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Abstract: Thiophene ring-enhancing electron delocalization imparts unique properties to azoic
chromophore tools. The novel TA-OH dye contains a push–pull π-electron system, including a
thiophene-azo scaffold with a hydroxyl group at the ortho position to the azo bridge. The hydroxyl
group is expected to lock the azo bridge in its trans conformation, concurring with the photostability
and fastness of the dye. The single crystal analysis identified the molecule’s primary conjugation
plane, and the theoretical analysis provided electronic pattern insights. The absorption behavior
and the trans-to-cis conversion were examined from both experimental and theoretical perspectives.
The effect of solvent polarity and the role of pH on the photophysical properties were explored. The
solvent polarity strongly affects the absorbance spectrum of TA-OH, therefore potentially making
NLO active. Additionally, TA-OH exhibited pH responsiveness akin to classic dichromatic pH
indicators, with a noticeable color shift from red to blue observed as pH transitioned from neutral to
alkaline. Absorbance titration experiments, along with experimental/theoretical determination of
pKa, defined the pH sensing ability.

Keywords: azo dyes; thiophene; theoretical insight; pH-responsive; lightfastness

1. Introduction

Azo compounds have a long history dating from the turn of the 20th century. Due to
their tunable chromatic range, they began to be produced as dyes for leather and textiles
or as pigments in the industries of rubber and plastic. More recently, azo compounds
have gained interest in cutting-edge applications such as optoelectronics, photomechanics,
chemical sensing, and imaging [1–7]. As azo compounds can exist in the trans (E) and cis (Z)
forms, interconverting by light, their photoswitching mechanism has been intensively stud-
ied for the selective response to external stimuli (as light, temperature, pH, and chemical
analytes). Different substituents affecting intramolecular interactions are expected to block
or endorse the trans-to-cis conversion. The two conditions can be requested differently:
isomerization blocked for the colorimetric stability of the dye; isomerization allowed for
the photochromic responsivity of the sensor.

Despite azobenzene derivatives being archetypical molecular switches [4,8,9], het-
eroaryl azo compounds have recently attracted attention [10–12]. Heteroaryl azo dyes
offer a broader structural and spectral diversity [11]. Specifically, five-member hetero-
aromatic rings show distinctive photochemical and photophysical properties, characteristic
steric profiles, and molecular geometries. However, only a few azo heterocycles have
been thoroughly investigated, and interest has focused mainly on the nitrogen-based
azo-heterocycles [10,13,14].
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Thiophene is an aromatic heterocyclic compound with one sulfur atom linked in a
penta-atomic ring structure. Theoretical calculations indicate a lower aromaticity than
benzene, with the participation of the lone electron pairs on sulfur atoms in forming the
aromatic π cloud. Due to its unique nature, thiophene has been employed as a crucial
scaffold for the assembly of conductive materials in optoelectronics, for agrochemicals,
pharmaceuticals, and as dye compounds [13,15]. In the specific sub-class of the thiophene
azo dyes, the thiophene group enhances electron delocalization and imparts color strength,
stability, and solubility [16,17].

In a previous article, we designed a group of azo dyes containing a thiophene ring
and highly conjugated scaffolds with donor/acceptor substituents [18]. Their large π-
conjugation pattern is combined with excellent nonlinear optic (NLO) properties. Inter-
estingly, replacing a phenyl ring with a thiophene one resulted in an improved push–pull
effect and, therefore, in molecular hyperpolarizability values and molar extinction coeffi-
cients [2,19–24].

This study reports a comprehensive experimental and theoretical analysis of the
structure-property relationship of a novel azothiophene chromophore named TA-OH
(Figure 1). Based on our study of the functionalization-properties relationship of azo dyes,
the molecule could be worthy of interest in many aspects. First, similar thiophene azo
dyes are known for their moderate to good light fastness, which is increased compared to
the corresponding benzene derivatives [13]. Furthermore, the simple structure of TA-OH
promised significant colorimetric performance, both qualitative and quantitative.
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Figure 1. Chemical structures of the chromophore TA-OH. In the push–pull electronic system,
distinctive functional groups are evidenced (azo group in blue, thiophene group in red, and the
hydroxyl group in the green sphere).

