dev 2, respec-
tively. Device characteristics are presented in Fig. 6 and Table 3,
with supplementary data provided in the ESIT (Fig. S9 and S10).
The best results have been obtained with a device structure
employing high molecular weight (M = 1.1 x 10° Da) poly(N-
vinylcarbazole) (PVKH) as a hole transport and electron-
blocking layer and a blend of low molecular weight (M = 9 x
10" Da) poly(N-vinylcarbazole) (PVK) and 5-(4-tert-butylphenyl)-
1,3,4-oxadiazole (PBD) as the host (AFM images of the host
blend are presented in Fig. S12, ESIT): ITO|AI4083 (30 nm)|PVKH
(10 nm)|PVK:PBD (50:50 w/w) co 5% Th-FBTD or 2Th-FBTD
(30 nm)|TPBi (45 nm)|LiF (0.8 nm)|Al (100 nm) (Fig. S13, ESIY).
This general device architecture has previously demonstrated
excellent electrical and electroluminescence performance with
green- and yellow-luminescent dopants.*® Dev 1 and Dev 2 exhibit
green electroluminescence with maxima at 538 nm and 543 nm,
respectively. The turn-on voltage (Von) for both devices is at
around 6 V. The overall performance is similar for both devices,
with maximum EQE values at 3.5% and 2.8% for Dev 1 and Dev 2,
respectively. Dev 2 demonstrates a larger maximum luminance,
7100 cd m ™2, than Dev 1 with 6400 cd m 2.

Electrochemical polymerization and properties of the
electrodeposited layer

Irreversible oxidation of both compounds is associated with
their activity in the electrochemical polymerization process
due to the presence of thiophene units with unsubstituted
a-position in the monomer structures. In subsequent CV cycles,
a new signal arises at lower potentials than those for mono-
meric Th-FBTD and 2Th-FBTD, and with each consecutive CV
scan, these signals grow in intensity, indicating the deposition
of an electroactive layer on the working electrode surface
(Fig. 7). Generally speaking, polymerization of thiophene
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Fig. 5 Cyclic voltammograms recorded for 1.0 mM solution of (a) Th-FBTD and (b) 2Th-FBTD in 0.1 M BusNPFs/DCM electrolyte. Scan rate 0.1V s72.
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Table 2 Electrochemical data together with values of optical energy gap of the studied compounds

Compound E, YV Ered’IV Ensetery Eonsetdry IP¢/eV EAJev Eg.fleV Jonset /MM Egopt/eV
Th-FBTD 0.87 ~1.98 0.79 —1.74 5.88 -3.31 2.57 486 2.55
2Th-FBTD 0.69 —2.03 0.55 ~1.89 5.71 -3.21 2.50 493 2.51

“ Anodic (oxidation) peak potential. ” Cathodic (reduction) peak potential. © Oxidation onset potential. ¢ Reduction onset potential. ¢ Ionization
potential: IP = E3™ + 5.1/eV. / Electron affinity: EA = —(ES%° + 5.1)/eV. € Electrochemical energy gap: Ege, = |—IP — EA|/eV. * UV-Vis absorption

. 1240
onset wavelength. * Optical energy gap: Eg,, = -—/eV.
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Fig. 6 Characteristics of OLED devices 1 (using Th-FBTD as an emitter) and 2 (using 2Th-FBTD as an emitter): (a) electroluminescence spectra at 10 V;
(b) luminance vs. voltage; (c) external quantum efficiency (EQE) vs. luminance; (d) current density vs. voltage; (e) current efficiency vs. luminance;

(f) power efficiency (PE) vs. luminance.

Table 3 Characteristics of OLED devices 1 and 2

Dev 1 Dev 2
Emitter Th-FBTD 2Th-FBTD
Von'IV 6.5 6.5
Linax’/cd m ™2 6400 7100
JpLfmm 538 543
CIE 1931 (x, y)* (0.36, 0.58) (0.38, 0.57)
FWHM‘/nm 85 85
CEmad/cd A72 9.2 9.4
PE; 0 /lm W* 4.1 4.2
EQEmay/% 3.5 2.8

“ Turn-on voltage at 10 cd m~2. * Maximum luminance. ¢ Electrolumi-
nescence spectrum maxima. ¢ Colour coordinates of electrolumines-
cence spectrum as defined in International Commission on

Ilumination colour space CIE 1931. ¢ Full width at half maximum.

