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ABSTRACT: Acidochromic materials possess significant potential for the development
of molecular switches, acid sensors, smart displays, and erasable/reprintable media. The
semiconductive nature of conjugated polymers exhibiting such a behavior makes them
ideal for use in electronic devices. In this study, we present a comparative investigation of
three indacenodithiophene-based conductive polymers, containing azo, imine, and vinyl
bonds (namely, PIDT-BAB, PIDT-BIB, and PIDT-BVB, respectively). We examined the
alterations in the spectral properties of these polymers upon exposure to trifluoroacetic
acid (TFA). The acidochromic response of PIDT-BAB and PIDT-BIB is indicated by
DEFT calculations to occur via protonation at the nitrogen atom. PIDT-BIB demonstrated 02
heightened sensitivity to TFA. Conversely, PIDT-BVB did not display acidochromic
properties in the film but was responsive to TFA in solution through acid doping. 00
Repeated exposure of polymer films was used to examine the robustness of the polymers

over 50 cycles. DFT calculations showed an increase in the planarity of PIDT-BAB and
PIDT-BIB backbones as a result of protonation. This effect was particularly strong in PIDT-BAB, resulting in an unusually large
bathochromic shift of 510 nm. The corresponding pink-to-transparent transition is particularly interesting for applications in sensors.
Our findings provide valuable guidelines for the design of conjugated polymers tailored for acidochromic devices.
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1. INTRODUCTION

Materials exhibiting changes in their spectral properties in
response to acids, i.e., acidochromism, have garnered
considerable research attention. Proposed applications of
acidochromic materials include among others fluorescent
switches, organic display technologies,” rewritable media,”®
anticounterfeiting,é’7 chemical sensing,g’9 actuators,'® and
integrated acidochromic organic photovoltaic device."" Nu-
merous acidochromic compounds have been reported to date,
based on different structures, such as pyridine,'* quinoline, "’
quinoxaline,14 diazene,"” imidazole,16 thiazole,'” and amines."®
The structures are mostly based on nitrogen-containing
moieties, as their interactions with acids are almost exclusively
occurring via protonation of nitrogen atoms."’ Moreover,
absorption shifts reported for the small-molecule acidochromic
materials are typically limited up to around 200 nm to further
enlar§e this shift from these materials could be challeng-
ing.“*!7?° Acidochromic behavior has been widely studied,
with many well-established materials on the market, most
notably standard laboratory pH papers. Food packaging is
another area where many developments are made to monitor
the spoilage of packaged products.”’ However, direct
implementation of acidochromic behavior into organic
electronic devices is yet to be fulfilled.

Conjugated polymers have been the subject of intense
scientific research in recent decades. Their alternating single—
double bond backbone structure facilitates the delocalization of
m-electrons over large polymer segments, enabling their

© 2025 The Authors. Published by
American Chemical Society

7 ACS Publications

semiconductive properties. The resulting properties provide
unique opportunities for a variety of applications, such as
organic light-emitting diodes (OLED), light-emitting electro-
chemical cells (LECs), organic solar cells, transistors, sensors,
and energy storage and biomedical devices.”””>* Conjugated
polymers have also been investigated as acidochromic materials
directly,”®*’
molecules,”®*’ but their acidochromic mechanism and design
principle have been rarely studied. Addressing this gap is
important to enable optimal application of conjugated
polymers in research on acidochromic materials.

Therefore, this study focuses on the synthesis and
characterization of three new conjugated polymers bearing
azo-, imine-, and vinyl-bond, respectively, with the intention of
systematic study of their structure—property relationships and
the exploration of their potential application as acidochromic
sensors. The Stille coupling reaction was employed to
polymerize IDT monomers with azo-, imine-, and vinyl-bond
containing monomers, forming PIDT-BAB, PIDT-BIB, and
PIDT-BVB, respectively. Azo dyes, being one of the most