The compound TA-OH was obtained by a standard diazotation reaction of the 2-
amino-5-nitrophenol diazonium salt with 2-acetamide thiophene and identified by NMR
and MS analysis. The novel dye contains a push–pull donor-acceptor electronic pattern
with a thiophene-azo scaffold bearing a hydroxyl group at the ortho position to the azo
bridge. The hydroxyl group locking the azo bridge in its trans conformation is expected to
promote the photostability and fastness of the dye. Single crystal X-ray analysis pointed out
the main conjugation plane of the molecule, whose HOMO-LUMO levels were determined
by DFT analysis. The absorption behavior and the trans-to-cis conversion were examined
from both experimental and theoretical points of view. Solvatochromism was explored,
revealing potential NLO activity. A pH response was observed in the manner of classical
dichromatic pH indicators. Absorbance titration experiments and experimental/theoretical
determination of pKa helped define pH sensing ability.

2. Materials and Methods

Commercially available starting products were purchased from Sigma Aldrich
(Milan, Italy).

NMR spectra were recorded in DMSO-d6 with a Bruker Advance II 400 MHz appa-
ratus (Bruker Corporation, Billerica, MA, USA). For 13C NMR spectra (reported in the
Supplementary Materials, Figures S4–S6), the experiment was a DEPTQ (Distorsionless
Enhancement by Polarization Transfer Including the Detection of Quaternary Nuclei) polar-
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ization transfer with decoupling during acquisition using a shaped pulse for a 180-degree
pulse on the f1 channel.

For mass spectrometry measurements, the samples were analyzed by direct flow
injection using an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, San Jose, CA,
USA), operating in positive and/or negative ionization mode. The Orbitrap mass ana-
lyzer was calibrated according to the manufacturer’s directions using a mixture of caf-
feine, methionine-arginine phenylalanine-alanine-acetate (MRFA), sodium dodecyl sulfate,
sodium taurocholate, and Ultramark 1621. Data were collected and analyzed using the
software provided by the manufacturer.

UV-visible absorption spectra were recorded by a JASCO F-530 spectrometer (scan rate
200 nm min−1, JASCO Inc., Easton, MD, USA) on 10−5 M in commercial buffer solutions.
For the UV-vis experiments, stock solutions (1.00 M) of Britton-Robinson buffer (at 3.5,
4.5, 5.5, 6.5, 7.5, 8.5, 9.5, 10.5, and 11.5 pH values) were prepared in bi-distilled water
as described in the literature [25]. Stock solutions of TA-OH (10−5 M) were prepared in
acetone and bi-distilled water (1:1). Spectra of the molecule were performed by adding
60 µL of the buffer stock solutions to 2.5 mL of the TA-OH stock solution. After mixing for
a few seconds, the absorption spectra were recorded at room temperature.

2.1. Synthesis of TA-OH

In 15 mL of water and 37% hydrochloric acid (1:1), 3.5 mg of 2-acetamide thiophene [26]
was suspended, and the suspension was kept at 4 ◦C in an ice-water bath. Simultaneously,
5.0 g of diazonium salt of 2-amino-5-nitrophenol was dissolved in 40 mL of ethanol and
then dropped into the 2-acetamide thiophene suspension. The suspension was allowed to
react under stirring for about 60 min, and then the product was precipitated by pouring
the reaction solution into water and ice. The product was recovered by filtration and
washed with water, resulting in a dark red solid. The solid was then crystallized from
acetone/hexane into red crystals. Yield: 85%. 1H NMR (DMSO-d6; 400 MHz) δ: 2.16 (s,
3H), 6.81 (d, 1H, J = 4.5), 7.62 (d, 1H, J = 8.8), 7.70 (d, 1H, J = 9.4), 7.76 (s, 1H), 7.84 (d, 1H,
J = 4.5) (Hard copies of 1H-NMR and 13C NMR are reported in Supplementary Materials,
Figures S1 and S2). MS (m/z) 306.04, found [M-H]–: 305.03. (Hard copy in Figure S3).

2.2. Computational Method

The steepest descent energy minimization for TA-OH and TA (chemical structure
in Figure S4) molecules was performed using the AMBER14 force field [27] at pH = 7
with the software Yasara Structure 22.9.24 [28] and the plugin GUIDE [29]. After the
energy minimization process, the geometry of the molecule was optimized at a time-
dependent DFT level (TD-DFT) [30] by using the B3LYP functional and DEF2-SVP basis set
in the information of the ORCA tool, version 5.1 [31]. The optimized geometry of E state
structures was further modified to a cis (Z) state by changing the dihedral angle between
the azo group to 51◦. The modified Z structure was further energy minimized at pH = 7.
During the energy minimization process, the azo group was constrained to stabilize the Z
conformation. Geometry optimization of the Z structure was performed using the B3LYP
functional and DEF2-SVP basis set information at the TD-DFT level [30]. To reconstruct
the transition energy profile from E to Z conversion, we applied the nudged elastic band
(NEB)-based transition state calculation of TA-OH using the same functional and basis set
information [32].