fMaximum current efficiency. ¥ Maximum power efficiency. ” Maxi-

mum external quantum efficiency.

derivatives occurs through the bonding of the monomer units
at the o- or B-position in thiophene rings; however, the o-

15206 | J Mater. Chem. C, 2024, 12,15201-15214

position in thiophenes has been proven to be the most reactive
in the polymerization process.’’** Hence, the monomers pre-
dominantly form oligomers or polymers through the o-o link-
age between the thiophene units (Fig. S14, ESIt). Oxidation of
monomers leads to creation of reactive radical cations. These
reactive species then couple with each other forming insoluble
oligo- and polymeric products that deposit on the working
electrode surface.’>>*

The electrochemical properties of electrodeposited poly-
meric layers were investigated through CV measurements in a
monomer-free electrolyte solution. Both deposited materials
undergo a reversible one-step electrochemical reduction and a
two-step reversible oxidation (Fig. 8). Similar to the respective
monomers Th-FBTD and 2Th-FBTD, the reduction process is
independent of the donor unit, as the reduction peaks for both
p(Th-FBTD) and p(2Th-FBTD) are observed at nearly identical
potentials: —1.94 V for p(Th-FBTD) and —1.96 V for p(2Th-
FBTD) (Table 4). It is noteworthy that these values are only

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Potentiodynamic electropolymerization of (a) Th-FBTD and (b) 2Th-FBTD (0.5 mM solutions), using a platinum working electrode immersed in
0.1 M BusNPF¢/DCM electrolyte (10 cycles). Scan rate 0.1V s~*. The arrows indicate the direction of the current increase in the voltammograms.
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Fig. 8 Cyclic voltammograms of the electrodeposited layers of (a) p(Th-FBTD) and (b) p(2Th-FBTD), in a monomer-free 0.1 M Bu4sNPFs/DCM

electrolyte solution. Scan rate 0.1V s~

Table 4 Summary of the key electrochemical data for electrodeposited films together with values of the optical energy gap

Compound EolIV Ered’IV ESRsetey ECnsetdyy IP°/eV EA/ev Eg.f/eV Jonsec/mm Egopi/eV

p(Th-FBTD) 0.56; 0.90 —1.94 0.41 —1.85 5.51 —3.25 2.26 540 2.30
0.69

p(ZTh-FBTD) 0.37; 0.68 —1.96 0.28 —1.87 5.38 —3.23 2.15 563 2.20
0.45

“ Anodic (oxidation) peak potential. * Cathodic (reduction) potential. © Oxidation onset potential. ¢ Reduction onset potential. ¢ Ionization
potential: TP = ES2*** + 5.1/eV./ Electron affinity: EA = —(ES* + 5.1)/eV. & Electrochemical energy gap: Ege = |~IP — EA|/eV. * UV-Vis absorption

; 124
onset wavelength. * Optical energy gap: Eg,,, = —0

Aonset

/eV.

marginally higher than for the respective monomers. A more
significant difference is observed for oxidation processes. The
oxidation of p(2Th-FBTD) occurs at a lower potential (0.37 V) in
contrast to p(Th-FBTD) (0.56 V). Specifically, the maximum of
the first oxidation step for p(2Th-FBTD) occurs at a potential
approximately 0.30 V lower than for the corresponding

This journal is © The Royal Society of Chemistry 2024

2Th-FBTD monomer. A similar difference in oxidation potential
is observed between p(Th-FBTD) and Th-FBTD (compare
Tables 2 and 4). This observation indicates that p(2Th-FBTD)
exhibits higher conjugation of the thiophene units relative to
p(Th-FBTD) (i.e. four vs. two linked thiophene units). Further-
more, polymers display a significant alteration in their HOMO
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concerning the respective monomers, while the LUMO remains
virtually unchanged. Despite the electrochemical behavior
similarities between Th-FBTD and other reported thiophene-
benzothiadiazole derivatives,”® the incorporation of fluorene
into the structure results in significant changes in the electro-
chemical response of the electropolymerized layers. In the
earlier reported derivative, where benzothiadiazole directly
links with thiophene rings, the electrodeposited layer under-
goes one-step electrochemical oxidation, and the reduction
process for this layer is shifted to a higher potential by ca.
0.20 V compared with the starting monomer.*® In this study,
the oxidation of p(Th-FBTD) and p(2Th-FBTD), is a two-step
process, and the reduction potential of electrodeposited layers
remains almost identical to that of the starting monomers. This
implies that the inclusion of fluorene moieties separating the
thiophene or bithiophene units from the benzothiadiazole core
effectively isolates electronically the peripheral thiophene or
bithiophene units. This finding is consistent with the outcomes
derived from DFT calculations.

