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ARTICLE INFO ABSTRACT

Keywords: A novel bis-azo dye, 4,4-((1E,1'E)-(oxybis(4,1-phenylene))bis(diazene-2,1-diyl))bis(naphthalen-1-amine)
Azo dye (abbreviated as 40dna) was synthesized and characterized by IR and 'H, 13C and 2D COSY-NMR spectroscopies,
Reversal in solvatochromism and mass spectrometry. Optical properties were evaluated using UV-vis absorption spectroscopy. The observed
E::?;:Cr}?:);?zm solvatochromism was ascribed to the presence of different azo or/and hydrazone forms in solution. The azo forms

show both positive and negative solvatochromism, with the reversal occurring for solvents with Er(30) ~45 kcal
mol~!, while the hydrazone tautomer shows negative solvatochromism. Application of the multiparametric
Catalan and Kamlet-Taft linear solvation energy models allowed to evaluate the dependence of the sol-
vatochromism exhibited by 4odna on the hydrogen bond donating (HBD) and accepting (HBA) abilities of the
solvent, as well as on their dipolarity (SdP) and polarizability (SP). Upon UV (1 = 311 nm) irradiation at room
temperature, the compound was found to exhibit similar photochromic behavior in the polar-protic solvents
methanol and ethanol, which is distinct from that observed in the polar-aprotic solvents dichloromethane,
chloroform and chlorobenzene, with the hydrazone tautomer being photoconverted into the azo tautomer in the
first group of solvents and vice-versa in the second group. In acetone, UV irradiation extensively transforms the
compound into species with no absorption in the visible range, leading to fast discoloration of the solution.
Temperature dependence of the color of the solutions of 4odna in ethanol and chlorobenzene was also evaluated,
and reversible thermochromic behavior was observed in the first solvent. In chlorobenzene, no thermochromism
was observed, but a change of color of the solution was promptly induced by the UV-vis broadband source beam
of the spectrometer when the absorbance spectrum of the solution was being recorded at T = 115 °C, which
demonstrates that the azo forms of 4odna undergo easy phototransformation into the hydrazone forms in this
solvent at high temperature.

Hydrogen bonding
Solvent effects

1. Introduction excited states differ in different solvents. This is manifested by changes

in the spectral absorption profile, and as a result, the phenomenon in

Solvents may have significant influence on the mechanism, kinetics
and thermodynamics of chemical processes [1-4]. These effects are
commonly explained based on solvent properties like dipole moment,
polarizability and hydrogen bond donor/acceptor capacity, which
define the overall solvating ability of the solvent [1,4,5]. It is also well
known that the solvent can strongly affect the spectroscopic properties
of dyes, such as the wavelengths and intensities of the bands observed in
their absorption and fluorescence electronic spectra [1-4].

The difference between the resolution energies of the initial and

which the color of a solute varies in different solvents is called sol-
vatochromism. Solvatochromism receives several applications, in
particular in sensors, and in functional materials for construction of
molecular switches. Solvatochromic compounds can also be used to
measure solvent properties, which can then be used to explain solubility
and predict suitable solvents for particular uses.

Sovatochromism can be interpreted using solvatochromic models,
which rely on solvent polarity scales developed based on appropriate
solvatochromic dyes [1-4,6,7]. The popular Et(30) solvent polarity
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scale is based on the Reichardt’s pyridinium N-phenolate betaine dye,
2,6-dipenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate (this standard
betaine dye had, by chance, the formula number 30 in the original
manuscript, this fact justifying the use of the numeral 30 to refer to the
dye [8]; Er stands for electronic transition energy). This standard dye
shows a strong negative solvatochromism (hypsochromic shift of the
absorption maxima with the increase in the polarity of the solvent) as a
result of its solvent-dependent HOMO — LUMO charge-transfer elec-
tronic absorption in the visible range (at about 850 nm, with ¢ ~
5000-7000 M~ ! ¢cm 1) [1]. The Reichardt’s Er(30) solvent polarity scale
expresses the polarity of a given solvent in terms of the energy of the
molar absorption energy (in kcal mol 1) of the dye in that solvent, which
can be determined using Eq. (1), where A,y is the maximum of the band
corresponding to the HOMO — LUMO charge-transfer electronic ab-
sorption of the dye, and h, c and Ny are Planck’s constant, the speed of
light, and Avogadro’s constant, respectively. High ET(30) values corre-
spond to a high solvent polarity, ranging from 63.1 kcal mol ™! for water
to 30.7 keal mol ! for tetramethylsilane (TMS) [1].

