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A B S T R A C T

Azobenzene (AB) chromophores are among the most widely utilized molecular photoswitches; however, their 
integration into organic semiconductor (OSC) frameworks to enable orthogonal light-driven control of the 
electronic properties while maintaining efficient charge transport remains a significant challenge. Herein, we 
report the design and synthesis of a series of novel photoactive OSCs hybrids in which AB units have been in
tegrated into the OSC backbone of 10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole, namely triindole. Struc
tural variations involving the number of AB units, their functionalization site and the incorporation of alkoxy 
spacers have been employed to systematically evaluate and monitor their photophysical and electronic prop
erties. As a result, all the derivatives presented photoactivity, exhibiting a bistable behavior with efficient and 
reversible photoisomerization in both solution and solid phase under UV or visible light irradiation. Additionally, 
these materials displayed excellent thermal robustness (Td > 350 ◦C) and appropriate HOMO-LUMO energy 
levels for air stable p-type OSCs. Time-of-flight measurements further confirmed efficient hole transport, with 
mobilities reaching up to 1.5 × 10− 4 cm2 V− 1 s− 1 under an applied electric field of 6 × 105 V cm− 1. Hence, the 
combination of outstanding photoresponsiveness and favorable semiconducting properties establishes these AB- 
triindole hybrids as promising building blocks for future photoactive and light-addressable electronic devices.

1. Introduction

Light-responsive molecular systems, commonly referred to as pho
toswitches, constitute a powerful platform for the remote and reversible 
modulation of material properties through an optical stimulus. That is, 
the photoinduced state events trigger well-defined structural rear
rangements at the molecular level, which can propagate to measurable 
changes in the macroscopic properties. In the context of organic elec
tronics and transistor technologies, this light-driven molecular reconfi
guration enables the modulation of the electrical signal through the 
combined action of electrical stress and optical input, thereby opening 
avenues for applications ranging from photodetectors [1,2] to photo
assisted information storage [3–5]. Among the wide variety of molecular 

photoswitches, azobenzenes (ABs) are particularly prominent due to 
their robust and reversible isomerization between the trans and cis 
states, which grants access to two distinct molecular states with differ
entiated physicochemical properties [6–8]. In addition to light-induced 
switching, the cis isomer also undergoes thermal cis-to-trans relaxation 
in the dark, a process that is highly sensitive to chemical functionali
zation [8–11]. For example, azoderivatives bearing a weak push-pull 
configuration normally exhibit half-lives in the hour scale in solution 
[12,13].

Despite this attractive feature, AB compounds generally display 
minimal charge-transport characteristics [14]. Consequently, the inte
gration of these photochromic entities into established organic semi
conductor (OSC) frameworks represents an attractive strategy to impart 
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light-addressable functionality while retaining charge-transport capa
bility. However, achieving an optimal balance between these two 
properties remains a non-trivial challenge, and only a few examples of 
single-component photoresponsive OSCs can be found in the literature 
[15,16]. Compared to strategies based on integrating isolated ABs in 
device interlayers, the covalent incorporation of the AB unit into the 
OSC enables the modulation of the intrinsic transport properties through 
light-induced changes in molecular packing and film morphology, while 
simultaneously simplifying the device architecture. In this regard, the 
compound 10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole, commonl 
y known as triindole, constitutes a notable p-type OSC, which possesses 
excellent hole-transport characteristics and air stability [17,18]. Addi
tionally, its molecular architecture offers multiple functionalization 
sites, including the nitrogen heteroatoms and the peripheral 3,8,13 and 
2,7,12 positions.

With this in mind, we engaged in the design of an asset of novel 
photosensitive materials by grafting the para-alkoxy-substituted AB 
moieties as the photochromic component and the triindole scaffold as 
the OSC unit (Fig. 1). Two principal substitution patterns were explored: 
derivatization at the nitrogen positions (N-AB-triindoles, 1–3) or at the 
3,8,13 positions of the triindole core (C-AB-triindoles, 4). The photo
responsive behavior of these systems was examined using complemen
tary spectroscopic techniques to assess light-induced trans-cis 
isomerization, reversibility and cis stability in solution and in the solid 
state. For the semiconducting properties, frontier energy levels were 
evaluated and time-of-flight (TOF) measurements were conducted to 
examine charge-carrier transport. Together, this multifaceted approach 
establishes a framework for assessing the suitability of the AB-triindole 
hybrids reported herein as photoresponsive OSCs and lays the ground
work for future studies toward light-addressable electronic materials.

2. Experimental section

2.1. Instrumentation and methods

Nuclear magnetic resonance (NMR) spectra were acquired in a 
Bruker 400 MHz Advance III instrument for 1H NMR (400 MHz) and 13C 
NMR spectra (101 MHz). The resulting NMR spectra were processed 
with MestReNova software (version 14.0.0-23239) and referenced using 

the solvent signal.
IR spectra (Attenuated Total Reflectance, ATR) were recorded using 

a Nicolet 6700 FT-IR Thermo Scientific spectrometer and the more 
representative frequencies (ν) are reported in cm− 1.

The melting points (Mp) were determined with a Cole-Parmer MP- 
800D Series apparatus using a heating rate of 3 ◦C min− 1.

High-resolution mass spectrometry (HRMS) was performed using an 
Agilent Technologies LC/MSD-TOF system with an electrospray ioni
zation (ESI-MS) source. Matrix-assisted laser desorption/ionization 
time-of-flight mass spectra (MALDI-TOF-MS) analysis was conducted on 
an Applied Biosystems MDS SCIEX 4800 instrument in Reflector mode.

Absorption spectra of solutions were prepared in toluene (10 μM) 
and recorded in a Varian Cary UV-Vis-NIR 500E spectrophotometer. All 
solution experiments were measured using 1 cm optical path quartz cells 
(Hellma). For solid-state measurements, a solution containing the 
chromophore (1 mg/mL) was dropcasted onto a quartz substrate and left 
it slowly evaporate to promote film formation. Photoisomerization was 
performed placing a light source at approximately 3 cm from the quartz 
cuvette. Trans-to-cis AB photoisomerization was conducted using either 
a Thorlabs Collimated laser diode module CPS405 (deep blue light, 405 
nm, 4.5 mW) or a Hamamatsu LED L14310-110 (UV light, 365 nm, 35 
mW) controlled by a UV-LED spot light source LIGHTNINGCURE LC- 
L1V5. For the cis-to-trans back-photoisomerization it was used a Thor
labs Collimated laser diode module CPS450 (sky blue light, 450 nm, 4.5 
mW) or CPS520 (green light, 520 nm, 4.5 mW). In contrast, cis-to-trans 
thermal relaxation was kinetically followed by UV-Vis and measured in 
the dark and the temperature was controlled by a heating immersion 
circulator Julabo F12-MC.

Cyclic voltammograms were obtained using a microcomputer- 
controlled potentiostat/galvanostat Autolab with PGSTAT30 equip
ment and GPES software (version 4.9) in a cylindrical three-electrode 
cell. The reference was an Ag/Ag+ electrode (10− 3 M AgNO3 in aceto
nitrile), the working electrode was a glassy-carbon electrode, and the 
counter electrode was a platinum wire. The compounds were dissolved 
in distilled CH2Cl2 (10− 3 M) and tetrabutylammonium hexa
fluorophosphate (TBAP, 0.1 M) was employed as the supporting elec
trolyte. All voltammograms were collected under quiescent conditions 
and under argon atmosphere at a scan rate of 100 mV s− 1. The resulting 
potentials were referenced to the Fc+/Fc redox couple. The resultant 
ionization potentials (IPCV) were estimated from the onset of the first 
oxidation peak (Eox

onset) as IP = Eox
onset + 5.39, where 5.39 eV corresponds 

to the formal potential in the Fermi scale of the Fc+/Fc couple. The 
electron affinities (EA) were estimated as EA = IPCV – (Eopt

gap). The optical 
energy bandgap (Eopt

gap) were estimated from the onset wavelength of the 
absorption spectra.

Ionization potential of solid samples (IPPE) were obtained by electron 
photoemission spectrometry (PES) in air using a setup composed of 
ASBN-D130-CM deep UV deuterium light source, CM110 1/8 m mono
chromator and 6517B Keithley electrometer. Pristine samples were 
vacuum-deposited onto fluorine-doped tin oxide (FTO) coated glass 
slides as substrate. bisphenol Z-polycarbonate (PC-Z) doped films were 
formed by formulating films with the chromophore (1:1 w/w; 1 mg/mL 
in toluene) and dropcasted in FTO coated glass slides. The PES spectra 
were recorded by exciting the samples from low energy to high energy 
with a step of 1 nm and recording an electron photoemission current at 
different excitation energies.