UV-Vis absorption spectroscopy and spectroelectrochemistry of
p(Th-FBTD) and p(2Th-FBTD)

The UV-Vis absorption spectra of p(Th-FBTD) and p(2Th-FBTD)
electrochemically deposited on an ITO electrode are shown in
Fig. 9. Notably, the absorption spectra of the polymeric layers
are clearly red shifted in respect to the monomers. We attribute
the lowest absorption band to a hybrid nr* + CT transition as in
the respective monomers. Importantly, the absorption band is
more profoundly red shifted in p(2Th-FBTD) (480 mm) than
in p(Th-FBTD) (455 nm), which is associated with a larger
number of conjugated thiophene units in p(2Th-FBTD). Values
of energy gap calculated from electrochemical (Eg,) and

N —— p(Th-FBTD)
——— p(2Th-FBTD)
—-—--Th-FBTD

- - - 2Th-FBTD

Normalized absorbance

600 700

Wavelength/ nm

Fig. 9 UV-Vis absorption spectra of electrodeposited p(Th-FBTD) (black
continuous line) and p(2Th-FBTD) (red continuous line) on ITO/glass.
Spectra are normalized to the lowest absorption band. UV-Vis absorption
spectra of monomers in DCM solutions are shown in dashed lines for
reference.

400

300
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spectroscopic (Egop) measurements are nearly identical
(Table 4), exhibiting a consistent trend. In particular, the energy
gap of p(2Th-FBTD) is lower by 0.10 eV compared to
p(Th-FBTD). Electropolymerization leads to materials with
lower energy gap relative to the respective monomers; however,
the change is more significant for p(2Th-FBTD) (AEg,; = 0.35 eV
and AEg,,: = 0.31 eV) than in the case of p(Th-FBTD) (AEg =
0.30 eV and AEg,, = 0.25 eV), which is directly linked to
the proposed structure of these polymers. We believe that
p(Th-FBTD) comprises two repeating units of thiophene, while
p(2Th-FBTD) contains four such units (Fig. S14, ESIT).

The UV-Vis spectroelectrochemical characterization of the
obtained polymeric layers was conducted in terms of their
electrochromic properties. The study was performed in a desig-
nated spectroelectrochemical cell filled with a monomer-free
electrolyte solution. The UV-Vis absorption spectra recor-
ded during the electrochemical oxidation of p(Th-FBTD) and
p(2Th-FBTD) are depicted in Fig. 10. We note a two-stage nature
of this process, consistent with the CV studies. Upon oxidation,
the absorption band at 455 nm and 480 nm associated with the
neutral form of p(Th-FBTD) and p(2Th-FBTD), respectively,
gradually reduces in intensity and lightly blue shifts. Simulta-
neously, a new band arises in the first oxidation step at ca.
650 nm for p(Th-FBTD) and 685 nm for p(2Th-FBTD), which in
the second oxidation step slightly red shifts, but also weakens
to the point it no longer displays a distinctive maximum. A new,
wide absorption band with a maximum exceeding 1000 nm
appears in the second oxidation step in both layers. In general,
p(Th-FBTD) and p(2Th-FBTD) behave similarly except that the
absorption band associated with the first oxidation step of
p(Th-FBTD) is slightly blue shifted (i.e. 650 nm) compared to
the corresponding band in p(2Th-FBTD), likely due to fewer
thiophene units participating in oxidation in p(Th-FBTD) than
in the latter polymer. Importantly, the electrochromic behavior
of both polymers is fully reversible and reproducible in succes-
sive on-off cycles, a feature that is further discussed in detail in
the following section.