or as a matrix for acidochromic small
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Figure 1. Synthesis route of PIDT-BAB, PIDT-BIB, and PIDT-BVB.
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extensively utilized classes of dyes globally,”® present an
appealing choice for a chromophore, with the reported
instances demonstrating their utility in acidochromic applica-
tions.'”*" Schiff bases containing the C=N bond have been
used in acidochromic materials in particular as well.”***** The
vinyl bond containing the polymer was synthesized for
comparison as a still fully conjugated polymer without nitrogen
atoms in the backbone. The synthesized polymers were
characterized by UV—vis absorption spectrometry in the film
and solution. TFA was used to test the acidochromic response
in UV-—vis absorption spectrometry in solution. The
reversibility of the process was examined by the cyclic
exposure of polymer films to TFA and triethylamine (TEA)
vapors. The polymers were characterized by cyclic voltamme-
try (CV) to determine their HOMO and LUMO energy levels.
Density functional theory (DFT) calculations were carried out
to shed light on how protonation and oxidation affect both the
electronic structure of the ground state and the electronic
transitions within the polymers. The results lead to the
conclusion that both azo and imine bonds undergo
protonation at the nitrogen atoms in the presence of TFA.
An unprecedented superior bathochromic shift of 510 nm
occurs in the absorption of PIDT-BAB upon protonation. This
is contributed to the combination of protonation induced
enhanced intramolecular charge transfer effect and accumu-
lated effects of multiple monomer units. This significant shift is
far beyond that of any acidochromic small molecules reported
to our knowledge, highlighting the advantages of acidochromic
polymers. Imine bond-containing PIDT-BIB in turn exhibits
superior sensitivity to TFA, responding to TFA at 50 times
lower concentration in chloroform solution compared with
PIDT-BAB. Moreover, the PIDT-BIB films can universally
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switch at exposure to various organic and inorganic acids.
Another finding is that the PIDT-BVB’s acidochromic
response is the result of oxidation, rather than protonation.

2. RESULTS AND DISCUSSION

2.1. Polymer Design and Synthesis. For this study, a
series of three conjugated polymers were chosen for
investigation, each featuring a moiety of interest: an azo,
imine, or vinyl bond. Monomers containing them were
coupled with the same indacenodithiophene (IDT) como-
nomer resulting in the formation of PIDT-BAB, PIDT-BIB,
and PIDT-BVB, respectively. IDT is a commonly used
structural unit in the design of conjugated polymers.*
Combining its electron-rich structure with the electron-poor
azo- and imine-containing monomers results in a donor—
acceptor motif, commonly implemented in organic elec-
tronics.** Long side chains of the IDT unit increase the
solubility of the polymers. The overview of the synthetic
pathway for the polymers is presented in Figure 1.

2.2. Optical Properties. UV—vis absorption spectra of
PIDT-BAB, PIDT-BIB, and PIDT-BVB in chloroform
solutions with a concentration of 0.01 mg-mL ™" were collected
before and after the addition of TFA. The recorded spectra are
presented in Figure 2, along with pictures of the corresponding
solutions. The spectra plotted in terms of energy are shown in
Figure S2. The summary of the absorption properties is shown
in Table 1. The optical band gaps were determined from Tauc
plots™ (Figure S1). The absorption maxima (/) of PIDT-
BAB, PIDT-BIB, and PIDT-BVB were observed at 557, 484,
and 495 nm, respectively. After the addition of TFA to the
solutions, all absorption maxima exhibited bathochromic shifts
to 1067, 667, and 631 nm, respectively. The largest shift of 510
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Figure 2. Left: UV—vis absorption spectra of 0.01 mg-mL_1 PIDT-BAB (a), PIDT-BIB (c), and PIDT-BVB (e) solutions in chloroform with and
without the addition of trifluoroacetic acid (TFA). Photos of the solutions in UV—vis cuvettes are presented next to the corresponding spectra.
Right: UV—vis absorption spectra of 0.01 mg-mL™' PIDT-BAB (b), PIDT-BIB (d), and PIDT-BVB (f) solutions in chloroform with TFA at

different volume ratios.

nm (change by 1.06 €V in energy) was observed for PIDT-
BAB, turning the initially pink solution transparent upon the
addition of TFA. PIDT-BIB and PIDT-BVB exhibited
significantly smaller shifts of 183 nm (0.70 eV in energy)
and 136 nm (0.54 eV in energy), respectively.

2721

To further investigate the acidochromic behavior of the
synthesized polymers, UV—vis spectra of the polymer solutions
mixed with TFA in different volumetric ratios were collected
(Figure 2). In the case of PIDT-BAB and PIDT-BIB, isosbestic
points can be seen at 635 and 525 nm, respectively, marking
the formation of new chemical species. With the gradual
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Table 1. Absorption Maxima and Optical Band Gaps of the Synthesized Polymers in 0.01 mg'-mL™" Solutions in Chloroform
and in Thin-Film with and without the Addition of TFA

solution solution + TFA film film + TFA
polymer Amax [DM] E [eV] Amax [DmM] E* [eV] Amax [nmM] E [eV] Amax [nM] E [eV]
PIDT-BAB 557 2.09 1067 1.08 538 2.06 1111 0.92
PIDT-BIB 484 2.36 667 1.67 473 2.30 634 1.58
PIDT-BVB 495 2.40 631 1.88 471 2.35 469 2.32
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Figure 3. Left: Normalized thin-film UV—vis absorption spectra of PIDT-BAB, PIDT-BIB, and PIDT-BVB with and without TFA. Right: Thin film
of PIDT-BAB (top), PIDT-BIB (middle) and PIDT-BVB (bottom) before (left) and after (right) the addition of TFA.