The samples for time-of-flight (TOF) measurements were prepared 
by vacuum thermal evaporation onto 100-nm-thick indium-tin oxide 
(ITO) coated glass substrates under a base pressure below 10− 6 mbar. 
Then, the aluminum electrodes (1 μm) were also deposited by vacuum 
evaporation using a shadow mask. Film thicknesses were determined 
with a Profilm3D profilometer from cross-sectional cuts. Charge carriers 
were generated using a pulsed Nd:YAG laser EKSPLA NL300 (λEx = 355 
nm, pulse duration 3–6 ns). A voltage at the sample surface was adjusted 
using a Keithley 6517B electrometer and the photocurrent transients Fig. 1. Schematic representation of N-(1–3) and C-AB-triindole (4) derivates 

studied within this work.
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were recorded on a Tektronix TDS 3032C oscilloscope. The transit times 
(tt) were extracted from the kink on the log-log plot of the transient 
photocurrent. The drift mobility (μ) was calculated by the formula μ =
d2/U tt, where d is the layer thickness, and U is the surface potential at 
the moment of illumination. Zero-field mobilities (μ0) and the field 
dependence parameter (α) were calculated by the equation: μ = μ0 e

αE1/ 

2, where E is the applied electric field.

2.2. Synthetic procedure

2.2.1. Synthesis of 1-(4-((6-bromohexyl)oxy)phenyl)-2-phenyldiazene (6)
4-Hydroxyazobenzene (4.00 g, 20.2 mmol) and PPh3 (5.82 g, 22.2 

mmol) were dissolved in dry THF (100 mL) under nitrogen atmosphere. 
Then, DIAD (4,36 mL, 22.2 mmol) and 6-bromo-1-hexanol (2.90 mL, 
22.2 mmol) were added and left stirring for 2 days at room temperature. 
The mixture was removed under reduced pressure and the crude product 
was purified by flash column chromatography using a mixture of hexane 
and CH2Cl2 (4:1 v/v) as the eluent to give 6 as an orange solid in 67% 
yield (4.86 g, 13.5 mmol).

Rf: 0.46 (Hexane:CH2Cl2 4:1 v/v). Mp 73 ◦C. IR (ATR): 2939, 2859, 
1601, 1578, 1498, 1463, 1238, 1142, 1103, 995, 837, 764, 684 cm− 1. 1H 
NMR (400 MHz, CDCl3) δ (ppm): 7.94 – 7.89 (m, 2H), 7.89 – 7.84 (m, 
2H), 7.53 – 7.47 (m, 2H), 7.46 – 7.40 (m, 1H), 7.04 – 6.96 (m, 2H), 4.05 
(t, J = 6.5 Hz, 2H), 3.46 – 3.37 (m, 2H), 1.96 – 1.81 (m, 4H), 1.57 – 1.50 
(m, 4H).

General procedure reaction iii. and iv. (1–3): triindole 7 (150 mg, 
0.43 mmol, 1 eq.) was dissolved in anhydrous DMF (10 mL) under ni
trogen atmosphere and then NaH (60% dispersion in mineral oil) was 
added and the mixture was left stirring for 30 min at room temperature. 
Afterwards, 6 was added and the reaction was heated to 100 ◦C over
night. Then, the reaction was cooled down to room temperature and for 
the subsequent reaction iv, additional NaH (3 eq.) and MeI or 1-bromo
hexane (3 eq.) were added. The resulting reaction mixture was stirred 
for 5 h at room temperature. The mixture was diluted with water (ca. 
150 mL) and extracted with EtOAc. The combined organic extract was 
dried over anhydrous MgSO4, filtered and the solvent was removed 
under reduced pressure. The crude product was purified by flash column 
chromatography to obtain the final N-AB-triindoles derivatives 1–3.

2.2.2. Synthesis of 5,10-dimethyl-15-(6-(4-(phenyldiazenyl)phenoxy) 
hexyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (1a)

As described in General Procedure, 7 (150 mg, 0.43 mmol) and 
NaH (53 mg, 1.33 mmol, 60% dispersion in mineral oil) were used. 6 
(171 mg, 0.47 mmol) was added and the reaction was heated to 100 ◦C 
overnight. Additional NaH (52 mg, 1.30 mmol, 60% dispersion in 
mineral oil) and MeI (81 μL, 1.30 mmol) were added for reaction iv. The 
crude product was purified by flash column chromatography using a 
mixture of hexane and CH2Cl2 (4:1 v/v) as eluent to give compound 1a 
as an orange-yellowish solid in 37% yield (106 mg, 0.16 mmol).

Rf: 0.60 (Hexane:CH2Cl2 1:2 v/v). Mp 150 ◦C. IR (ATR): 2922, 2856, 
1577, 1560, 1467, 1245, 1140, 829, 743 cm− 1. 1H NMR (400 MHz, 
CDCl3) δ (ppm): 8.52 – 8.40 (m, 2H), 8.34 – 8.26 (m, 1H), 7.94 – 7.83 (m, 
4H), 7.71 – 7.57 (m, 3H), 7.54 – 7.41 (m, 6H), 7.39 – 7.32 (m, 3H), 6.96 
– 6.87 (m, 2H), 5.04 – 4.95 (m, 2H), 4.48 – 4.41 (m, 6H), 3.88 (t, J = 6.5 
Hz, 2H), 2.14 – 2.00 (m, 2H), 1.76 – 1.65 (m, 2H), 1.52 – 1.32 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ (ppm): 161.5, 152.8, 146.8, 142.4, 142.1, 
140.7, 139.3, 139.2, 138.6, 130.3, 129.0 (2C), 124.7 (2C), 123.2, 123.0 
(2C), 122.8, 122.7 (2C), 122.5 (2C), 121.9, 121.7, 121.4, 119.9 (2C), 
119.6, 114.6 (2C), 110.2, 109.8 (2C), 102.9, 102.7 (2C), 67.9, 46.5, 36.2 
(2C), 36.1, 29.9, 28.9, 26.3, 25.7. HRMS (ESI+) m/z: calcd. for 
C44H40N5O (M + H)+, 654,3227; found 654.3222.

2.2.3. Synthesis of 5,10-dihexyl-15-(6-(4-(phenyldiazenyl)phenoxy) 
hexyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (1b)

As described in General Procedure, 7 (150 mg, 0.43 mmol) and 
NaH (53 mg, 1.33 mmol, 60% dispersion in mineral oil) were used. 6 

(171 mg, 0.47 mmol) was added and the reaction was heated to 100 ◦C 
overnight. Additional NaH (52 mg, 1.30 mmol, 60% dispersion in 
mineral oil) and MeI (81 μL, 1.30 mmol) were added for reaction iv. The 
crude product was purified by flash column chromatography using a 
mixture of hexane and CH2Cl2 (4:1 v/v) as eluent to give compound 1b 
as an orange-yellowish solid in 27% yield (92 mg, 0.12 mmol).

Rf: 0.50 (Hexane:CH2Cl2 1:2 v/v). Mp 80 ◦C. IR (ATR): 2920, 2855, 
1560, 1472, 1407, 1252, 1141, 833, 792, 768, 744 cm− 1. 1H NMR (400 
MHz, CDCl3) δ (ppm): 8.32 – 8.25 (m, 3H), 7.90 – 7.83 (m, 4H), 7.67 – 
7.60 (m, 3H), 7.54 – 7.39 (m, 6H), 7.38 – 7.29 (m, 3H), 6.92 – 6.86 (m, 
2H), 4.98 (t, J = 7.7 Hz, 2H), 4.92 (t, J = 8.0 Hz, 4H), 3.84 (t, J = 6.4 Hz, 
2H), 2.05 – 1.90 (m, 6H), 1.67 – 1.61 (m, 2H), 1.43 – 1.37 (m, 2H), 1.37 
– 1.16 (m, 14H), 0.80 (t, J = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 
(ppm): 161.6, 152.8, 146.8, 141.0 (3C), 138.9 (3C), 130.3, 129.0 (2C), 
124.7 (2C), 123.4 (3C), 122.7 (3C), 122.5 (2C), 121.5 (3C), 119.7 (3C), 
114.6 (2C), 110.7, 110.5 (2C), 103.2 (3C), 67.9, 47.0 (2C), 46.8, 31.4 
(2C), 29.8 (2C), 29.4, 28.8, 26.4 (2C), 26.2, 25.6, 22.5 (2C), 13.9 (2C). 
HRMS (ESI+) m/z: calcd. for C54H60N5O (M + H)+, 794.4792; found 
794.4794.

2.2.4. Synthesis of 5-methyl-10,15-bis(6-(4-(phenyldiazenyl)phenoxy) 
hexyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (2a)

As described in General Procedure, 7 (150 mg, 0.43 mmol) and 
NaH (70 mg, 1.75 mmol, 60% dispersion in mineral oil) were used. 6 
(327 mg, 0.90 mmol) was added and the reaction was heated to 100 ◦C 
overnight. Additional NaH (52 mg, 1.30 mmol, 60% dispersion in 
mineral oil) and 1-bromohexane (1.82 mL, 1.30 mmol) were added for 
reaction iv. The crude product was purified by flash column chroma
tography using a mixture of hexane and CH2Cl2 (4:1 v/v) as eluent to 
give compound 2a as an orange-yellowish solid in 27% yield (109 mg, 
0.12 mmol).