Electrochromism

We carried out measurements of the electrochromic properties
in the anodic range, taking into account the reversible nature of
the electrochemical oxidation processes of electrodeposited
p(Th-FBTD) and p(2Th-FBTD) layers. The spectra and kinetic
curves recorded in situ during the electrochemical measure-
ments presented in this section relate to p-type doping and de-
doping of polymer films. They reveal reversible changes in the
absorbance of the studied polymers in the UV-Vis-NIR range.
Photographs of polymers deposited on ITO electrodes were
captured during electrochemical oxidation, and the results are
presented in Fig. 11. The CVs recorded in the spectroelectro-
chemical cell differ from those recorded in conventional elec-
trochemical cells due to the greater influence of layer
conductivity and diffusion limitations in this setup. Noticeable
color changes are observed for different oxidation states.
p(Th-FBTD) is yellow in its neutral state, transitioning to green
in the first oxidation state, followed by blue, and finally gray in

This journal is © The Royal Society of Chemistry 2024
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Fig. 10 UV-Vis-NIR spectra collected during electrochemical oxidation of electrodeposited layers in 0.1 M Bu, NPFs/DCM electrolyte. 11 — absorption
growing in intensity during the first oxidation step; 12 — absorption growing in intensity during the second oxidation step; | — absorption bands which
decrease in intensity during the whole oxidation process; |2 — absorption bands which decrease in intensity during the second oxidation step.
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Fig. 11 Cyclic voltammograms of polymer films on ITO electrodes in 0.1 M BusNPF¢/DCM as the supporting electrolyte solution: (a) p(Th-FBTD); (b)

p(2Th-FBTD). Insets: Photographs of polymer films at the given potential. Scan rate 2 mV s™~.

the second oxidation state. During oxidation an equilibrium
occurs between partially oxidized (blue) and neutral forms
(vellow). Green colour is obtained by combining yellow and
blue contributions. The presence of additional thiophene units
in p(2Th-FBTD) slightly alters the observed electrochromic
response. In its neutral state, p(2Th-FBTD) is orange, which
switches to green upon initial oxidation (first oxidation state),
and then to gray upon further oxidation (second oxidation
state).

The double potential step chronocoulometric experiment
was conducted to characterize the electrochromic reversibility
and stability of the thin films. Chronocoulograms, alongside
the corresponding alterations in transmittance for p(Th-FBTD)
and p(2Th-FBTD) layers, were recorded during electrochromic
switching between neutral and the first oxidized state and are
shown in Fig. 12. The outcomes are presented for selected
wavelengths representative of the key absorption bands. Basic
electrochromic parameters, derived from the experiment, encom-
passing transmittance difference, optical density difference,

This journal is © The Royal Society of Chemistry 2024

1

charge density, and coloration efficiency were summarized in
Table 5.

The analysis of the essential electrochromic parameters,
such as optical density and coloration efficiency, clearly indi-
cates differences between p(Th-FBTD) and p(2Th-FBTD). The
incorporation of additional thiophene units in p(2Th-FBTD)
improves these parameters in both Vis and NIR ranges. The
differences in transmittance between different redox states are
greater for p(2Th-FBTD) compared to p(Th-FBTD). A similar
relation was determined for the charge curves. Both films were
obtained from solutions of the same concentration and the same
number of oxidation cycles. This may indicate that electrodeposi-
tion of p(2Th-FBID) is more efficient than in the case of
p(Th-FBTD). Additionally, p(2Th-FBTD) most likely shows a stron-
ger UV-Vis absorption compared with p(Th-FBTD). As a result,
perhaps, the optical density response of the former is more
pronounced. Moreover, the obtained results indicate that p(2Th-
FBTD) exhibits superior coloration efficiency compared not only
to p(Th-FBTD) but also to numerous other compounds based on

J. Mater. Chem. C, 2024, 12,15201-15214 | 15209
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Fig. 12 Kinetic curves recorded during electrochromic switching of polymer films between the neutral and first oxidized states: (a) transmittance of
p(Th-FBTD); (b) transmittance of p(2Th-FBTD); (c) chronocoulometry plot for p(Th-FBTD); (d) chronocoulometry plot for p(2Th-FBTD).