Er(30) (kcalmol™") = hcNy [ Amax = 28591.5/ (Amyax, nim) (€))

Other dyes can be used to assess the polarity of the solvents using a
similar approach and the same equation, where E1(30) is replaced by
Er(dye) [9,10].

Most frequently, dyes exhibit either single positive or negative sol-
vatochromic behavior (corresponding to systematic bathochromic or
hypsochromic shifts of the absorption maxima with the increase of the
polarity of the solvent, respectively). Nevertheless, in some less frequent
cases, a reversal in the solvatochromism is observed, in particular when
moving from hydrogen bond acceptor to hydrogen bond donor solvents
[11-13]. For example, Panigrahi and co-workers have reported on the
reversal in the solvatochromism exhibit by a series of substituted ben-
zylideneanilines and explained this property in terms of changes in the
intramolecular hydrogen bonding pattern and conformational changes
in the dyes [11], while de Melo et al. have reported on the reversal in the
solvatochromism exhibited by azo dyes bearing dimethylamino
electron-donor and nitro electron-acceptor groups in their structure
[12]. For these compounds, the observed solvatochromism reversal was
explained considering different contributions in different solvents of two
resonance structures, a benzenoid form, which is better stabilized in less
polar solvents and characterizes the region displaying positive sol-
vatochromism, and a dipolar form, which is better stabilized in more
polar solvents, in the region of negative solvatochromism [12]. Sol-
vatochromism reversal has been recently reported as a novel strategy to
develop more efficient activatable two-photon fluorescent probes for
bioimaging [13].

Closely related with solvatochromism are solvent-dependent photo-
chromism and thermochromism. The field of optoelectronics makes
extensive use of organic compounds that demonstrate photochromism
[14-20] and, among them, azo dyes have gained extensive attention due
to their easy synthesis, high sensitivity and rapid response. Azo-
benzenes, for example, can undergo a reversible trans—cis photo-
isomerization under UV light [21-26], and have been suggested as
candidates for applications such as photoswitching, information storage,
nonlinear optics, and functional materials for use in biomedicine
[27-35]. In recent years, the search for appropriate donor-acceptor
substituents to tune the photoisomerization of azo dyes towards visible
light has attracted widespread attention [29,36,37].

Following our previous recent investigation on the solvatochromism
of 2-(p-tolyldiazenyl)naphthalene-1-amine (2tona), as well as on its
photochromism and thermochromism in different solvents [7], in this
article we describe the synthesis and characterization of a novel bis-azo
dye, 4,4'-((1E,1'E)-(oxybis(4,1-phenylene))bis(diazene-2,1-diyl))bis
(naphthalen-1-amine) (4odna), followed by the study of its solvato-,
photo- and thermochromism. The compound’s absorption spectra in
solution of solvents with different characteristics were measured, and
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the observed color differences of the solutions were interpreted based on
the solvent properties. The studied dye was found to exhibit reversal in
solvatochromism with the change of solvent E1(30). The obtained sol-
vatochromic data were also analyzed using the Kamlet-Taft and Catalan
multiparametric empirical relations, in order to verify the contribution
of the various solvent characteristics to the solvatochromism exhibited
by the dye. Photochromism of 4odna exposed to UV light with A = 311
nm irradiation was also investigated in methanol, ethanol, acetone,
dichloromethane, chloroform, and chlorobenzene solutions. In addition,
4odna thermochromism studies were carried out in ethanol and chlo-
robenzene, within the 25-115 °C temperature range.

As it will be described in details in the next sections of this article,
instrumental to the data analysis performed in this study is the consid-
eration of azo-hydrazone tautomerism in the studied compound. This
type of tautomerism has been found relevant to explain the sol-
vatochromic properties of 2tona [7], which share structural motifs with
4odna, and has been addressed in detail for other azonaphthylamines
and also for the structurally similar azonaphthols [38-44]. The optical
properties of these compounds have been shown to be strongly influ-
enced by solvents, in particular in the case of solvents exhibiting strong
proton acceptor and/or proton donating abilities, since the azo-
hydrazone tautomerism can be solvent mediated. Also, in some rele-
vant cases, intramolecular proton transfer can be operative, if the mol-
ecules have the azo/hydrazone moiety located in the close vicinity of a
proper group (as in ortho-hydroxyaryl Schiff bases) [45-47].