Rf: 0.65 (Hexane:CH2Cl2 1:2 v/v). Mp 52 ◦C. IR (ATR): 2920, 2855, 
1579, 1467, 1329, 1243, 1139, 1098, 833, 766, 744 cm− 1. 1H NMR (400 
MHz, CDCl3) δ (ppm): 8.44 (d, J = 8.0 Hz, 1H), 8.38 – 8.25 (m, 2H), 7.92 
– 7.81 (m, 8H), 7.68 – 7.59 (m, 3H), 7.54 – 7.41 (m, 9H), 7.39 – 7.30 (m, 
3H), 6.96 – 6.82 (m, 4H), 5.06 – 4.90 (m, 4H), 4.42 (s, 3H), 3.90 – 3.81 
(m, 4H), 2.09 – 1.95 (m, 4H), 1.75 – 1.62 (m, 4H), 1.48 – 1.24 (m, 8H). 
13C NMR (101 MHz, CDCl3) δ (ppm): 161.5 (2C), 152.8 (2C), 146.8 (2C), 
142.4, 141.0, 140.8, 139.4, 138.8, 138.7, 130.3 (2C), 129.0 (4C), 124.7 
(4C), 123.5, 123.3, 123.1, 123.0, 122.8 (2C), 122.5 (4C), 121.9, 121.5, 
121.4, 119.9, 119.8, 119.7, 114.6 (4C), 110.5 (2C), 109.9, 103.2, 103.1, 
103.0, 67.9 (2C), 46.7 (2C), 36.2, 29.7 (2C), 28.9 (2C), 26.3 (2C), 25.6 
(2C). HRMS (ESI+) m/z: calcd. for C61H58N7O2 (M + H)+, 920.4647; 
found 920.4631.

2.2.5. Synthesis of 5-hexyl-10,15-bis(6-(4-(phenyldiazenyl)phenoxy) 
hexyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (2b)

As described in General Procedure, 7 (150 mg, 0.43 mmol) and 
NaH (70 mg, 1.75 mmol, 60% dispersion in mineral oil) were used. 6 
(327 mg, 0.90 mmol) was added and the reaction was heated to 100 ◦C 
overnight. Additional NaH (52 mg, 1.30 mmol, 60% dispersion in 
mineral oil) and 1-bromohexane (1.82 mL, 1.30 mmol) were added for 
reaction iv. The crude product was purified by flash column chroma
tography using a mixture of hexane and CH2Cl2 (4:1 v/v) as eluent to 
give compound 2b as an orange-yellowish solid in 35% yield (149 mg, 
0.15 mmol).

Rf: 0.52 (Hexane:CH2Cl2 2:1 v/v). Mp 56 ◦C. IR (ATR): 2920, 2853, 
1579, 1467, 1243, 1137, 1103, 833, 764, 746 cm− 1. 1H NMR (400 MHz, 
CDCl3) δ (ppm): 8.31 – 8.24 (m, 3H), 7.90 – 7.82 (m, 8H), 7.68 – 7.60 (m, 
3H), 7.53 – 7.40 (m, 9H), 7.37 – 7.31 (m, 3H), 6.91 – 6.85 (m, 4H), 5.02 
– 4.95 (m, 4H), 4.91 (t, J = 8.2 Hz, 2H), 3.83 (t, J = 6.5 Hz, 4H), 2.07 – 
1.89 (m, 6H), 1.67 – 1.57 (m, 4H), 1.44 – 1.17 (m, 14H), 0.80 (t, J = 7.0 
Hz, 3H). 13C NMR (101 MHz, CDCl3) δ (ppm): 161.5 (2C), 152.8 (2C), 
146.8 (2C), 141.0 (3C), 138.9 (3C), 130.3 (2C), 129.0 (4C), 124.7 (4C), 
123.6 (2C), 123.3, 122.8 (3C), 122.5 (4C), 121.5 (3C), 119.7 (3C), 114.6 
(4C), 110.7 (2C), 110.5, 103.3 (3C), 67.92 (2C), 47.0 (3C), 31.4, 29.8, 
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29.4 (2C), 28.9 (2C), 26.4, 26.2 (2C) 25.6 (2C), 22.5, 13.9. HRMS (ESI+) 
m/z: calcd. for C66H68N7O2 (M + H)+, 990.5429; found 990.5409.

2.2.6. Synthesis of 5,10,15-tris(6-(4-(phenyldiazenyl)phenoxy)hexyl)- 
10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (3)

As described in General Procedure, 7 (150 mg, 0.43 mmol) and 
NaH (105 mg, 2.63 mmol, 60% dispersion in mineral oil) were used. 6 
(950 mg, 2.63 mmol) was added and the reaction was heated to 100 ◦C 
overnight. The crude product was purified by flash column chroma
tography using a mixture of hexane and CH2Cl2 (4:1 v/v) as eluent to 
give compound 3 as an orange-yellowish solid in 71% yield (392 mg, 
0.33 mmol).

Rf: 0.30 (Hexane:CH2Cl2 1:2 v/v). Mp 52 ◦C. IR (ATR): 2930, 2851, 
1597, 1579, 1498, 1467, 1246, 1139, 835, 766, 747, 727, 688 cm− 1. 1H 
NMR (400 MHz, CDCl3) δ 8.35 – 8.21 (m, 3H), 7.90 – 7.82 (m, 12H), 
7.68 – 7.62 (m, 3H), 7.54 – 7.40 (m, 12H), 7.36 – 7.32 (m, 3H), 6.90 – 
6.80 (m, 6H), 4.97 (t, J = 7.8 Hz, 6H), 3.82 (t, J = 6.5 Hz, 6H), 2.05 – 
1.90 (m, 6H), 1.69 – 1.56 (m, 6H), 1.45 – 1.33 (m, 6H), 1.33 – 1.19 (m, 
6H). 13C NMR (101 MHz, CDCl3) 161.5, 152.8, 146.8, 141.0, 138.9, 
130.3, 129.0 (2C), 124.7 (2C), 123.5, 122.9, 122.5 (2C), 121.6, 119.8, 
114.6 (2C), 110.7, 103.3, 67.9, 46.8, 29.5, 28.9, 26.2, 25.6. HRMS 
(ESI+) m/z: calcd. for C78H76N9O3 (M + H)+, 1186.5993; found 
1186.5994.

2.2.7. Synthesis of 4′-hydroxy-4-bromoazobenzene (8)
4-bromoaniline (10.0 g, 58.1 mmol) was dissolved in a mixture of 

cold water and 37% aq. HCl (120 mL, 2:1 v/v) and it was cooled to 0 ◦C 
in an ice bath. Then, a solution of NaNO2 (3.34 g, 48.4 mmol) in cold 
water (20 mL) was added slowly to the mixture and stirred for 2 h. Af
terwards, a solution of phenol (5.17 g, 54.9 mmol) and NaOH (14.1 g, 
353 mmol) in cold water (75 mL) is added dropwise and stirred for 1 h. 
The solution was acidified with HCl (1 M) to pH = 4–5 and the organic 
phase was extracted with CH2Cl2, dried over anhydrous MgSO4 and the 
solvent was removed under reduced pressure. The crude product was 
purified by flash column chromatography with a mixture of hexane and 
EtOAc (8:1 v/v) as the eluent to obtain compound 8 as an orange solid in 
70% yield (11.3 g, 40.8 mmol).

Rf: 0.48 (Hexane:EtOAc 5:1 v/v). Mp 158 ◦C. IR (ATR): 3112, 1569, 
1472, 1396, 1219, 1101, 1062, 1005, 833, 723 cm− 1. 1H NMR (400 
MHz, CDCl3) δ (ppm): 7.91 – 7.84 (m, 2H), 7.79 – 7.72 (m, 2H), 7.67 – 
7.59 (m, 2H), 6.98 – 6.92 (m, 2H), 5.18 (s, 1H).

2.2.8. Synthesis of 4′-hexyloxy-4-bromoazobenzene (9)
8 (2.00 g, 7.22 mmol) was dissolved in anhydrous DMF (10 mL) 

under nitrogen atmosphere and then NaH (432 mg, 10.8 mmol, 60% 
dispersion in mineral oil) was added and left stirring for 30 min at room 
temperature. Then 1-bromohexane (2.00 mL, 14.2 mmol) was added 
and the reaction was stirred overnight. The mixture was diluted with 
water (ca. 150 mL) and the precipitate was filtered, washed with water 
and dried. The crude product was purified by flash column chroma
tography using a mixture of hexane and CH2Cl2 (5:1 v/v) as the eluent to 
obtain 9 as an orange solid in 95% yield (2.49 g, 6.89 mmol).

Rf: 0.31 (Hexane:CH2Cl2 5:1 v/v). Mp 93 ◦C. IR (ATR): 2943, 2920, 
2851, 1580, 1498, 1463, 1415, 1388, 1254, 1109, 1064, 1025, 833, 800, 
723 cm− 1. 1H NMR (400 MHz, CDCl3) δ (ppm): 7.93 – 7.86 (m, 2H), 7.79 
– 7.72 (m, 2H), 7.65 – 7.59 (m, 2H), 7.03 – 6.97 (m, 2H), 4.04 (t, J = 6.6 
Hz, 2H), 1.87 – 1.78 (m, 2H), 1.53 – 1.44 (m, 2H), 1.41 – 1.31 (m, 4H), 
0.92 (t, J = 5.1 Hz, 3H).