increase in the TFA concentration, inverse shifts can be
observed for the initial and newly formed absorption peaks.
The former exhibits a hypsochromic shift, while the latter
exhibits a bathochromic shift. As the isosbestic point marks a
singular chemical transition and protonation has been reported
as the mechanism for an acidochromic response of nitrogen-
containing moieties, it can be concluded that protonation
occurs at nitrogen atoms of azo and imine bonds. The
protonation creates more electron-deficient regions in the
polymer chain, which enhances the internal charge-transfer
(ICT) effect from neighboring electron-rich IDT repeat units
to the electron-deficient moieties, forming push—pull systems.
As a result, the band gaps of the polymers are lowered, and the
absorption spectra are red-shifted. As more nitrogen atoms in
polymer chains are protonated, this change becomes more
prominent, lowering the wavelengths of the absorption maxima
of PIDT-BAB and PIDT-BIB in the presence of TFA.

The sensitivity of the synthesized polymers toward TFA
varies largely. This can be observed clearly from the spectra in
Figure 2, as PIDT-BIB exhibits a similar level of protonation to
PIDT-BAB at a much smaller concentration of TFA, v/v ratios
of 3000:0.2 and 300:1, respectively. This shows that the imine-
containing PIDT-BIB is approximately 50 times more sensitive
to TFA compared to its azo-containing equivalent. In contrast,
a different behavior is observed in the case of PIDT-BVB,
where no single isosbestic point can be determined. At the
lowest TFA concentrations, an absorption peak around 740
nm is formed. With the further addition of TFA, it diminishes
in favor of new absorption peaks at around 640 nm and broad
peaks above 1000 nm. Given this complex pattern and the lack
of protonation sites in the structure, it can be tentatively
concluded that the process of chemical doping is responsible
for the change in the spectral characteristics, in which radical
cations (polarons) and bications (bipolarons) are formed in
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the polymer backbone.>® This is in line with previous studies,
as both Lewis and Brensted acids have previously been used as
dopants in various conjugated polymer systems”’ ~** and TFA
in particular has been a3pplied as a dopant in triazole-containing
conjugated polymers.*

Fluorescent emission spectra of 0.01 mg-mL™" solutions of
PIDT-BAB, PIDT-BIB, and PIDT-BVB in chloroform were
collected before and after the addition of TFA. The recorded
spectra are presented in Figure S3. Only the PIDT-BVB
solution exhibited a significant emission with a maximum at
517 nm before the addition of TFA, which was quenched
completely after the addition of TFA. PIDT-BIB emission was
~20 times lower than that of PIDT-BVB at its maximum at
553 nm, while PIDT-BAB exhibited virtually no emission at all.

Acidochromic properties of the polymers in thin films were
investigated by UV—vis absorption spectrometry. The resulting
spectra of the polymer films deposited on glass slides are
shown in Figure 3 (left), together with pictures of the films
before and after the addition of TFA (Figure 3 right). The
spectra plotted in terms of energy are shown in Figure S2. The
summary of the absorption properties is shown in Table 1.
PIDT-BAB and PIDT-BIB exhibit similar behavior in the film
and solution, with a significantly larger bathochromic shift in
azo-containing PIDT-BAB compared to PIDT-BIB, almost
twice as large in terms of energy (1.20 and 0.67 eV,
respectively). This observation is important for the potential
use of those polymers in sensor applications where the solid
material is required. Notably, PIDT-BIB films were far more
sensitive to TFA vapors compared to PIDT-BAB, switching
color as soon as a TFA bottle was opened in its proximity. All
of those observations form a strong argument for PIDT-BIB to
be applied as an acid vapor sensor material. However, no
meaningful change in the absorption spectrum was observed
when PIDT-BVB was exposed to TFA, which is further proof
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that its acidochromic properties in solution are not based on
the same mechanism as for the other two polymers. To further
verify the applicability of PIDT-BAB and PIDT-BIB as an acid
sensor, the films and solutions in chloroform were exposed to a
range of organic and inorganic acids: acetic acid, formic acid,
hydrochloric acid, nitric acid, and sulfuric acid. Figures S15 and
S16 show the color change in response to the exposure in thin
films of PIDT-BAB and PIDT-BIB. Imine-containing PIDT-
BIB was sensitive to all tested acids except for acetic acid,
compared to PIDT-BAB, which did not respond to acetic,
formic, or hydrochloric acid. Further conclusions were drawn
from the exposure of polymer solutions in chloroform to the
acids, as shown in Figures S17 and S18. PIDT-BAB solutions
exhibited an interesting feature: significantly different absorp-
tion maxima depending on the acid used. This property could
be used to identify the specific acid present, likely due to the
influence of counterions. To confirm the relationship between
the strength of the acid and the acidochromic response of the
polymers, pK, values of the polymers as well as acetic, formic,
and trifluoroacetic acid were calculated using the B3LYP/6-
31+G(d,p) level of theory. The results are presented in Table
2. The calculations present a credible reason for the difference