2. Materials and Experimental methods
2.1. Synthesis
The synthesis of 4odna was achieved in two steps (Scheme 1):

2.1.1. Step-1. Synthesis of diazonium salt

4.4'-Oxydianiline (1 mmol, 0.20 g) and NaNO, (11 mmol, 0.76 g)
were weighed into a beaker, and 6 ml of cold distilled water were added
to the mixture. The mixture was placed in an ice bath at a temperature
between 0 and 5 °C. Six milliliters of cold distilled water and 6 ml of HCI
solution (12 M) were prepared in a separate beaker and kept between
0 and 5 °C. The HCl/water solution was then added dropwise onto the
4,4'-oxydianiline/NaNO, mixture and stirred for about 30-45 mins. The
obtained diazonium salt solution was stored at 0-5 °C.

2.1.2. Step-2. Azo coupling reaction

1-Naphtylamine (2 mmol, 0.29 g) was dissolved in ethanol, and the
mixture placed in an ice bath at a temperature between 0 and 5 °C. The
previously prepared diazonium salt solution was then added dropwise to
the 1-naphtylamine/ethanol solution over approximately one hour. The
solution temperature was maintained between 0 and 5 °C throughout
the process. After the precipitation was completed, the mixture was
stirred for another 120 min at the same temperature. The solution was
removed from the ice bath and stirred at room temperature for
approximately 24 h. The produced precipitate was filtered and dried.
The crude product was recrystallized in a 1:1 ethanol:water mixture. The
crystals were first dried at room temperature and then over CaCly in a
vacuum desiccator before its characterization.

2.2. 'H NMR, 13C NMR, FTIR and ESI-MS characterization of the
synthesized product

The infrared spectrum of the obtained solid compound in a KBr
pellet, at room temperature, was recorded using a Perkin Elmer Spec-
trum 100 Fourier transform infrared (FTIR) spectrometer. Data collec-
tion was performed with 1 cm™! spectral resolution and 32 scans, in the
4000-400 cm ™! spectral region. The 'H and 3C NMR spectra, including
2D COSY (H-H) NMR data, were obtained in DMSO-dg solution using a
high-resolution Agilent 400 MHz NMR spectrometer. The electron
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4.4'-((1E.I'E)-(oxybis(4.1-phenylene))bis(diazene-2.1-diyl))bis(naphthalen-1-amine)

Scheme 1. Synthesis steps of 4,4-((1E,1'E)-(oxybis(4,1-phenylene))bis(diazene-2,1-diyl))bis(naphthalen-1-amine) (4odna). The synthesized compound is repre-
sented in this scheme in one of the possible conformers of its trans N=N azo tautomeric form.

spraying ionization (ESI) mass spectrometry data were obtained for the
compound (0.1286 g) dissolved in 10 ml of methanol, using an Agilent
6400 Series Triple Quadrupole B.07.01 Machine. The solution was
passed through a 0.45 um nylon filter, followed by mass scanning in the
range of 100-1000 m/z. The obtained FTIR, 'H and ®*c NMR spectra, as
well as the positive ionizing mass spectra of the compound, are provided
in the Supporting Information (Figs. S1-S4).

All the obtained spectra are in agreement with the structure of the
expected product, 4odna, resulting from the diazo coupling reaction at
the para position (Step-2) [48,49], the experimental 'H NMR spectrum
being well reproduced by simulations performed using the MestReNova
14 NMR simulation software [50]. The 2D-COSY (H-H) NMR data pre-
sented in Fig. S5 (Supporting Information) further confirm the structure
of the isolated product, with the protons in vicinal positions appearing
correlated, as expected.