The calculation of the pKa of TA-OH in water was performed with the software Jaguar
pKa, Schrödinger, LLC, New York, NY, 2023 [33]. The effect of pH change on the electronic
properties of the molecule was investigated in both deprotonated and protonated forms
to simulate the effect at high and low pH values. The UV-vis spectroscopy analysis was
performed for the protonated and deprotonated forms of TA-OH in acetone solvent. We
used the IboView program [34] to visualize the frontier orbitals. To generate the absorption
spectra, we employed a Python script utilizing Gaussian functions to convert the transition
lines detailed in Table 4 into bands.
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The calculation of the dipole moment of TA-OH was performed by the ORCA tool,
version 5.1 [31].

The NLO properties like first (β) and second hyperpolarizability (γ) were calculated by
the PM7 model with a time-dependent Hartree Fock (TDHF) level using the MOPAC 2016
program [35]. The Hirshfeld surface calculations have been performed with the program
Crystal Explorer [36].

DFT calculation of the crystal has been performed with the software CASTEP [37].

2.3. Single Crystal X-ray Analysis

Large crystals for compound TA-OH obtained by slow evaporation in acetone were
collected from the XRD2 beamline at the Elettra Synchrotron Light Source, Trieste, Italy. By
using a small loop of fine rayon fiber, the selected crystal was dipped in the cryoprotectant
paratone oil and flash-frozen in a stream of nitrogen at 100 K. Several crystals were scanned,
and a completed data set was obtained by merging data sets from two crystals for a total
of 180 images (360◦). Data were processed using XPrep and ShelxT, resulting in the data
collection statistics reported in Section 3.6 [38].

The structure solution was found by direct methods using SIR2019 [39] and revealed
the expected atom connectivity. Structure was anisotropically refined using full-matrix least-
squares methods on F2 against all independently measured reflections using SHELXL [40]
run under the WinGX suite [41]. All hydrogen atoms were identified in the Fourier residual
map and introduced and refined in calculated positions in agreement with a riding model
implemented in SHELXL. Restraints were not introduced since they did not further improve
the model.

The figures were generated using Mercury CSD 3.6 [42]. Crystallographic data for
TA-OH were deposited with the Cambridge Crystallographic Data Centre and can be
obtained via https://www.ccdc.cam.ac.uk/structures/ (accessed on 13 May 2023).

2.4. Lightfastness

The UNI EN ISO 105-B02:2014 test was used for color fastness assessment. Light
fastness was evaluated by exposing a dyed fabric to high-energy radiation (Q-SUN Xenon
Test Chamber, Q-LAB, Westlake, OH, USA) in a fade-o-meter for 24 h and compared with
unexposed fabric. The apparatus consists of a light source: a Xenon arc lamp with a color
temperature between 5500 and 6550 K placed in a ventilated exposure chamber. Light
filters reduce ultraviolet radiation. Heat filter to reduce infrared radiation. The AATCC
Test method was used for evaluation (scale: 1 for poor and 8 for outstanding). In short, this
method determines the color resistance of dyed fabrics to the action of an artificial light
representative of natural daylight by the accelerated aging route, simulating the damage
suffered by materials (and therefore the dyes contained) after continuous exposure to
sunlight. Effective humidity and maximum temperature are among the parameters to be
controlled. In the experiment, the sample of TA-OH adsorbed on wool was placed together
with a series of blue wool samples and exposed to artificial light. At the end of the exposure,
color fastness was evaluated by comparing the dyed sample to the reference blue wool
samples for evaluating discoloration/fading.

3. Results and Discussion
3.1. Synthesis, Solvatochromism, Trans-to-Cis Isomerization

Our scaffold consists of a π-delocalized azo bridge bearing a thiophene ring. The amidic
group as the electron donor substituent and the nitro group as the electron-withdrawing
substituent are expected to cause the push–pull electronic effect.