Table 2. Energetics of Protonation Reactions for Acetic,
Formic, and TFA Acids, as well as Polymers”

pK, in water

AH in gas

protonation reaction [kecal/mol]  calcd exptl
CH,COO™ + H* - CH,COOH —360.99 642 479%
HCOO~ + H+ - HCOOH —357.31 417 377%
CF,CO,” + H+ — CF,CO,H —33689 —249  023*
PIDT-BAB + H' — PIDT-BAB-H* —246.68 0.88
PIDT-BIB + H* — PIDT-BIB-H* —243.48 4.79
PIDT-BVB + H* — PIDT-BVB-H* —24050  —5.84
PIDT-BAB-H' + H* — PIDT-BAB-2H*  —182.76  —9.92

“The enthalpy changes were calculated in the gas phase, while the pK,
values were determined in aqueous solution and considering the total
Gibbs free energies of the protonated and deprotonated species. The
calculations were performed using the B3LYP/6-31+G(d,p) level of
theory. Solvent effects were accounted for using the SMD implicit
solvation model. The gas-phase enthalpy and the Gibbs free energy of
H+ in water were taken from the literature, with values of —5.4 kcal/
mol** and —265.9 keal/mol,* respectively.

in the sensitivity of the three polymers. TFA, having a pK,
value lower than that of both PIDT-BAB and PIDT-BIB, can
easily protonate both polymers, while formic acid can only
protonate PIDT-BIB and not PIDT-BAB.

2.3. Electrochemical Properties. The oxidation and
reduction potentials were measured for the synthesized
polymers by using cyclic voltammetry in a three-electrode
system. Polymer films were deposited on a Pt working
electrode. The measurements were performed in 0.01 M
tetrabutylammonium hexafluorophosphate solution in acetoni-
trile with a Pt wire counter electrode and a Ag wire
pseudoreference electrode. The pseudoelectrode was calibrated
with respect to the Fc/Fc* redox couple. The derived onset
potentials for the electrochemical oxidation (E,,) and
reduction (E,;) were used for the determination of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels using the
equations HOMO = —(E,, + 5.13) eV and LUMO = —(E, 4 +
5.13) eV. The cyclic voltammograms are provided in Figure
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S12. The electrochemical band gaps of PIDT-BAB (2.26 V)
and PIDT-BVB (2.72 eV) correlate well with the optical band
gaps, as presented in Table 1.

2.4. Sensor Cycling Performance. In order to evaluate
the reversibility of the acidochromic transition, a cycling
experiment was performed on the PIDT-BAB and PIDT-BIB
films. The films were spin-coated on glass slides from 10 mg:
mL—1 polymer solutions in chloroform at 3500 rpm. The films
were repeatedly exposed to TFA vapor, flushed with nitrogen
to remove TFA, and then exposed to triethylamine vapor.
UV—vis spectra of the films were collected after a certain
number of cycles. The recovery, determined as the ratio of
absorbance at 4, after cycling to the initial absorbance at 4,,,,,,
is plotted versus the number of cycles in Figure S4. While the
PIDT-BAB film exhibited excellent recovery, the PIDT-BIB
film showed a slow decrease in absorbance during cycling,
reaching 86% of the initial value after S0 cycles.

Additionally, it was observed that the PIDT-BIB film
required a significantly longer time to revert to the initial
color at the end of the cycling experiment compared to the first
cycle. In order to further investigate this phenomenon, another
cycling experiment was conducted in a dedicated setup (Figure
S5). A small tube was attached to the top of the UV—vis
sample holder. Nitrogen flow was introduced into a glass
junction with a valve switching between two outputs. One
output was connected to an intermediary vial with TFA at the
bottom and then to the tube on the sample holder; the other
was connected directly to the tube. The single wavelength
corresponding to the film absorption maximum was monitored
via UV—vis spectroscopy over time. The film was constantly
flushed with a nitrogen feed from the connected tube. The first
cycle was started by manually turning the valve and directing
the nitrogen flow through the vial containing TFA for S s.
Then, the valve was switched back to pure nitrogen, and the
film was left to recover. The same procedure was repeated for
the next three cycles. The PIDT-BIB film cycling was
monitored at 473 nm for 9 cycles (Figure S6 left). Times
required to reach 95% of the absorbance at the plateau were
then determined for each cycle. The results plotted in Figure
S6 (right) show a gradual increase in recovery time. The
absorbance after recovery decreased with the number of cycles
as well. This could suggest that the deprotonation is not
completed in a short time and some TFA remains within the
polymer. The same setup was used for the PIDT-BAB film, but
the change in absorbance observed when flushing the film with
TFA-vapor and nitrogen was too small to be recorded,
indicating lower sensitivity of PIDT-BAB toward TFA.