Characterization data for 4odna: FTIR (KBr, v/em™Y): 3403 (vNH),
3116, 2977 (VCH), 1402 (WN = N), 1195 (vC-O-C). 'H NMR (400 MHz,
DMSO-dg): 6 8.74 (d, J = 8.4 Hz, 1H), 8.52 (s, 1H), 8.36 (d, J = 8.2 Hz,
1H), 7.95 (d, J = 8.6 Hz, 2H), 7.75 (t,J = 7.6 Hz, 1H), 7.59 (t, J = 7.6 Hz,
1H), 7.21 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 8.8 Hz, 1H), 4.64 — 4.19 (m,
2H). 13CNMR (101 MHz, DMSO-dg): § 156.51 (s), 156.17 (s), 135.08 (s),
131.08 (s), 128.69 (s), 126.69 (s), 125.64 (s), 124.35 (5), 124.32-124.23
(m), 123.58 (s), 121.93 (s), 121.53 (s), 120.02 (s), 119.30 (s). MS (ESI,
m/z) CsoHo4ONg: [M+H]T caled. 509.6, found 509.2; [M+2H]+2/2
caled. 255.3, found 255.2.

2.3. UV-vis absorption spectra

All solvents used in the experiments are of high purity spectroscopic
grade and were purchased from Sigma-Aldrich. Concentrations of
4odna solutions were prepared as low as possible (<1.2 x 10 M) in
order to avoid aggregation of the compound. The ultraviolet-visible
(UV-vis) spectra were obtained in the 190-800 nm wavelength range
using a Perkin-Elmer Lambda-35 UV-vis spectrometer. UV irradiation of
the samples was done using a 311 nm (18 W) lamp. All measurements
were performed using a quartz cell (standard cell with 1 cm x 1 cm
optical path), at room temperature, and after the solutions were kept in

the dark for five days after preparation. The band positions were
determined using second derivative spectra which were calculated with
OriginPro 8.5 [51]. The uncertainty in the UV-vis measurements is ~1
nm. Spectra analysis was performed with the program Specwin32
(version 1.72.0) [52].

3. Results and discussion
3.1. Solvatochromism of 4odna

As seen in Fig. 1(d), in the solid state 4odna is a black and lumpy
material. Fig. 1(a-c) shows pictures of solutions of 4odna in a series of
non-polar, polar-aprotic and polar-protic solvents, respectively. Most of
the solutions exhibit different intense naked-eye visible colors, ranging
from light yellow to burgundy, demonstrating the solvatochromism
exhibited by the compound. In hydrogen bonding acceptor (HBA) and
donor (HBD) solvents, the concentration of the solute is higher due to
the better solubility, and the color of the solutions is more intense than
in most of the non-polar and polar-aprotic solvents (e.g., benzene,
chloroform, chlorobenzene and dichloromethane, but also n-butyl ace-
tate) where 4odna is poorly soluble. All solutions of 4odna in non-polar
solvents are yellow, which is also the color observed for the solutions of
the compound in HBA solvents (ethyl acetate, THF, acetone, DMF,
DMSO, 1,4-dioxane, toluene and diethyl ether), where the 4odna acts as
H-bond donor, while the polar-protic (HBD) solvents (except 1-octanol)
give rise to burgundy solutions. The solution of 4odna in acetonitrile
(ACN) shows also tones of burgundy.

As expected, the visible region absorption spectrum of 4odna was
found to be remarkably dependent on the nature of the solvent. Figs. 2-4
show the absorption spectra of 4odna in the three solvent groups (non-
polar, polar-aprotic and polar-protic, respectively), at room temperature
(25 °C). The spectra exhibit three bands in the visible region, within the
425-448 nm (band-1), 476-511 nm (band-2) and 571-577 nm (band-3)
wavelength ranges (see Table 1). Bands -1 and -2 are common to all the
spectra, while band-3 is observed only in polar-protic solvents and
acetonitrile.