In literature, analogous molecules without the hydroxyl group were used both as dyes
and as NLO materials. In some cases, they have been investigated from a theoretical point
of view regarding conformations and tautomeric equilibria [43]. On the other hand, similar
structures with hydroxyl substituents are rare and mostly concern dyes and pigments. Due

https://www.ccdc.cam.ac.uk/structures/
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to the strong interest in textile applications, related literature is often reported in the form
of patents, the most relevant result being from good to excellent lightfastness [44].

An efficient charge-transfer (donor-to-acceptor) in a D-A chromophore is responsible
for the manifestation of NLO properties [45,46].

The push–pull conjugated structure of TA-OH is associated with a large dipole mo-
ment. The calculated value is µ = 9.04 Debye. As relevant solvatochromic shifts are
characteristic of a large dipole moment and frequently suggestive of a large hyperpolariz-
ability, we checked the effect of the solvent polarity on the absorbance spectrum of TA-OH
in five solvents of different polarity. The solvatochromic trend, depending on solvent
polarity, shows clearly. As detected in Table 1, the UV-vis absorption maxima of TA-OH
in different solvents undergo a relevant red shift upon increasing solvent polarity. In
Section 3.5, there are theoretically quantified β and γ values.

Table 1. UV-vis data for TA-OH in different solvents.

µ(D) a λmax (nm) b ε·10−3 (L cm−1 mol−1) c

Dioxan 1.02 460 27
Chloroform 1.15 475 25
Ethyl acetate 1.54 480 25

Acetone 2.88 490 28
DMSO 3.96 495 32

a Solvent dipole moment by Handbook of Chemistry and Physics, 59th ed., CRC Press, Inc.; b Wavelength of
UV-vis absorbance maximum. c Molar extinction coefficient in solution.

The main isomeric form of TA-OH is the trans form, due to the hydroxyl group in the
ortho position to the azo bridge, which prevents isomerization in cis as it forms a hydrogen
bond with a nitrogen of the azo group. We tested the isomerization of TA-OH by prolonged
irradiation at 490 nm in solution, but without obtaining the cis form. Under the same
experimental conditions, we could obtain the isomerization of a molecule similar to TA-OH
but lacking the hydroxyl group named TA (Figures S4 and S5, Supplementary Materials).
The experimental results demonstrated the role of the OH group in blocking the trans
configuration. To confirm the experimental results, we also calculated the transition state
energies for the trans and cis forms, collecting compliant data (see Section 3.5).

While the trans-cis photo-responsiveness of TA-OH is inhibited, the intramolecular
bond ensures notable photostability, akin to the lightfastness qualities observed in numer-
ous azo dyes [47]. Different aspects of fastness, including light, wash, and sublimation, can
be assessed [48]. In our instance, the red-colored compound TA-OH, exhibiting substantial
color strength, demonstrates a commendable lightfastness index: 6 (good-very good) as
per UNI EN ISO 105-B02:2014.

3.2. pH Colorimetric Response

Colorimetric pH-sensitive dyes have applications as indicators and visible ratiometric
sensors [3,49,50]. The hydroxyl substituent in TA-OH, as well as preventing isomerization,
is expected to make the chromophore potentially pH-responsive. The highly colored
solutions of TA-OH producing a strong absorption band in the visible spectrum show a
distinct color change from red to blue as pH goes from almost neutral to neat alkaline.
The value for pKa calculated with the software Jaguar was 8.5. The experimental UV-
vis absorption spectra in acetone/water (5:1) at two different pH ranges (pH = 6.5 and
10.5 represent the fully perceivable different colors), the CIE space color diagrams, and the
related colored solutions are shown in Figure 2. The experimental maximum absorption
wavelengths are reported in Table 2. Buffer solutions were employed to fix pH in an
acetone/water-mixed solvent [51,52].
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Figure 2. Experimental UV-vis absorption spectra in buffered acetone solutions at pH = 6.5 (orange
line) and pH = 10.5 (blue line), pictures of the solutions (inset), and CIE diagrams for TA-OH, data
collected at different pH values, are reported.

Table 2. Experimental absorption wavelengths (nm), at different pH values, in acetone/water
(5:1) solution.

Sample pH CIE a λabs (nm) b ε·10−3 (L mol−1 cm−1) c

TA-OH
protonated 6.5 0.593; 0.329 490 28

TA-OH
deprotonated 10.5 0.192; 0.212 653 (490) 30

a Absorption CIE coordinates of the samples in solution. b Absorption maxima of the solutions, with relative
maxima in brackets. c Molar extinction coefficient in solution.