2.5. Acidochromic Mechanism from DFT Calculations.
Density functional theory (DFT) calculations were used to
acquire a better understanding of the doping process of the
synthesized polymers. At the B3LYP/6-311G(d,p) theory
level, we simulated single repeating units of PIDT-BAB, PIDT-
BIB, and PIDT-BVB, as well as their protonated and oxidized
equivalents in a chloroform solution. HOMO and LUMO
levels obtained from DFT are plotted in Figure S14. In the case
of PIDT-BAB, protonation at a single and at both nitrogen
atoms was considered. Optimized geometries show that
protonation of both PIDT-BAB and PIDT-BIB increases
planarity of the polymer chains (Figure 4). The angles between
the IDT unit and first benzene ring decrease from 19.5° to 5.2°
in PIDT-BAB and from 22.5° to 5.5° in PIDT-BIB. While in
PIDT-BAB both benzene rings are coplanar in both neutral
and protonated states, the imine bond in PIDT-BIB distorts
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Figure 4. Left: DFT optimized geometry of the neutral, protonated (—H") and double protonated (—2H*) PIDT-BAB, as well as neutral and
protonated (—H*) PIDT-BIB in chloroform solution. Front view on the left, side view on the right side. Right: HOMO (left) and LUMO (right)
density plots (isovalue = 0.05) of the neutral, protonated, and double protonated PIDT-BAB, as well as neutral and protonated PIDT-BIB in

chloroform solution.

this planarity by 37.3° in the neutral state. This angle decreases
at protonation to 11.5° however, it results in a less planar
structure than in PIDT-BAB. Double protonation further
planarizes the PIDT-BAB core, reducing the dihedral angle to
4.1°. Because more planar structures can lead to more
extensive conjugation lengths, this provides an explanation
for the unusually large bathochromic shift of the absorption
spectra of PIDT-BAB upon protonation, especially compared
to the corresponding PIDT-BIB and PIDT-BVB spectra (see
Figure 2). HOMO—-LUMO density plots (Figure 4) reveal
another difference between PIDT-BAB and PIDT-BIB.
Whereas protonation promotes electronic delocalization in
PIDT-BAB, it results in increased localization in PIDT-BIB.
Time-dependent DFT was used to simulate UV—vis—NIR
spectra of neutral, protonated, and oxidized PIDT-BAB and
PIDT-BIB in chloroform solution (Figure S). The simulated
spectra of protonated PIDT-BAB and PIDT-BIB exhibit a
good correlation with experimental results. A closer analysis of
the UV—vis absorption spectrum of protonated PIDT-BAB
(Figure 2) suggests that protonation may occur at both
nitrogen atoms. The asymmetric profile of the absorption peak
at ~800—1200 nm with a shoulder peak at lower wavelengths
and bathochromic shift of the peak at higher concentrations of

TFA correspond well to the result of DFT calculations (Figure
S). The simulated oxidized absorption spectra of both PIDT-
BAB and PIDT-BIB exhibit a strong absorption maximum at
~1100 nm. However, the absence of absorption peaks at
~1100 nm in both the experimental and simulated UV—vis
spectra of the protonated species confirms that the interaction
between the polymers and TFA is not a redox reaction. To
provide further experimental proof, a thin film of PIDT-BAB
was deposited on an ITO-coated glass substrate and oxidized
by applying a positive potential. The resulting spectrum, as
displayed in Figure S13, reveals that the oxidized PIDT-BAB
film shows strong absorption in the NIR region, a feature not
observed in the TFA-treated films. Based on those results, it
can be concluded that the acidochromic response of PIDT-
BAB occurs as a result of protonation.