As it can be seen in Figs. 2-4, the spectra exhibit relatively broad
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Fig. 1. Solutions of 4odna in different solvents: (a) polar-aprotic; (b) non-polar; (c), polar-protic, and (d) a sample of the solid compound. In each group, the so-

lutions are ordered by increasing dielectric constant (¢) of the solvent.
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Fig. 2. UV-vis absorption spectra of 4odna in non-polar solvents.
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Fig. 3. UV-vis absorption spectra of 4odna in polar-aprotic solvents.

bands. In the studied non-polar solvents (toluene, 1,4-dioxane, diethyl
ether and benzene), band-1 is observed between 431 and 435 nm, and
band-2 between 476 and 482 nm. For polar-aprotic solvents, band-1 has
maximum within nearly the same range as in the case of non-polar
solvents, 432-438 nm, except for THF (448 nm) and the two solvents
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Fig. 4. UV-vis absorption spectra of 4odna in polar-protic solvents.

with higher Er(30), DMF and DMSO, where the band appears bath-
ochromically shifted to 446 and 448 nm, respectively. Taking as refer-
ence the shorter wavelength observed for band-1 in benzene solution
(431 nm), a bathochromic shift of 17 nm is observed in the case of the
most polar-aprotic solvent, DMSO.

A similar behavior is observed for band-2. In the lowest E1(30) polar-
aprotic solvents band-2 has its maximum in the 477-484 nm range,
which does not differ much from that observed in non-polar solvents,
while in THF, DMF and DMSO solutions the band-2 maximum is
observed at 492, 503 and 511 nm, respectively. In going from benzene to
DMSO, band-2 undergoes a bathochromic shift of 35 nm. As seen in
Fig. 1, these changes make the color of the solutions to change from
matte yellow, as observed for toluene, to bright yellow in the case of
DMSO, with THF and DMF solutions showing intermediate colors.
Considering only the group of polar-aprotic solvents, band-1 and band-2
exhibit 23 and 34 nm bathochromic shifts, respectively, in going from
chloroform (the less polar-aprotic solvent investigated) to DMSO (the
most polar one). On the other hand, within the group of non-polar sol-
vents, band-1 experiences only a minor bathochromic shift of 4 nm with
the increase of ET(30) (see Table 1), with a similar bathochromic shift
being observed for band-2 (6 nm, from benzene to 1,4-dioxane).

Band-3 is characteristic of polar-protic (HBD) solvents, with its
maximum spreading from 571 to 577 nm, and is responsible for the
burgundy tone of the solutions of 4odna in the alcoholic solvents. The
exception is 1-octanol, the alcohol having the longest aliphatic chain
and the lowest Er(30), which does not seem to efficiently act as
hydrogen-bond donor to 4odna. On the other hand, band-3 is observed



L Sudir et al.

Table 1

Journal of Photochemistry & Photobiology, A: Chemistry 446 (2024) 115138

Reichardt’s solvent parameter (E1(30), kcal/mol), maximum wavelength (Amax, nm) of the visible region absorption bands of 4odna, and Er(4odna) (in kcal/mol)

obtained from the spectroscopic data (band-1 and band-2).

No Solvents E1(30) Band-1 Er(4odna) Band-2 Er (40odna) Band-3
Amax Amax

1 toluene 33.9 435 65.7 476 60.1

2 benzene 34.3 431 66.3 476 60.1

3 diethyl ether 34.5 434 65.9 480 59.6

4 1,4-dioxane 36.0 434 65.9 482 59.3

5 chlorobenzene 36.8 432 66.2 479 59.7

6 THF 37.4 441 64.8 492 58.1

7 ethyl acetate 38.1 438 65.3 484 59.1

8 n-butyl acetate 38.5 436 65.6 484 59.1

9 chloroform 39.1 425 67.3 477 59.9

10 DCM 40.7 433 66.0 477 59.9

11 acetone 42.2 438 65.3 488 58.6

12 DMF 43.2 446 64.1 503 56.8

13 DMSO 45.1 448 63.8 511 56.0

14 acetonitrile 45.6 433 66.0 484 59.1 577
15 1-octanol 48.1 436 65.6 489 58.5

16 2-propanol 48.4 435 65.7 486 58.8 574
17 1-butanol 49.7 432 66.2 486 58.8 575
18 ethanol 51.9 434 65.9 489 58.5 573
19 methanol 55.4 428 66.8 482 59.3 571

as a weak feature in acetonitrile solution, which is formally grouped
together with the polar-aprotic solvents, but does indeed possess a sig-
nificant hydrogen bond donating ability (see the value of the HBD-
related solvent Catalan and Kamlet-Taft parameters SA and o, respec-
tively, shown in Table 2, for this solvent). Interestingly, band-3 shows a
hypsochromic shift with the increase of Er(30) of the solvent, from
acetonitrile (577 nm) to methanol (571 nm), i.e., a shift of -6 nm.