UV-vis spectral titration of TA-OH in acetone/water (5:1) buffered solutions was
obtained by recording the absorbance spectrum from pH = 3.5 to pH = 11.5. In this range,
the color change (red-to-blue or blue-to-red) is reversible by increasing and decreasing
pH. The absorption bands drastically change in the range from pH = 6.5 to 10.5 (see
Figure 2). Below pH = 6.5, the curves recorded in an acidic environment almost overlap,
and the same applies above pH = 10.5. Two characteristic bands can be detected in the
titration experiment, with the formation of an isosbestic point around pH = 8.5. Therefore,
compound TA-OH behaves like most dichromatic pH indicators. The colorimetric switch
occurs at about two pH units around pKa, as detectable in Figure 3: the band’s collapse
between pH = 7.5 and 9.5 on the left and the change in slope of the two curves in the plot
on the right.

The two bands detected in the titration experiment (around 490 nm and around
650 nm) can be ascribed to the formation of the deprotonated form from the protonated
one. By plotting absorption intensity vs. pH, the intercept between the first band maxima
suggests a pKa = 8.55, coinciding with the calculated pKa value of 8.5 (see Section 2.2).
The potential for azo-hydrazone tautomerism in the dye has been duly investigated. In
the protonated state, the calculated spectrum of the enolic form closely aligns with the
experimental spectrum. In contrast, the spectrum of the ketone form exhibits significant
disparities, leading to the conclusion that the enolic tautomer predominates at low pH.
While both tautomers were considered at very high pH, the experimental data do not
exhibit substantial agreement. Consequently, emphasis was placed on presenting data for a
more stable tautomer.
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3.3. Single-Crystal X-ray Structure

The single crystal structure of TA-OH was determined to visualize the main conjuga-
tion plane and to support theoretical assumptions. The analysis reveals a linear molecule
with a central core around the thiophene group that is overall planar and has a bent shape
(Figure 4). The core’s flat shape results from the electronic conjugation of the aromatic
rings involved. The N=N bond on the thiophene ring adopts an E geometry and exhibits a
mutual syn arrangement. Only very slight deviations are observed for the terminal nitro
and acetyl groups with respect to the phenyl ring and the N=N bond. The crystal packing is
stabilized by intermolecular Van der Waals interactions and self-assembled into π-stacked
columns along the crystal a-b diagonal and arranged around the center of symmetry. A wa-
ter molecule was identified in the crystal packing. Refinement parameters are summarized
in Table 3.
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Table 3. Crystal data and structure refinement details.

TA-OH

CCDC number 2262786

Formula probe and solvent C12H10N4SO4·H2O

Temperature (K) 100

Wavelength (Å) 0.6200

Crystal system Triclinic

Space group P-1

a (Å) 6.7860 (14)

b (Å) 8.3210 (17)

c (Å) 13.496 (3)

α (◦) 91.43 (3)

β (◦) 97.86 (3)

γ (◦) 113.86 (3)

R-merge (last shell) 0.017 (0.023)

Last resolution shell 0.71–0.67 Å

CC (1/2) 100.0 (99.9)

I/σ (I) 49.6 (36.3)

Completeness (%) 91.9 (87.4)

Estimated mosaicity (◦) 0.26

Volume 687.7 (3) Å3

Z 2

Calculated density 1.566 g/cm3

θ range for data collection (◦) 1.334 to 27.669

Reflections collected/unique 14,582/4428

Data/restraints/parameters 4428/0/149

R1 indices (I > 2σ(I)) 0.0422 (0.047, all data)

wR2 0.222

F(000) 336

Largest diff. peak and hole 0.82 and −0.38 e-/Å3

Goodness-of-fit on F2 1.15

3.4. Crystal Computational Analysis

The electronic band structure (EBS) and density of states (DOS) were calculated to
understand the electronic structure of the molecules. The EBS provided insights into the
energy levels of the valence and conduction bands, and the DOS analysis revealed the
distribution of energy states. These calculations were performed to assess the conductive
and electronic properties of the molecules. The calculated band gap (see Figure S6) is
0.99 eV, which places the material among semiconductors with a value intermediate to the
band gaps of Si (1.14 eV) and Ge (0.67 eV). The structure of the bands is similar to that
observed for other crystals with P-1 symmetry [53,54]. It was observed that the HOMO-
LUMO gap of the isolated molecule undergoes a reduction from 2.67 eV to 0.99 eV in the
crystal state. The crystalline organization introduces intermolecular interactions, including
hydrogen bonds or van der Waals forces, impacting the spatial configuration of atomic
orbitals. These interactions result in a modification of the electron gap within the crystal
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compared to the isolated molecular phase. Hirshfeld’s plot of the crystallographic structure
illustrates the closer proximity of molecules, culminating in enhanced stabilization.