In the case of PIDT-BVB, as there is no N atom as an
obvious protonation site, the acid doping mechanism was
investigated by simulating protonation at various sites of the
molecule (Figure 6). In each case, the initial step was
considered to be the electrophilic addition of a proton to a
double bond.*” This breaks a double bond in the aromatic
system, resulting in an sp® carbon and a carbocation on the
atoms which formed the broken bond. Five protonation sites
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Figure 5. (a) Experimental (red) and TD-DFT (black) absorption spectra of neutral (solid), protonated (dashed), and double protonated (dotted)
species of PIDT-BAB in chloroform solution. (b) TD-DFT electronic spectra of neutral (solid) and oxidized (dashed) species of PIDT-BAB in
chloroform solution. (c) Experimental (blue) and TD-DFT (black) electronic spectra of neutral (solid) and protonated (dashed) species of PIDT-
BIB in chloroform solution. (d) TD-DFT electronic spectra of neutral (solid) and oxidized (dashed) species of PIDT-BIB in chloroform solution.
All TD-DFT electronic excitations convoluted with a Gaussian function of 0.25 eV of full width at half-maximum.

are taken into consideration, as shown in Figure 6a. Calculated
values of the protonation enthalpy changes (AH) do not vary
significantly, indicating that protonation could occur at any
one of these sites. On the other hand, the band gaps of the
protonated conformers differ largely depending on the
protonation site. TD-DFT UV—vis absorption spectra shown
in Figure 6c exhibit absorption peaks at many different
wavelengths, which correlates with the multitude of spectro-
scopic features visible in the experimental spectrum of PIDT-
BVB solution in chloroform with the addition of TFA (Figure
2e,f). Optimized geometries of the protonated conformers
visualize the large changes in the conformation occurring at the
protonation of PIDT-BVB. The resulting sp* carbon introduces
a bending point in the structure, which requires large segments
of the polymer to move. Therefore, protonation occurs easily
in solution, but not in the film, as the polymer chains have
limited mobility in the solid state to bend and rotate. An
experimental UV—vis—NIR absorption spectrum of the
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oxidized PIDT-BVB deposited on an ITO-coated glass
substrate (Figure S13) exhibits features similar to those of
the protonated PIDT-BVB solution in chloroform, showing
that polaron formation occurs once the polymer chain is
protonated. These discussed findings lead to the conclusion
that acid doping is the mechanism behind the acidochromic
response of PIDT-BVB.

3. CONCLUSIONS

In this work, three IDT-based conjugated polymers containing
azo, imine, and vinyl bonds (PIDT-BAB, PIDT-BIB, and
PIDT-BVB, respectively) have been synthesized by Stille
coupling. Their acidochromic behaviors were investigated
using UV—vis absorption and emission spectroscopy, cyclic
voltammetry, and repeated exposure to TFA and DFT
calculations. It has been found that all three polymers exhibit
an acidochromic response to TFA in solution. The sensitivity
of polymers differed by orders of magnitude, with PIDT-BIB
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Figure 6. (a) BVB repeating unit with protonation sites labeled. (b) Protonation enthalpy changes (AH), HOMO, LUMO and band gaps for the
BVB" protonated at the corresponding protonation sites. Enthalpy changes calculated in the gas phase. HOMO, LUMO, and band gaps calculated
in chloroform. (c) Optimized geometries of BVB* protonated at the corresponding protonation sites. (d) TD-DFT absorption spectra of BVB*
conformers protonated at the corresponding protonation sites. TD-DFT electronic excitations convoluted with a Gaussian function of 0.25 eV of

full width at half-maximum.

being the most sensitive and PIDT-BVB the least sensitive.
PIDT-BAB and PIDT-BIB behaved similarly in thin film as in
solution, while PIDT-BVB showed no response to acid in the
solid state. Notable is the large bathochromic shift of 510 nm
in the UV—vis absorption of PIDT-BAB after protonation,
unprecedented in the literature on acidochromic materials.
The superior band gap narrowing, enabled by the orbital
delocalization of multiple monomer units, could be achieved
thanks to the long-chain structure, a distinctive advantage of
conjugated polymers over small molecules. The pink to
transparent change in solution (or red to gray in the thin
film) is particularly interesting for use in display sensors. Cyclic
TFA-exposure experiments on PIDT-BAB and PIDT-BIB films
revealed the differences in sensitivity and stability. The PIDT-
BAB film was less sensitive to acid vapors, but the
acidochromic switching was reversible without loss in perform-
ance after 50 cycles. In contrast, highly sensitive PIDT-BIB
showed a gradual retention of TFA, with an 85% recovery after
50 cycles. An extremely fast and highly sensitive response of
PIDT-BIB to vapors of various organic and inorganic acids
makes it an ideal material for acid sensors. DFT calculations
showed an increase in the planarity of the PIDT-BAB and
PIDT-BIB backbones after protonation. This effect was
significantly stronger in PIDT-BAB, resulting in the afore-
mentioned large bathochromic shift in UV—vis absorption.
TD-DFT simulated UV—vis—NIR absorption spectra of
protonated and oxidized films provided additional confirma-
tion of the doping mechanism in the investigated polymers. It
was found that the mechanism of the acidochromic response
was the same for azo- and imine-containing polymers, which
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occurred by protonation at nitrogen atoms. In contrast, vinyl-
containing PIDT-BVB underwent acid doping in a chloroform
solution, resulting in the formation of polarons in the
conjugated polymer and the change of absorption character-
istics. Those insights offer a more systematic comparison of the
three moieties, which can be used as a guideline for the design
of acidochromic sensors.