Table 5 The electrochromic parameters of p(Th-FBTD) and p(2Th-FBTD) thin films

Polymer 2%mm To21% T4 /% |AT|% |AOD|¢ Q4/mC cm™2 CE¢/em® C™*
p(Th-FBTD) 450 45 59 14 0.12 0.40 297
650 90 70 20 0.11 0.40 276
1400 96 65 31 0.17 0.40 428
p(2Th-FBTD) 520 20 58 38 0.46 1.07 432
680 89 40 49 0.35 1.07 325
1400 96 29 67 0.52 1.07 485

“ Collection wavelength. * Transmittance of neutral polymer at 1. ¢ Transmittance of oxidized polymer at 1. ¢ Transmittance difference between T,
and Ty. ¢ Optical density difference: AOD = log(T,/T4). / Charge density. ¢ Coloration efficiency estimated from equation CE = |AOD|/Qu.

fluorene,® thiophene,*® benzothiadiazole, and other donor-
acceptor type polymers known.*”

Further disparities between the polymer layers of p(Th-FBTD)
and p(2Th-FBTD) are discerned through the analysis of reversi-
bility and stability of transmittance response and chronocoulo-
metric curves recorded during electrochemical switching between
the neutral and oxidized state of deposited films. For example,
p(2Th-FBTD) appears more stable than its counterpart. During
20 consecutive switching cycles, the transmittance response of
p(2Th-FBTD) film remains nearly invariant, while it gradually
diminishes in p(Th-FBTD), indicating inferior electrochemical

15210 | J Mater. Chem. C, 2024,12,15201-15214

stability. Similarly, the recorded chronocoulometric curves of
p(2Th-FBTD) show much smaller differences than for p(Th-
FBTD). Electrochromic behaviour of p(2Th-FBTD) is reversible
and reproducible in continuous switching cycles as we do not
observe a change in the transmittance of neutral and oxidized
forms in subsequent switching cycles (Fig. 12b). When the
oxidized form is reduced, the transmittance returns to the initial
value corresponding to absorption of the neutral form. Similarly,
the recorded chronocoulometric curves are virtually invariant
during the whole experiment (Fig. 12d). To sum up, comparing
p(2Th-FBTD) with polymers analogous to fluorene-thiophene-

This journal is © The Royal Society of Chemistry 2024
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benzothiadiazole underscores the augmented electrochromic sta-
bility of the former.>

Conclusions

Two symmetric donor-acceptor-donor (D-A-D) benzothiadiazole
derivatives with thiophene (Th-FBTD) or bithiophene (2Th-FBTD)
terminal groups and dihexylfluorene units as linkers between the
donor and acceptor parts of the molecule have been synthesized
and characterized. Both compounds display relatively high PLQY
both in solution (up to 95%) and in the solid state (up to 97%). The
studied compounds were employed as emissive dopants in multi-
layer solution-processed OLEDs, yielding similar performance with
green electroluminescence and an EQE of 3.5% for Th-FBTD
(Dev 1) and 2.8% for 2Th-FBTD (Dev 2).

Both compounds undergo quasi-reversible electrochemical
reduction and irreversible oxidation. The latter leads to electro-
deposition of stable electrochromic layers: p(Th-FBTD) and
p(2Th-FBTD). The electrodeposited layers undergo reversible
one-step electrochemical reduction and two-step reversible
oxidation. Analysis reveals that the donor does not significantly
affect the electron density of the acceptor, and hence the
monomers and their respective polymers display nearly iden-
tical LUMO energy. The oxidation potential of 2Th-FBTD is
lower compared to that of Th-FBTD, indicating the stronger
electron-donating character of bithiophene than the thio-
phene unit and the respective polymers, p(2Th-FBTD) and
p(Th-FBTD), following the same trend. It is worth noting that
the incorporation of fluorene into the structure of the two
monomers has a significant effect on the electrochemical
response of the electrodeposited polymeric layers. p(2Th-
FBTD) and p(Th-FBTD) display a significantly higher HOMO
than the respective monomers, while the LUMO remains invar-
iant. This stands in stark contrast to instances where thio-
phenes are directly linked to the acceptor.

Electrochemical oxidation of both electrodeposited layers is
accompanied by a reversible color change. Analysis of parameters
such as optical density difference and coloration efficiency points
out at an improvement of electrochromic properties in both
visible and NIR ranges for p(2Th-FBTD), as well as its stability.
Furthermore, comparison with other similar fluorene-thiophene-
benzothiadiazole polymers reveals the superior electrochromic
performance of p(2Th-FBID).>® This is crucial to developing stable
electrochromic organic materials as they are essential for various
photo-electrochemical and optoelectronic applications.’®*’

A comparative analysis of the OLED devices studied herein
reveals performance superior to those previously published,
based on active materials capable of electropolymerization and
formation of electrochromic polymer films.>®

Experimental section

Experimental details are available in the ESI,{ with details of
materials, general procedures and equipment; additional
photophysical, and electrochemical data.
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