Hirshfeld surface (HS) and two-dimensional fingerprint plots are simple graphical
representations to understand the crystal packing and can quantify and visualize the
intermolecular interactions in the crystal structure. Each molecule in the crystal is enclosed
by a Hirshfeld surface such that at any point within it, half or more of the electron density
comes from the atoms of this molecule. Topological properties of this surface, like distances
from the surface to the nearest nucleus external (de) and internal (di) to it and percentages
of the surface area corresponding to different types of contacts (i.e., H···H, C···C), can
reveal important packing features. In Figure 5, the Hirshfeld surface for the TA-OH crystal
structure is reported.
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Figure 5. Representation of the intermolecular contacts in the crystal by the Hirshfeld surface. The
contacts with distances equal to the sum of the van der Waals radius are indicated as white, and the
contacts with distances shorter than and longer than van der Waals radii are represented as red and
blue, respectively.

In the crystal, there is a predominance of antiparallel slipped face-to-face contact points
between molecules. This is clearly evident in the plots in Figure 6, showing a green area
centered at di + de = 3.6 Å. There are several edge-to-face contacts, and those visible in the
“wings” are mainly due to carbon to carbon, nitrogen, and hydrogen (contributing to the
total contacts for C-C 11.4%, C-N 16.1%, and C-H 13.0%, respectively). The closest contacts
are at 1.3 Å. The sulfur atom is getting as close as 1.7 Å to a carbon atom (contributing only
5.2% to the total contacts), as shown in Figure 6, bottom right.

3.5. Molecular Computational Analysis

In this section, we provide the predicted absorption spectra, which are crucial for un-
derstanding the optical properties of the TA-OH molecule in solution. Since the calculated
pKa of TA-OH was 8.5, we performed the calculation on the protonated and unprotonated
forms corresponding to pH levels lower and higher than 8.5. The theoretical UV-vis spectral
analysis of TA-OH showed that the molecule exhibited a maximum absorption wavelength
of 466 nm ascribed to the HOMO → LUMO transition and a second peak at 351 nm for
the HOMO → LUMO+1 (Figure 7, red line). Also, when deprotonated, the same molecule
showed in the visible region of the spectrum a maximum wavelength of 408 nm assigned to
the HOMO-2 → LUMO transition and a second peak at 592 nm for the HOMO → LUMO
transition (Figure 7, blue line).
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1.7 Å (5.2% of total contacts).
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Figure 7. Simulated absorption spectra of TA-OH protonated (red line) and TA-OH deprotonated
(blue line) using TD-DFT/TDA method in acetone solvent.

The results indicated that TA-OH changes its absorbance properties in the deproto-
nated state compared to the protonated form, leading to a net visible change in color. The
experimental absorption spectrum and observation with the naked eye confirm this. There
is an evident color change from red to blue around pH = 8.5.

Table 4 provides information related to electronic energy levels and transitions in TA-
OH protonated and deprotonated. The transitions reported in column three describe the
rearrangement of electrons in the system as it moves from one energy state to another. The
last column specifies the wavelength of light that corresponds to the electronic transition in
nanometers (nm).

In Table S1 (Supplementary Materials), a detailed breakdown of electronic orbitals
within the TA-OH protonated and deprotonated systems, their occupation status, and
their associated energy values in atomic units (Eh) and electron volts (eV) are reported. In
Figure 8a,b, the HOMO and LUMO orbitals of TA-OH in both protonated and unprotonated
forms are reported. The deprotonated form exhibits a substantial elevation in the energy of
the HOMO, consequently resulting in a pronounced bathochromic shift.
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Table 4. Energetic and spectral properties of TA-OH in both protonated and deprotonated forms.