4. EXPERIMENTAL SECTION

4.1. Materials. 4-Bromoaniline, 4-bromobenzaldehyde, tris-
(dibenzylideneacetone)dipalladium(0) (Pd,(dba),), tri(o-tolyl)-
phosphine, copper(I) bromide, pyridine, and 4,4'-dibromo-trans-
stilbene were purchased from Sigma-Aldrich. Toluene, acetone,
diethyl ether, and chloroform were purchased from VWR. (4,4,9,9-
Tetrakis(4-octylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]-
dithiophene-2,7-diyl)bis(trimethylstannane) (IDT-Sn) was purchased
from Solarmer Materials.

4.2. Characterization. The synthesized products were analyzed
with 'H NMR spectroscopy by using a Bruker 600 MHz NMR
spectrometer. Molecular weights of synthesized polymers were
determined by gel permeation chromatography (GPC) on an Agilent
PL-GPC 220 integrated high-temperature GPC/SEC system
equipped with refractive index and viscometer detectors and three
sequential PLgel 10 gm MIXED-B LS 300 mm X 7.5 mm columns,
using 1,2,4-trichlorobenzene as an eluent at 150 °C. UV-vis
absorption spectra were collected on a PerkinElmer Lambda 1050
UV/vis/NIR spectrometer at room temperature. FTIR spectra were
recorded on a PerkinElmer Spectrum 3 FT-IR/NIR/FIR spectrom-
eter in the ATR mode. Thermal gravimetric analysis (TGA) was
conducted on a Mettler Toledo TGA/DSC 3+ STAR System
instrument.
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4.3. Synthesis. 4.3.1. Synthesis of Monomers. 4-Bromoaniline
(3.00 g, 17.44 mmol) (1) was reacted with 4-bromobenzaldehyde
(3.23 g, 17.44 mmol) in S0 mL of ethanol at 90 °C overnight. The
reaction mixture was then placed in a refrigerator to cool down.
Precipitated white crystals were collected via filtration. The crude
product was recrystallized from methanol/ethanol (1:1 vol.) and
dried in a vacuum oven. The yield was 2.55 g (43%) of N,1-bis(4-
bromophenyl)methanimine (4). '"H NMR (CDCl;, 600 MHz): §
(ppm) 8.40 (s, 1H), 7.78 (d, 2H), 7.64 (d, 2H), 7.53 (d, 2H), 7.11
(d, 2H). Full 'H NMR spectrum is in Figure S8. FTIR spectrum is
shown in Figure S19.

4-Bromoaniline (10.00 g, 58.13 mmol), CuBr (0.25 g, 1.74 mmol),
and pyridine (0.41 g, 5.23 mmol) were reacted in 60 mL of toluene at
room temperature for 4 days. The reaction mixture was then dried on
a rotary evaporator. The crude product was filtered on a sintering
glass and washed with methanol. The solid was dissolved in 20 mL of
boiling toluene and placed in the fridge. The recrystallized product
was washed with methanol and dried to obtain 5.29 g (54% yield) of
1,2-bis(4-bromophenyl)diazene (2). 'H NMR (CDCl;, 600 MHz): &
(ppm) 7.73 (d, 4H), 7.58 (d, 4H). The full '"H NMR spectrum is in
Figure S7. The FTIR spectrum is shown in Figure S19.

4.3.2. Synthesis of PIDT-BAB (3). 1,2-Bis(4-bromophenyl)diazene
(2) (100.0 mg, 0.294 mmol), IDT-Sn (396.6 mg, 0.294 mmol),
Pd,(dba); (5.4 mg, 0.006 mmol), and tri(o-tolyl)phosphine (7.2 mg,
0.024 mmol) were placed in a double-necked flask, connected to a
condenser, and flushed with nitrogen. Then, 10 mL of dry and
degassed toluene was added. The reaction mixture was stirred at 100
°C for 35 min. Then, the reaction mixture was cooled down,
concentrated in vacuo and precipitated in methanol. The crude
polymer was purified by Soxhlet extraction with acetone, diethyl ether,
and chloroform. The solvent was removed from the chloroform
fraction in a rotary evaporator. The concentrated polymer was
precipitated in methanol, filtered, and dried in a vacuum oven at 40
°C overnight. The product was collected as a red solid with golden
shine (340 mg, 96% yield). Number-average molecular weight (M,)):
53.8 kg'mol™!, weight-average molecular weight (M,): 120.9 kg
mol™, and polydispersity index (PDI): 2.245. The GPC spectrum is
shown in Figure S9. The FTIR spectrum is shown in Figure S20.