2.2.9. Synthesis of 4′-hexyloxy-4-azobenzeneboronic acid pinacol ester 
(10)

9 (1.00 g, 2.77 mmol), B2Pin2 (0.84 g, 3.30 mmol) and NaOAc (0.50 
g, 6.10 mmol) were dissolved in toluene (10 mL) under nitrogen at
mosphere. Then, Pd(PPh3)2Cl2 (0.078 g, 0.111 mmol) was added and 
stirred for 24 h at 90 ◦C. The solution was extracted with EtOAc, dried 
over anhydrous Na2SO4 and the solvent was removed under reduced 

pressure. The crude product was purified by flash column chromatog
raphy with a mixture of hexane and EtOAc (50:1 v/v) as the eluent to 
obtain compound 10 as an orange solid in 67% yield (0.76 g, 1.86 
mmol).

Rf: 0.45 (Hexane:EtOAc 9:1 v/v). Mp 123 ◦C. IR (ATR): 2927, 2853, 
1599, 1582, 1500, 1353, 1312, 1247, 1139, 1085, 885, 837 cm− 1. 1H 
NMR (400 MHz, CDCl3) δ (ppm): 7.97 – 7.89 (m, 4H), 7.88 – 7.82 (m, 
2H), 7.03 – 6.97 (m, 2H), 4.04 (t, J = 6.6 Hz, 2H), 1.87 – 1.77 (m, 2H), 
1.53 – 1.44 (m, 2H), 1.39 – 1.33 (m, 14H), 0.96 – 0.90 (m, 3H).

2.2.10. Synthesis of 5-bromo-1-methylindolin-2,3-dione (11a)
5-bromo-1H-indol-2,3-dione (7.70 g, 34.1 mmol) was dissolved in 

anhydrous DMF (25 mL) under nitrogen atmosphere and then K2CO3 
(13.5 g, 97.7 mmol) was added and left stirring for 30 min at room 
temperature. Afterwards, MeI (3.00 mL, 48.2 mmol) was added and the 
reaction was stirred overnight. The mixture was diluted with water (ca. 
150 mL) and the precipitated was filtered to give 11a as an orange solid 
in 95% yield (7.78 g, 32.4 mmol).

Rf: 0.33 (Hexane:EtOAc 2:1 v/v). Mp 167 ◦C. IR (ATR): 2923, 2854, 
1720, 1603, 1467, 1439, 1347, 1321, 1170, 1103 cm− 1. 1H NMR (400 
MHz, CDCl3) δ (ppm): 7.75 – 7.70 (m, 2H), 6.81 (d, J = 8.9 Hz, 1H), 3.25 
(s, 3H).

2.2.11. Synthesis of 5-bromo-1-hexylindolin-2,3-dione (11b)
5-bromo-1H-indol-2,3-dione (7.50 g, 33.2 mmol) was dissolved in 

anhydrous DMF (25 mL) under nitrogen atmosphere and then K2CO3 
(13.1 g, 94.8 mmol) was added and left stirring for 30 min at room 
temperature. Afterwards, 1-bromohexane (7.00 mL, 49.8 mmol) was 
added and the reaction was stirred overnight. The mixture was diluted 
with water (ca. 150 mL) and the precipitated was filtered to give 11b as 
an orange solid in 92% yield (9.50 g, 30.6 mmol).

Rf: 0.33 (Hexane:EtOAc 2:1 v/v). Mp 105 ◦C. IR (ATR): 2923, 2855, 
1717, 1602, 1460, 1430, 1330, 1312, 1160, 1106 cm− 1. 1H NMR (400 
MHz, CDCl3) δ (ppm): 7.70 – 7.68 (m, 2H), 6.80 (d, J = 9.0 Hz, 1H), 3.70 
(t, J = 7.0 Hz, 2H), 1.71 – 1.63 (m, 2H), 1.36 – 1.28 (m, 6H), 0.88 (t, J =
7.0 Hz, 3H).

2.2.12. Synthesis of 5-bromo-1-methylindolin-2-one (12a)
11a (2.66 g, 11.1 mmol) was dissolved in hydrazine monohydrate 

(17.0 mL, 350 mmol) and the solution was refluxed overnight. The crude 
product was purified by flash column chromatography using a mixture 
of hexane and EtOAc (10:1 v/v) as the eluent to give 12a as a pale or
ange solid in 83% yield (2.08 g, 9.20 mmol).

Rf: 0.23 (Hexane:EtOAc 3:1 v/v). Mp 130 ◦C. IR (ATR): 2920, 2853, 
1687, 1608, 1336, 1100, 814, 736, 662 cm− 1. 1H NMR (400 MHz, 
CDCl3) δ (ppm): 7.41 (dd, J = 8.3, 1.8, 1H), 7.38 – 7.36 (m, 1H), 6.69 (d, 
J = 8.3 Hz, 1H), 3.52 (s, 2H), 3.19 (s, 3H).

2.2.13. Synthesis of 5-bromo-1-methylindolin-2-one (12b)
11b (3.50 g, 11.3 mmol) was dissolved in hydrazine monohydrate 

(17.0 mL, 350 mmol) and the solution was refluxed overnight. The crude 
product was purified by flash column chromatography using a mixture 
of hexane and EtOAc (10:1 v/v) as the eluent to give 12b as a pale white 
solid in 89% yield (3.00 g, 10.1 mmol).

Rf: 0.23 (Hexane:EtOAc 3:1 v/v). Mp 79 ◦C. IR (ATR): 2924, 2855, 
1685, 1600, 1328, 1110, 806, 735, 660 cm− 1. 1H NMR (400 MHz, 
CDCl3) δ (ppm): 7.39 – 7.40 (m, 2H), 6.70 (d, J = 8.0 Hz, 1H), 3.67 (t, J 
= 7.0 Hz, 2H), 3.51 (s, 2H), 1.60 – 1.67 (m, 2H), 1.25 – 1.37 (m, 6H), 
0.88 (t, J = 7.0 Hz, 3H).

2.2.14. Synthesis of 3,8,13-trihexyl-5,10,15-trimethyl-10,15-dihydro-5H- 
diindolo[3,2-a:3′,2′-c]carbazole (13a)

12a (1.09 g, 4.82 mmol) and POCl3 (5.00 mL, 51.3 mmol) were 
mixed and stirred under reflux for 7 h. Then, the mixture was cooled 
down to room temperature and poured slowly into an ice-water mixture. 
The solution was neutralized with an aqueous solution of NaOH (1 M). 
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The obtained solid was separated and washed thoroughly with CH2Cl2, 
to give 13a as a white solid in 51% yield (0.51 g, 0.82 mmol).

Mp 329 ◦C. IR (ATR): 2924, 2855, 1601, 1571, 1482, 1454, 1437, 
1388, 1312, 1243, 1101, 854, 785 cm− 1. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 8.48 (d, J = 1.8 Hz, 3H), 7.57 (dd, J = 8.6, 1.8 Hz, 3H), 7.46 (d, J 
= 8.6 Hz, 3H), 4.37 (s, 9H).

2.2.15. Synthesis of 3,8,13-trihexyl-5,10,15-trimethyl-10,15-dihydro-5H- 
diindolo[3,2-a:3′,2′-c]carbazole (13b)

12b (3.00 g, 10.1 mmol) and POCl3 (9.00 mL, 92.4 mmol) were 
mixed and stirred under reflux for 7 h. Then, the mixture was cooled 
down to room temperature and poured slowly into an ice-water mixture. 
The solution was neutralized with an aqueous solution of NaOH (1 M). 
The obtained solid was separated and washed thoroughly with CH2Cl2, 
to give 13b as a white solid in 39% yield (1.10 g, 1.32 mmol).

Mp 204 ◦C. IR (ATR): 2956, 2924, 2855, 1567, 1467, 1437, 1371, 
1313, 1228, 1146, 1114, 848, 785 cm− 1. 1H NMR (400 MHz, CDCl3) δ 
(ppm): 8.27 (d, J = 1.8 Hz, 3H), 7.53 (dd, J = 8.6, 1.8 Hz, 3H), 7.45 (d, J 
= 8.6 Hz, 3H), 4.68 (t, J = 8.0 Hz, 6H), 2.03 – 1.95 (m, 6H), 1.42 – 1.23 
(m, 18H), 0.84 (t, J = 7.0 Hz, 9H).

2.2.16. Synthesis of 5,10,15-trimethyl-3,8,13-tris(4-((4-(hexyloxy) 
phenyl)diazenyl) phenyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c] 
carbazole (4a)

13a (62 mg, 0.10 mmol), 10 (159 mg, 0.39 mmol) and K2CO3 (77 
mg, 0.56 mmol) were dissolved in a mixture of toluene and MeOH (4 mL, 
3:1 v/v) under nitrogen atmosphere. Then, Pd(PPh3)4 (11 mg, 0.01 
mmol) was added and the reaction was stirred and refluxed for 24 h. 
Afterwards, the solvent was removed under reduced pressure. The crude 
product was purified by flash column chromatography with a mixture of 
hexane and CH2Cl2 (1:1 v/v) as the eluent to obtain compound 4a as an 
orange solid in 64% yield (79 mg, 0.064 mmol).