Energy a (eV) Relevant Transition
Orbitals b Wavelength c (nm)

TA-OH
protonated

2.660 HOMO → LUMO 466
3.534 HOMO → LUMO+1 351

TA-OH
deproto-

nated

2.096 HOMO → LUMO 592
2.847 HOMO → LUMO+1 436
3.036 HOMO-2 → LUMO 408

a Energy levels in electron volts (eV); b molecular orbitals involved in electronic transition; c wavelength of
absorption that corresponds to the electronic transition.
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Highlighting the impact of an ortho-hydroxyl group near the azo moiety, a substantial
increase in molecular hyperpolarizability coefficients (β and γ) is evident compared to
similar azobenzene molecules [55–57]. Specifically, molecule TA-OH demonstrates a com-
puted average β value of 3.568 · 10−28 electrostatic units (esu) and an average γ value of
2.056 · 10−25 esu, both measured at E = 0.00 eV. Significantly, the presence of the ortho-
hydroxyl group significantly amplifies these hyperpolarizability parameters by a factor
of two.

3.6. Transition State (TS) Calculation

The trans-to-cis transition was expected in the absence of bulky substituents on the
aromatic ring in the ortho position to the azo bond. To investigate the minimum energy
pathway (MEP) for trans-to-cis conversion, a B3LYP level TS calculation was performed on
both molecules TA-OH (Figure 1) and TA (Figure S4). The energy profile of the reaction is
plotted in Figure 9.

The energy of the trans conformer was arbitrarily assigned a value of zero. Analysis
of the transition state yields significant insights. The hydroxylated trans conformer experi-
ences enhanced stabilization due to the ortho-positioned hydroxyl group, facilitating the
formation of a hydrogen bond with the nitrogen of the azo group. The calculated stabiliza-
tion at the B3LYP level is approximately 5 kcal/mol. Notably, the activated complex exhibits
even greater stabilization, reaching approximately 8 kcal/mol. This heightened stability
contributes to a discernible reduction in the rate of interconversion in both directions. It
is noteworthy that the incorporation of an ortho group emerges as the most efficacious
strategy for conformer stabilization.
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4. Conclusions

The spectroscopic properties of the push–pull chromophore TA-OH were thoroughly
investigated through a combination of experimental and theoretical approaches. Single
crystal X-ray analysis revealed the primary conjugation plane of the dye, and the HO-MO-
LUMO levels were determined via DFT analysis. The UV-vis spectra, both experimental
and predicted, showed excellent agreement between the two. The observed solvatochromic
effect highlighted the non-linear optical (NLO) potential activity of TA-OH, and this was
quantified through the prediction of high β and γ values. The pH-dependent response, at-
tributed to the hydroxyl functional group, was further explored using UV-vis spectroscopy
and supported by theoretical calculations. Insights into the trans-to-cis conversion of the
compound were gained through DFT calculations, providing an energetic quantification
that explained the non-occurring experimental pattern. This mechanistic understanding
also shed light on the high photostability of TA-OH, as measured with the official method
UNI EN ISO 105-B02:2014. This synergistic approach positions the chromophore TA-OH
as an optically active colorimetric tool with promising applications in optoelectronic tech-
nology and the textile industry. Specifically, TA-OH could serve as the active molecule in
higher-order harmonic generators, adaptive optics devices, spatial light modulators, and
other optically controlled photonic devices. Its high molar absorbance coefficient and good
lightfastness also make TA-OH an excellent candidate for pigments in fabrics or polymers.
Moreover, its reversible responses to pH make it a compelling option for novel printing
and coating techniques in the fabrication of polymeric sensors.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst14010031/s1. Figure S1. 1H NMR of TA-OH (DMSO-d6; 400 MHz).
Figure S2. 13C NMR of TA-OH (DMSO-d6; 400 MHz). DEPTQ polarization transfer with decoupling
during acquisition, shaped pulse for 180-degree pulse on f1 channel. Figure S3. Mass spectrum
of TA-OH. Formula [M-H]– C12H9O4N4S. Found m/z: 305.03. Figure S4. Chemical structure of
the model molecule TA. The model TA is entirely analogous to TA-OH, but without the hydroxyl
group on the phenyl ring. Figure S5. UV-Vis photoisomerization of model TA. The experimental
UV-vis spectra under excitation at 405 nm show the possibility of photoswitching from the trans to
the cis form. Figure S6. Band structure and density of states of the TA-OH crystal. Table S1. Vertical
transition energies of protonated TA-OH and deprotonated TA-OH.

https://www.mdpi.com/article/10.3390/cryst14010031/s1
https://www.mdpi.com/article/10.3390/cryst14010031/s1
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