4.3.3. Synthesis of PIDT-BIB (5). N,1-Bis(4-bromophenyl)-
methanimine (100.0 mg, 0.295 mmol) (4), IDT-Sn (396.8 mg,
0.295 mmol), Pd,(dba); (5.4 mg, 0.006 mmol), and tri(o-tolyl)-
phosphine (7.2 mg, 0.012 mmol) were placed in a double-necked
flask, connected to a condenser, and flushed with nitrogen. Then, 10
mL of dry and degassed toluene was added. The reaction mixture was
stirred at 100 °C for 150 min. Then, the reaction mixture was cooled
down, concentrated in vacuo, and precipitated in methanol. The
crude polymer was purified by Soxhlet extraction with acetone, diethyl
ether, and chloroform. The solvent was removed from the chloroform
fraction in a rotary evaporator. The concentrated polymer was
precipitated in methanol, filtered, and dried in a vacuum oven at 40
°C overnight. The product was collected as an orange solid (313 mg,
86% yield). Number-average molecular weight (M,): 18.0 kg:mol ™',
weight-average molecular weight (M,): 37.1 kg:mol™, and poly-
dispersity index (PDI): 2.064. GPC spectrum is shown in Figure S10.
The FTIR spectrum is shown in Figure $20. The TGA thermogram is
shown in Figure S21.

4.3.4. Synthesis of PIDT-BVB (7). 4,4'-Dibromo-trans-stilbene
(50.0 mg, 0.148 mmol) (6), IDT-Sn (199.0 mg, 0.148 mmol),
Pd,(dba), (2.71 mg, 0.003 mmol), and tri(o-tolyl)phosphine (3.6 mg,
0.012 mmol) were placed in a double-necked flask, connected to a
condenser, and flushed with nitrogen. Then, 10 mL of dry and
degassed toluene was added. The reaction mixture was stirred at 100
°C for 70 min. Then, the reaction mixture was cooled down,
concentrated in vacuo, and precipitated in methanol. The crude
polymer was purified by Soxhlet extraction with acetone, diethyl ether,
and chloroform. The solvent was removed from the chloroform
fraction in a rotary evaporator. The concentrated polymer was
precipitated in methanol, filtered, and dried in a vacuum oven at 40
°C overnight. The product was collected as an orange solid (128 mg,
72% yield). Number-average molecular weight (M,): 44.6 kg-mol™’,
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weight-average molecular weight (M,): 126.2 kg-mol™!, and
polydispersity index (PDI): 2.832. GPC spectrum is shown in Figure
S11. The FTIR spectrum is shown in Figure S20. The TGA
thermogram is shown in Figure S22.

4.4. Theoretical Modeling. The electronic structure of PIDT-
BAB, PIDT-BIB, and PIDT-BVB was studied utilizing the density
functional theory (DFT) and its time-dependent version (TD-DFT).
At the B3LYP*®/6-311+G(d,p)* theory level, we performed the
geometry optimization of monomeric models of the polymers and
calculated the thermal corrections to the Gibbs free energy. In order
to explore the acidochromic effects in the electronic structure of the
compounds, we calculated the electronic properties of the
monocationic and dicationic species of PIDT-BAB and the
monocationic species of PIDT-BIB by protonating the azobenzene-
like nitrogen. Besides, we also analyzed the effects of the electronic
oxidation of all of the systems, calculating the open-shell electronic
structure of the monoanionic/half-spin species of the compounds, by
considering geometry relaxation effects. The energy levels of the
systems were calculated by considering the full Gibbs free energy of
the neutral and charged species within the diabatic approximation,
where the reorganization energy of the charged species is fully
accounted. The first 10 electronic transitions of each compound were
calculated using TD-DFT and the electronic absorption spectra were
convoluted using Gaussian functions. All calculations were realized
considering environment effects using the implicit SMD model*® at
the dielectric constant of chloroform (¢ = 4.71). The alkyl side chains
of IDT were substituted with methyl groups to simplify the
calculations. The calculations were carried out using a Gaussian 16
program (Rev C.01).%'
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