Rf: 0.15 (Hexane:CH2Cl2 1:1 v/v). Mp 216 ◦C. IR (ATR): 2922, 2855, 
1595, 1579, 1497, 1474, 1314, 1242, 1150, 1098, 1027, 1006, 842, 800, 
772, 731 cm− 1. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.69 (d, J = 1.7 Hz, 
3H), 8.08 – 8.03 (m, 6H), 8.00 – 7.94 (m, 6H), 7.93 – 7.87 (m, 6H), 7.78 
(dd, J = 8.4, 1.7 Hz, 3H), 7.61 (d, J = 8.4 Hz, 3H), 7.06 – 7.01 (m, 6H), 
4.48 (s, 9H), 4.07 (t, J = 6.6 Hz, 6H), 1.89 – 1.79 (m, 6H), 1.54 – 1.45 (m, 
6H), 1.44 – 1.33 (m, 12H), 0.91 – 0.81 (m, 9H). 13C NMR (101 MHz, 
CDCl3) δ (ppm): 161.6, 151.4, 147.1, 144.4, 141.5, 139.2, 131.9, 127.7 
(2C), 124.8 (2C), 124.5, 123.3 (2C), 122.4, 120.4, 115.7, 114.8 (2C), 
109.9, 35.9, 31.6, 29.7, 29.2, 25.8, 22.7, 14.0. MS (MALDI-TOF) m/z: 
calcd. for C81H81N9O3 (M)⋅+, 1227.6; found 1227.6.

2.2.17. Synthesis of 5,10,15-trihexyl-3,8,13-tris(4-((4-(hexyloxy)phenyl) 
diazenyl) phenyl)-10,15-dihydro-5H-diindolo[3,2-a:3′,2′-c]carbazole (4b)

13b (100 mg, 0.12 mmol), 10 (179 mg, 0.44 mmol) and K2CO3 (93 
mg, 0.67 mmol) were dissolved in a mixture of toluene and MeOH (4 mL, 
3:1 v/v) under nitrogen atmosphere. Then, Pd(PPh3)4 (6.35 mg, 0.005 
mmol) was added and the reaction was stirred and refluxed for 24 h. 
Afterwards, the solvent was removed under reduced pressure. The crude 
product was purified by flash column chromatography with a mixture of 
hexane and CH2Cl2 (2:1 v/v) as the eluent to obtain compound 4b as an 
orange solid in 51% yield (88 mg, 0.061 mmol).

Rf: 0.31 (Hexane:CH2Cl2 1:1 v/v). Mp 131 ◦C. IR (ATR): 2922, 2851, 
1595, 1582, 1560, 1498, 1472, 1318, 1243, 1191, 1152, 1105, 1027, 
997, 842, 796, 773, 725 cm− 1. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.08 
– 8.00 (m, 6H), 7.98 – 7.94 (m, 6H), 7.90 – 7.86 (m, 6H), 7.74 (d, J = 8.4 
Hz, 3H), 7.71 (d, J = 8.4 Hz, 3H), 7.04 (d, J = 9.0 Hz, 6H), 4.97 (t, J =
8.0 Hz, 6H), 4.07 (t, J = 6.6 Hz, 6H), 2.17 – 2.00 (m, 6H), 1.89 – 1.78 (m, 
6H), 1.54 – 1.44 (m, 6H), 1.42 – 1.19 (m, 12H), 1.18 – 1.04 (m, 6H), 0.99 
– 0.80 (m, 18H), 0.74 (t, J = 7.2 Hz, 9H). 13C NMR (101 MHz, CDCl3) δ 
(ppm): 161.6, 151.4, 147.1, 144.6, 140.9, 139.5, 132.5, 127.9 (2C), 
124.7 (2C), 124.0, 123.2 (2C), 122.6, 120.4, 114.7 (2C), 110.8, 103.5, 
68.4, 47.4, 31.6, 30.2, 29.7, 29.2, 26.6, 25.7, 22.6 (2C), 14.0 (2C). MS 
(MALDI-TOF) m/z: calcd. for C96H112N9O3 (M + H)+, 1438.9; found 

1438.8.

3. Results and discussion

3.1. Synthesis and molecular design

As stated, two classes of triindole-AB derivatives were designed 
(Fig. 2). In the N-AB-triindoles (1–3), the AB moieties were tethered to 
the triindole core via alkyl spacers to electronically decouple the 
photochromic and OSC domains, thereby preserving the individual 
functionalities while enhancing solubility [19]. One to three AB units 
were integrated, with the remaining nitrogen atoms alkylated with 
either methyl (a) or hexyl (b) groups to emulate the substitution patterns 
of high-performing p-type OSCs of N-trimethyltriindole (TMT) and 
N-trihexyltriindole (THT) [17,20,21]. In contrast, the C-AB-triindoles 
featured direct covalent bonding of the AB units at the 3,8,13 positions 
of the triindole core to extend π-conjugation, while peripheral alkyl 
chains on the triindole nitrogen atoms and the 4’ position of the AB units 
ensured better processability.

Previously, the hexyloxyderivative AB 5 and THT units were syn
thesized as appropriate models to ease comparison of their spectroscopic 
and kinetic properties with those of the final AB-triindole systems. The 
synthesis of these compounds were prepared following a literature 
procedure [20,22].

The synthetic route for the N-AB-triindoles was established by 
coupling AB halide 6 with triindole 7 to prepare mono- (1) di- (2) or tri- 
AB units (3) (Scheme 1). Compound 6 was obtained from 4-phenylazo
phenol via a Mitsunobu reaction under standard conditions, while 2- 
oxindole under POCl3 afforded 7 as reported conditions [20]. The 
final N-AB-triindoles compounds 1–3 were obtained and isolated by a 
nucleophilic substitution in a two-step process. The first step (reaction 
iii) consisted of an N-alkylation between 6 and 7 and the subsequent 
second step (reaction iv) involved the alkylation of the remaining NH 
positions with MeI (1a, 2a) or 1-bromohexane (1b, 2b).

Reagents and conditions: i) 6-bromo-1-hexanol, PPh3, DIAD, dry 
THF, rt; ii) POCl3, Δ; iii) 6, NaH, anh. DMF, 100 ◦C (see Table 1); iv) MeI 
(1a, 2a) or 1-bromohexane (1b, 2b), NaH, anh. DMF, 100 ◦C.

Furthermore, the key substitution step (reaction iii) exhibited limited 
selectivity, yielding mixtures of mono-, di- and tri-AB-substituted 
products. Although complete selectivity of mono- or di-substitution 

Fig. 2. Schematic representation of N-(1–3) and C-AB-triindole (4) derivates 
studied within this work and the control compounds (N-trihexyltriindole, THT 
and 5).
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Scheme 1. Synthetic route of N-AB-substituted triindole compounds 1a¡b, 2a¡b, 3.

Table 1 
Optimization of the reaction conditions for the formation of AB-triindole derivatives 1–3 (reaction iii).

Entry R–a 7 (eq.) NaH (eq.) 6 (eq.) Yield 1 (%) Yield 2 (%) Yield 3 (%) molar ratio 1:2:3

1 (a) CH3 1 3.1 1.1 37 24 3 1:0.6:0.1
2 (b) C6H13 1 3.1 1.1 27 26 5 1:0.96:0.2
3 (a) CH3 1 4.1 2.1 17 27 32 0.6:1:1.2
4 (b) C6H13 1 4.1 2.1 14 35 41 0.4:1:1.2
5 (− )b 1 6.1 6.1 0 0 71 0:0:1

a Alkyl groups attached in the remaining NH positions in reaction iv.
b Not proceeded.

Scheme 2. Synthetic route of C-AB-substituted triindole compounds 4a,b.
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could not be achieved, the product distribution could be steered by 
adjusting the reagent stoichiometry (Table 1). In this manner, using 3.1 
eq. NaH and 1.1 eq. of 6 favored the mono-AB substitution, affording 1a 
and 1b in 37% and 27% yield, respectively (Table 1, Entries 1,2), while 
raising the loadings to 4.1 eq. of NaH and 2.1 eq. of 6 promoted the di- 
AB substitution to give 2a (27%) and 2b (35%) (Table 1, Entries 3,4). In 
contrast, employing a large excess of both reagents (6.1 eq.) led to the 
selective formation of the tri-AB substituted derivative 3 in 71% yield 
(Table 1, Entry 5). An expanded table with the optimization experiments 
for reaction iii) is reported in the Supplementary data (Table S1).

For the synthesis of the C-AB-triindoles 4a,b, the selected strategy 
involved a Suzuki-Miyaura C–C cross-coupling reaction between a tri
brominated triindole core and a boronic ester-functionalized AB 
(Scheme 2). For the AB unit, starting from 4-bromoaniline, the corre
sponding azophenol 8 was synthesized via a diazotization with NaNO2, 
followed by a coupling with phenol to obtain the azobenzene moiety. 
Then, O-alkylation with 1-bromohexane was used to yield compound 9. 
Subsequent palladium-catalyzed Suzuki-Miyaura borylation, following 
a modified literature procedure [23], afforded the pinacol boronic ester 
derivative 10 in a 67% yield. In parallel, for the triindole fragment, 
N-alkylation of commercially available 5-bromoisatin with a methyl 
(11a) or a hexyl chain (11b), followed by a Wolff-Kishner reduction 
(12a,b) and polycondensation with POCl3 yielded the 
tribrominated-substituted triindole derivatives 13a,b. Finally, the 
Suzuki-Miyaura cross-coupling of AB 9 with triindole 13a,b furnished 
the target C-azo-triindoles 4a,b in moderate yields, above 50%. Overall, 
the full synthetic route encompassed seven steps, resulting in 26% 
overall yield for 4a, and slightly lower, 16%, for 4b.

Reagents and conditions: i) 1) NaNO2, HCl, H2O, 0 ◦C and 2) Phenol, 
NaOH, H2O, 0 ◦C; ii) K2CO3, C6H13Br, DMF anh., rt; iii) B2pin2, KOAc, Pd 
(PPh3)2Cl2, toluene, Δ; iv) K2CO3, MeI, DMF anh., rt; v) NH2NH2⋅H2O, 
Δ; vi) POCl3, Δ; vii) K2CO3, Pd(PPh3)4, toluene:MeOH (3:1 v/v), Δ.

3.2. Optical properties

The optical properties of the compounds were first investigated by 
UV-Vis spectroscopy in dilute solutions of toluene (10 μM). As expected, 
N-AB-triindole compounds 1‒‒3 displayed absorption spectra that 
closely resemble the superposition of the control compounds THT and 
AB 5, evidencing that the hexyl spacer effectively decouples the AB and 
triindole units electronically (Fig. 3a). Specifically, these compounds 
exhibited sharp absorption peaks in the near UV region coming from the 
triindole unit (319, 338 and 353 nm), with the broadening of the 
highest-wavelength peak attributed to the overlap with the symmetry- 
allowed π-π* transition of the p-alkoxy-substituted AB moiety. Addi
tionally, a weaker and broad absorption band between 430 and 450 nm 
was visible, corresponding to the symmetry forbidden n-π* transition of 
the AB unit. Furthermore, increasing the number of AB units in the 
molecule led to a proportional increase in the overall absorption 

intensity and the molar absorption coefficients (Table S2). In contrast, 
the absorption spectrum of solid films of 1a showed both a bath
ochromic shift of the main peaks to 328, 345 and 358 nm and a much 
weaker response, consistent with the aggregation and the expected 
steric hindrance in the solid state for the trans-cis configuration (Fig. S1) 
[24].

In contrast, the C-AB-triindole derivatives 4a,b showed a markedly 
different absorption profile (Fig. 3b). A broader and more red-shifted 
band centered at 370 nm was observed, reflecting an extended conju
gation between the triindole and AB moieties and their resulting elec
tronic interaction.

3.2.1. Photoisomerization behavior
The light-driven switching behavior of mono-AB-substituted N-AB- 

triindole compound 1a, C-AB-triindole compound 4a and the control 
compound 5 was rigorously studied under different light inputs by UV- 
Vis spectroscopy in both solution and solid samples. Upon UV irradia
tion (365 nm) of 1a in toluene solution (10 μM), initially dominated by 
the trans isomer, a cis-enriched photostationary state (PSS) is rapidly 
reached within 5 s, corresponding to a nearly complete trans-to-cis 
conversion (Fig. 4a). The occurrence of this photoisomerization was also 
qualitatively confirmed by 1H NMR spectroscopy (Figs. S2 and S3). This 
isomerization is manifested by a significant decrease in the absorption at 
ca. 350 nm and a concomitant slight increase at 450 nm of the π-π* and 
n-π* transitions of the AB moiety, respectively, while the triindole 
electronic profile remains essentially unchanged. This process is also 
accompanied by a visible color change of the solution from yellowish- 
orange (ca. 430 nm) to a deeper orange hue (ca. 460 nm). (Fig. 4b, 
inset image). Subsequent back-isomerization to the trans configuration 
was triggered by different visible light sources: green light (520 nm) 
proved to be more effective than blue light (450 nm), affording a PSS 
that more closely resembled the initial absorption profile. This behavior 
is consistent with the lower photon energy of green light, which mini
mizes re-excitation to the cis isomer. These results also correlated to the 
photoisomerization behavior of the control compound 5, which reached 
a cis population of 96% upon UV irradiation and decreased to 26% and 
14% in the PSS at 450 and 510 nm, respectively, further proving the 
electronic decoupling between the AB and the triindole units (Fig. S4). 
Extending the study to the solid state, a drop-casted film of 1a was 
deposited on a quartz substrate and irradiated analogously to the solu
tion sample. The film displayed spectral responses consistent with those 
observed in dilute solution, thereby confirming the retention of the 
photoresponsive behavior in the solid state for such photochromic sys
tems (Fig. S5).

In contrast, for compound C-AB-triindole 4a, UV light did not induce 
a trans-to-cis photoisomerization due to the red-shifted π-π* transition 
from the extended π-conjugation (Fig. 4c). Instead, a change in the ab
sorption profile was efficiently induced by irradiating the sample with 
blue light (410 nm), which caused a decrease of absorption in the region 

Fig. 3. UV-Vis spectra in toluene solution (10 μM) of the control compounds 5 and N-trihexyltriindole (THT) with compounds a) 1–3 and b) 4.
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350–450 nm and an increase at 500 nm, again, consistent with a trans-to- 
cis isomerization process. Photoreversion to the trans isomer was 
accomplished upon green light irradiation (520 nm), although this 
process was less efficient than in 1a, likely due to the reduced spectral 
separation between the π-π* and n-π* transitions from the extended 

conjugation, limiting spectral selectivity [7,25,26]. This is a well-known 
challenge associated with the integration of AB units into conjugated 
systems, which could be mitigated through chemical fine-tuning of the 
AB moiety, such as by introducing ortho-halogen substituents to improve 
the spectral separation between the trans and cis isomer [27–29]. This 

Fig. 4. UV-Vis spectra of a) 1a and c) 4a (10 μM in toluene) before irradiation (black) and after light-induced trans → cis (365 or 410 nm) and subsequent cis →  trans 
(450 or 520 nm) photoisomerization. Arrows indicate the direction of the absorbance change, while shaded regions and lines denote the irradiation wavelengths 
used. b,d) Corresponding photoswitching cycles of b) 1a and d) 4a monitored at the indicated λobs. Inset images show solutions before (left) and after (right) 
irradiation with 365 or 410 nm light.

Fig. 5. Kinetic study for compound 1a. Time-resolved UV-Vis spectra at 60 ◦C a) in toluene (10 μM) and c) in solid state. The arrows denote the evolution of 
absorbance with time. The inset represents the absorbance at the observed wavelength (grey area, λobs = 360 nm) vs. time and the fitting (black line). b,d) ln (k/T) vs 
1/T representation and the fitting (dotted line) for k values obtained at 40–60 ◦C. b) In toluene (10 μM) and d) in solid state.
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would enable more selective excitation of each state using different 
irradiation wavelengths.

Furthermore, the reversibility and robustness of the photoswitching 
behavior of these materials were confirmed by performing three 
consecutive switching cycles using alternating irradiation at the 
appropriate wavelengths (Fig. 4b–d). More specifically, isomerization to 
the cis isomer was induced using UV light for 1a, or 410 nm light for 4a 
and 520 nm light for their back-conversions.

3.2.2. Cis-to-trans thermal relaxation and bistability
The thermal cis-to-trans back-isomerization was investigated using 

time-resolved UV-Vis spectroscopy in dilute solution of toluene (10 μm; 
Fig. 5a and Fig. S6a–S10a) or in solid state for 1a (Fig. 5c). The half-lives 
(t1/2) were determined by fitting the absorbance vs. time to a mono
exponential decay model at elevated temperatures (40–60 ◦C) and 
extrapolated to the room temperature value from an Arrhenius plot 
(Fig. 5b–d and Fig. S6b–S12b). Additionally, the variation of the rate 
constants with the temperature allowed also the determination of the 
enthalpies and entropies of activation (ΔH‡ and ΔS‡, respectively), 
which are collected in Table 2.

All compounds exhibited two distinct isosbestic points: at 303 and 
407 nm for N-AB-triindoles 1–3 (Fig. 5a, Fig. S7a–S10a) and at 331 and 
478 nm for C-AB-triindoles 4 (Figs. S11a and S12a), indicating a clean 
trans-cis interconversion without formation of side products. Addition
ally, the cis-to-trans thermal relaxation t1/2 values were observed to be in 
the hour scale, as observed for alkoxy-substituted ABs [12]. In partic
ular, in the N-AB-triindole series a clear inverse correlation was 
observed between molecular volume and relaxation rate. In this manner, 
smaller derivatives such as 1a,b and 2a exhibited t1/2 values around 
34–39 h and activation parameters similar to the control compound 5 
(t1/2 = 39 h). By replacing methyl with hexyl groups in di-substituted AB 
derivative 2b reduced the t1/2 to 23 h, while the addition of an extra AB 
unit in derivative 3 showed a twofold faster cis-to-trans thermal relax
ation than the mono-substituted AB analogues 1 (t1/2 = 18 h vs 39 h for 
1a). This acceleration is attributed to an increased steric hindrance 
introduced in the cis configuration, which destabilizes this isomer and 
promotes reversion to the trans configuration. This effect is reflected in a 
more considerable negative ΔS‡ (− 92 vs. − 28 J mol− 1 K− 1) and a lower 
ΔH‡ (96 vs. 75 kJ mol− 1) for 3 compared to 5, indicating a more ordered 
and less energetic transition state for the former. A similar behavior was 
observed when comparing 1a in dilute solution to its solid-state form on 
a quartz substrate, which showed similar t1/2 values (37 h). However, 
the film exhibited higher ΔH‡ and, notably, an ΔS‡ close to zero (− 3 J 
mol− 1 K− 1), suggesting a more constrained environment during isom
erization in the solid state.

Conversely, C-AB-triindoles 4a,b showed significantly faster thermal 
relaxation half-lives (t1/2 ≈ 6–7 h) than the N-AB-triindoles, ascribed to 

the extended aromatic conjugation in these [30–32]. Despite this, their 
thermal activation parameters remained comparable to those of 5.

3.3. Thermal stability and electronic energy levels

The thermal properties and the frontier energy levels of the AB- 
triindole compounds 1–4 were measured and compared to the control 
compounds for triindole (THT) and AB (5) subunits. The summary of all 
the data is found in Table 3.

Thermal stability was assessed by evaluating the decomposition 
temperature (Td) of the compounds, as determined through thermog
ravimetric analysis (TGA; Fig. S13). All compounds exhibited Td values 
above 340 ◦C, which are substantially higher than those of the indi
vidual units 5 (225 ◦C) [33] and THT (301 ◦C) [20]. This substantial 
thermal stability is critical for various deposition techniques in elec
tronic devices, ensuring the integrity and performance of the resulting 
materials [34,35].

For the frontier energy levels of the AB-triindole derivatives, the 
ionization potentials (IPs) were determined from cyclic voltammetry 
(CV; IPCV) in CH2Cl2 (1 mM) and photoemission spectra (PES; IPPE) in 
pristine films, which are schematically illustrated in Fig. 6. For the 
former, profiles of the studied AB-triindole compounds exhibited a 
quasi-reversible oxidation process attributed to the triindole core, 
together with an irreversible reduction typical of AB derivatives 
(Fig. S14) [36]. IPCV values extracted from the oxidation onset revealed 
that all the studied AB-triindole derivatives showed values closely 
matching to the reference compound THT, which hovered around 5.60 
eV. These values are ideal for hole-transporting materials and simulta
neously provide stability against oxidative doping from atmospheric 
oxygen [37,38]. In parallel, PES measurements yielded slightly lower 
IPPE values (5.00–5.15 eV; Fig. S15), which indicated an improved en
ergetic alignment for hole injection with common metal electrodes used 
in electronic devices (e.g., 5.1 eV work function for Au contacts). This 
discrepancy between the IPCV and IPPE values could arise from the dif
ferences in intermolecular interactions present in the solid state versus 
in dilute solution, which were also reflected in the UV-Vis spectra. 
Additionally, the optical energy bandgap (Eopt

gap) were estimated from the 
onset wavelength (λabs,onset) of the absorption spectra. In this case, 
N-AB-triindoles 1‒‒3 showed values slightly lower but similar to that of 
THT (3.53 eV), while C-AB-triindoles 4a,b exhibited a considerable 
reduced Eopt

gap (2.95 eV), consistent with the extended π-conjugation be
tween the triindole and AB units.

Hence, the prepared and studied AB-triindole compounds 1‒‒4 
overall combined thermal robustness with appropriate frontier energy 
levels, showing their clear potential as air-stable p-type OSCs.

3.4. Charge transport properties (time-of-flight)

The charge-transport properties of the whole family of AB-triindole 
compounds 1–4 were assessed using TOF measurements by sandwich
ing the organic layer (d > 1 μm) in diode-like devices consisting of an 
ITO-coated glass substrate and an aluminum electrode (see Table 4) 
(Fig. S16).

The measured hole drift mobilities exhibited a linear dependence on 
the square root of the applied electric field, consistent with a hopping 
transport mechanism (Figs. S16 and S17) [39]. Among the studied 
pristine films, the hexyl-substituted mono-AB derivative 1b displayed 
the highest performance, with μh of 1.5 × 10− 4 cm2 V− 1 s− 1 under an 
applied electric field of 5.6 × 105 V cm− 1, amounting to an order of 
magnitude higher than its methyl analogue 1a (μh = 1.7 × 10− 5 cm2 V− 1 

s− 1). However, pristine films of compounds 2–4 exhibited poor struc
tural quality and resulted in devices that were inoperative for TOF 
analysis. Consequently, blends with an inert polymer host, bisphenol 
Z-polycarbonate (PC-Z) at a 1:1 wt ratio were employed to improve film 
formation [40,41]. Under these conditions, the obtained μh values for 

Table 2 
Kinetic and thermal activation parameters at 25 ◦C of compounds 1–5 in toluene 
(10 μM) obtained from the Eyring plots.

k (s− 1)a × 10− 6 t1/2 (h)b ΔH‡ (kJ mol− 1)c ΔS‡ (J mol− 1 K− 1)d

5 5.0 39 96.7 ± 0.1 − 28.2 ± 0.4
1a 5.0 39 96 ± 2 − 28 ± 6
​ 5.2e 37 103 ± 1 − 3 ± 2
1b 5.7 34 93 ± 1 − 37 ± 2
2a 5.6 34 94 ± 3 − 33 ± 8
2b 8.3 23 81 ± 1 − 72 ± 1
3 11 18 75 ± 1 − 92 ± 1
4a 28 6.8 93 ± 1 − 22 ± 4
4b 30 6.3 90 ± 1 − 33 ± 4

a Constant rate at room temperature.
b Half-live at room temperature.
c Enthalpy of activation and.
d Entropy of activation.
e Values from a drop-casted film of 1a on a quartz substrate.
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the N-AB-triindoles 1a and 1b decreased by approximately two orders of 
magnitudes relative to their pristine films, yielding values of 1.1× 10− 7 

and 3.3 × 10− 6 cm2 V− 1 s− 1, respectively. In particular, the mobility 
obtained for 1b fell within the range reported for some structurally 
related N-alkyl-substituted triindoles measured under comparable film 
preparation and electric field conditions [42]. This is particularly sig
nificant given that 1b incorporated a photoactive AB chromophore, 
which is typically inactive with respect to charge transport. Hence, the 
preservation of meaningful hole mobility upon the incorporation of a 
single AB unit, while simultaneously imparting photoresponsive func
tionality, highlights the exceptional balance of both properties achieved 
in these AB-triindole hybrids. In contrast, increasing the degree of AB 
substitution progressively compromised the charge transport: 

disubstituted-AB derivatives 2a and 2b exhibited mobilities below 10− 7 

cm2 V− 1 s− 1 in PC-Z doped films, while the trisubstituted analogue 3 
showed no detectable transient signal, even within the host matrix. This 
trend indicated that although limited AB incorporation was tolerated, 
higher substitution became detrimental to charge transport within the 
N-AB-triindole system.

Remarkably, a different behavior was observed for the C-azo-triin
doles 4a,b, which displayed noticeably enhanced mobilities in PC-Z 
doped films compared to 1a,b. Specifically, the methylated 4a 
reached mobilities of 6.4 × 10− 5 cm2 V− 1 s− 1 and the hexylated 4b of 
1.4 × 10− 5 cm2 V− 1 s− 1, which corresponded to an order of magnitude 
higher than 1b under the same deposition conditions and applied elec
tric field. Thus, these results suggest that both extended π-conjugation 
and the AB linkage position at the carbon rather than nitrogen is ad
vantageous for facilitating hole transport. Indeed, reported photoactive 
OSC-AB hybrids share this architecture, with the AB aromatic core 
directly attached to the OSC framework [15,16].

Altogether, these findings highlight the considerable potential of AB- 
triindole derivatives as photoactive OSCs. In particular, the pristine film 
of mono-substituted N-AB-triindole 1b demonstrated the highest 
mobility overall (1.5 × 10− 4 cm2 V− 1 s− 1), comparable to that of anal
ogous N-alkylated triindoles. In contrast, C-AB-triindole derivatives 4a, 

Table 3 
Thermal and electrochemical properties of N-trihexyltriindole (THT) and 1–5.

Td (◦C)a λabs,onset (nm)b Eopt
gap (eV)c Ecat (V)d Eox

onset (V)e IPCV (eV)f EA (eV)g IPPE (eV)h

5 225i (− )j (− )j ‒2.01 (− )j (− )j (− )j (− )j

THTk 301 351 3.53 (− )l 0.21 5.60 2.07 4.79
1a 359 352 3.52 ‒1.98 0.22 5.61 2.08 5.11
1b 363 354 3.50 ‒2.01 0.24 5.63 2.14 5.13
2a 360 355 3.49 ‒2.01 0.24 5.63 2.12 5.08
2b 350 354 3.50 ‒2.03 0.25 5.64 2.13 5.07
3 343 354 3.50 ‒2.05 0.25 5.64 2.13 5.04
4a 331 420 2.95 ‒2.05 0.21 5.60 2.65 5.03
4b 333 420 2.95 ‒2.01 0.27 5.66 2.76 4.99

a Decomposition temperature at a 5% weight loss.
b Absorption onset wavelength.
c Optical energy gap estimated from the absorption spectrum.
d Reduction potential vs. Fc+/Fc.
e Onset oxidation potential vs. Fc+/Fc.
f Ionization potential extracted from the cyclic voltammetry (Eox

onset).
g Electron affinity.
h Ionization potential extracted from the photoemission spectra.
i Ref. [33].
j Not measured.
k Ref. [20].
l Not detected.

Fig. 6. Schematic representation of frontier energy levels of compounds 1–4 
and N-trihexyltriindole (THT), showing the HOMO/LUMO energies extracted 
from cyclic voltammetry and HOMO energy values from photoemission spec
troscopy (dotted lines).

Table 4 
Hole mobility parameters of vacuum-evaporated pristine films of 1a,b and drop- 
casted PC-Z doped with compounds 1–4 (1:1 w/w) on ITO-coated glass 
substrates.

μh (cm2 V− 1 s− 1)a μ0 (cm2 V− 1 s− 1)b α (cm1/2 V− 1/2)c

1a 1.7 × 10− 5 2.0 × 10− 7 0.0059
1b 1.5 × 10− 4 1.2 × 10− 7 0.0093
1a þ Pd 1.1 × 10− 7 8.3 × 10− 8 0.0030
1b þ P 3.3 × 10− 6 3.2 × 10− 12 0.0246
2a þ P 7.2 × 10− 8 2.7 × 10− 10 0.0067
2b þ P 3.3 × 10− 8 3.1 × 10− 9 0.0058
3 þ P (− )e (− )e (− )e

4a þ P 6.4 × 10− 5 8.0 × 10− 7 0.0057
4b þ P 1.4 × 10− 5 2.3 × 10− 6 0.0026

a Hole mobilities measured at an applied electric field 6 × 105 V cm− 1.
b Zero-field mobility.
c Field dependence parameter.
d Bisphenol Z-polycarbonate (1:1 w/w).
e Not operative.
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b could only be measured in a PC-Z polymer blend, where they out
performed the N-linked derivatives under those blended conditions. 
Hence, strategic π-extension in C-linked AB-triindole derivatives further 
enhanced charge transport through improved conjugation. Despite the 
clear trends in hole mobility revealed by the TOF measurements, this 
technique intrinsically requires photoexcitation using a UV laser pulse 
(λEx = 355 nm) to generate the charge-carrier sheet, which inevitably 
induces a certain degree of photoisomerization during the measure
ments. In particular, such irradiation to the N-AB-triindole films is ex
pected to promote trans-to-cis isomerization to a significant extent, 
whereas in films based on C-AB-triindole derivatives this process is 
scarcely present due to the red-shifted π-π* transition of the extended 
π-conjugation, in agreement with the UV-Vis photoisomerization 
studies. Consequently, the measured mobilities cannot be assigned to a 
pure trans or cis states but to the transient population originated under 
the photoinduced perturbation. Nevertheless, these results demonstrate 
that incorporation of the AB unit does not suppress hole transport and 
thus support the proof-of-concept character of these compounds as light- 
responsive semiconductors. Future studies aimed at disentangling the 
charge transport properties of the trans and cis isomers will be explored 
by using methodologies that does not rely on optical excitation, such as 
space-charge-limited current (SCLC) or field-effect transistor (FET) 
devices.

3.5. Solid-crystal structures and molecular packing

In order to unlock the role of AB units the interaction with the 
triindole core in the solid state, the packing arrangement of N-methyl
ated-monosubstituted-AB-triindole 1a and the analogue disubstituted- 
AB 2a were elucidated from appropriate single crystals evaporated 
from a solution of ethanol:CH2Cl2 (1:1 v/v) and hexane:CH2Cl2 (1:1 v/ 
v), respectively. Further single crystal data and the ORTEP projections 
can be found in Tables S3 and S4 and Fig. S18–S21.

As a reference, the THT crystal structure that was published within 

our research group showed that the charge transport is governed by 
columnar stacking of the aromatic core, stabilized by both π-π and π-CH3 
interactions along the stacking direction [20]. For 1a, this cofacially 
columnar motif is essentially preserved, with molecules arranged in an 
antiparallel fashion (Fig. 7a). As a consequence, every pair of stacked 
triindole units is separated by an intercalated AB moiety, resulting in an 
alternating triindole-triindole-AB columnar architecture. The peripheral 
triindole aromatic rings are titled 12.1, 3.6 and 0.94◦ out of plane 
compared to the central hub, which is less distorted than for THT (10, 14 
and 16◦). Within each triindole dimer, adjacent molecules are rotated by 
30◦ and exhibit centroid-to-centroid distances of 3.49 Å, which are 
slightly shorter than those observed for THT (3.63 Å). Despite this 
tightened π-π stacking, the increased planarity weakens the CH3-π in
teractions between the N-methyl groups and the peripheral centroids 
from the adjacent molecule (4.06 Å compared to 3.43 Å in THT). 
Moreover, the columnar stacking is further perturbed by the intercala
tion of AB units between adjacent triindole dimers, which interrupts 
direct triindole-triindole contacts along the stacking direction and 
reduce the continuity of the π-stacking pathway. Within the crystal 
plane, only weak edge-to-face interactions linked neighboring stacks 
(4.89 Å), suggesting limited lateral coupling. Nevertheless, these in
teractions, combined with the short intradimer distances, may enable 
localized electronic coupling and charge hopping between the stacks. 
This scenario is consistent with prior theoretical studies on N-alkylated 
triindoles, which identified hopping as the dominant charge-transport 
mechanism in these systems [17,21]. Such partial connectivity 
accounted for the moderate hole mobilities observed for 1a (~10− 5 cm2 

V− 1 s− 1 at 6 × 105 V cm− 1), indicating that, AB intercalation perturbed 
the ideal columnar packing without fully abolishing the charge transport 
within the lattice. On the other side, AB units present a C–N–N–C 
dihedral angle of 179◦, which corresponds to the trans configuration, 
while the two phenyl rings exhibited a notable torsion (41◦) due to one 
of the rings interacting with the adjacent triindole aromatic rings.

Upon incorporation of a second AB unit in 2a, the molecules adopted 

Fig. 7. Single crystal structure of a) 1a and b) 2a. Key intermolecular interactions are highlighted as: face-to-face π-π (orange), edge-to-face π-π (blue), CH3-π (dark 
green). The hydrogen atoms were omitted for clarity. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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a slipped columnar packing, where the stacks are aligned in the a axis, 
with sharp discontinuities between stacks due to the placement of the AB 
subunits in between (Fig. 7b). Although the triiindole cores appear 
better aligned than in 1a, the resulting parallel-displaced π-π in
teractions are long ranged, both along the stacking direction (4.89 Å) 
and between interdigitated molecules in adjacent columns (5.59 Å). 
Hence, this arrangement further disrupts effective intermolecular 
overlap, supporting that additional N-bonded AB units in the triindole 
progressively interferes with charge-transport pathways. Consistent 
with this structural trend, the μh declined as the AB units increased: 1a 
(1.1 × 10− 7 cm2 V− 1 s− 1), 2a (7.2 × 10− 8 cm2 V− 1 s− 1) to 3 (nonoper
ative), in PC-Z doped films at 6 × 105 V cm− 1.

4. Conclusions

In summary, this work demonstrates that AB chromophore can be 
successfully integrated into the triindole backbone while preserving 
both photoactivity and semiconducting functionality. For this, a novel 
family of AB-triindole derivatives, by integrating the AB units through a 
spacer at the nitrogen atoms (N-AB-triindoles) or covalently linked at 
the 3,8,13 positions of the aromatic core (C-AB-triindoles) has been 
successfully designed and synthesized. UV-Vis studies confirmed an 
efficient and reversible cis-trans photoisomerization for all the com
pounds in solution and in the solid state. More precisely, in N-AB- 
triindoles, the presence of alkyl spacers effectively decoupled the 
photochromic and semiconducting units, with near-quantitative 
switching in both directions. In contrast, C-AB-triindoles exhibited 
visible-light-induce trans-to-cis isomerization due to the extended 
π-conjugation. In both cases, the materials presented robust photo
stability over multiple cycles, with thermal back-relaxation half-lives on 
the hour scale, indicative of bistable photochromic systems. Electro
chemical measurements revealed HOMO energy levels in the range of 
5.60 to 5.66 eV, which are very similar to those of the triindole itself 
(5.61 eV for N-trihexyltriindole), while a decrease in the solid state in 
photoemission spectra was observed (IPPE = 4.99 – 5.13 eV), supporting 
air-stable p-type behavior. Hole transport has been further analyzed and 
confirmed by TOF, with mono-substituted-N-AB-triindole derivatives 
displaying the highest mobilities with up to 1.5 × 10− 4 cm2 V− 1 s− 1 at 6 
× 105 V cm− 1, while in blends with PC-Z the C-AB-triindole derivatives 
showed a marked enhanced mobilities of 6.4 × 10− 5 cm2 V− 1 s− 1 in the 
case of the N-methylated compound.
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