For better understanding the solvatochromism exhibited by 4odna,
the Etr(4odna) values obtained from band-1 and band-2 in the different
solvents were plotted against the Ep(30) values of the solvents in Fig. 5.

The plots clearly show occurrence of reversal in solvatochromism for
both band-1 and band-2. Indeed, in going from the polar-protic solvent
with higher E7(30), methanol (Et(30) = 55.4 kcal mol™) to polar-
aprotic DMSO (E(30) = 45.1 kcal mol™), the Er(4odna) values
decrease from 66.8 and 59.3 kcal mol™!, for band-1 and band-2,
respectively, to 63.8 and 56.0 kcal.

mol~l. In other words, both band-1 and band-2 undergo hyp-
sochromic shifts with the increase of solvent polarity (negative sol-
vatochromism). In contrast, upon changing the solvent from DMSO to
non-polar toluene (ET(30) = 33.9 kcal mol ™) and benzene (Ex(30) =
34.3 kcal.

Table 2

mol’l), the Etr(4odna) values increase from 63.8 and 56.0 kcal
mol~! to 65.7/66.3 kcal mol~! and 60.1 kcal mol’l, for band-1 and
band-2, respectively, i.e., as already mentioned bathochromic shifts of
the bands are observed with the increase of the polarity of the solvent
(positive solvatochromism). By looking to the Er(4odna) values shown
in Table 1, it can then be concluded that, as measured by the Er(4odna)
values obtained from bands -1 and -2 maxima, 4odna exhibits a general
positive solvatochromism for solvents with Er(30) values in the ~34-45
keal mol™! range, and negative solvatochromism for solvents with
Er(30) values higher than ~45 kcal mol’l, i.e., it shows a reversal in the
solvatochromism at an Et(30) value of ca. 45 kcal mol’l, characteristic
of DMSO.

3.2. Analysis of solvatochromic behavior of 4odna using multiparametric
models

Solvent induced spectral shifts are controlled by specific (e.g.,
hydrogen bonding) and nonspecific (dipolarity and polarizability ef-
fects) interactions between the solute and the solvent. In order to
comprehensively evaluate the relative importance of the different
intrinsic solvent parameters in determining solvent-induced spectral

Dielectric constants, Reichardt’s Er(30) (kcal/mol), and Kamlet-Taft and Cataldn solvent parameters for the used solvents [1,55,59,60].

€ E1(30) Catalan parameters Kamlet-Taft parameters

No Solvent SA SB SP Sdp o (HBD) f (HBA) *

1 toluene 2.38 33.9 0.000 0.128 0.782 0.284 0.00 0.11 0.54
2 benzene 2.27 34.3 0.000 0.124 0.793 0.270 0.00 0.10 0.59
3 diethyl ether 4.20 34.5 0.000 0.562 0.617 0.385 0.00 0.47 0.27
4 1,4-dioxane 2.21 36.0 0.000 0.444 0.737 0.312 0.00 0.37 0.55
5 chlorobenzene 5.62 36.8 0.000 0.182 0.833 0.537 0.00 0.07 0.71
6 THF 7.58 37.4 0.000 0.591 0.714 0.634 0.00 0.55 0.58
7 ethyl acetate 6.02 38.1 0.000 0.542 0.656 0.603 0.00 0.45 0.55
8 n-butyl acetate 5.07 38.5 0.000 0.525 0.674 0.535 0.00 0.45 0.46
9 chloroform 4.89 39.1 0.047 0.071 0.783 0.614 0.44 0.00 0.58
10 DCM 8.93 40.7 0.040 0.178 0.761 0.769 0.13 0.10 0.82
11 acetone 20.56 42.2 0.000 0.475 0.651 0.907 0.08 0.48 0.71
12 DMF 36.71 43.2 0.031 0.613 0.759 0.977 0.00 0.69 0.88
13 DMSO 46.45 45.1 0.072 0.647 0.830 1.000 0.00 0.76 1.00
14 acetonitrile 35.94 45.6 0.044 0.286 0.645 0.974 0.19 0.31 0.75
15 1-octanol 10.30 48.1 0.299 0.923 0.713 0.454 0.77 0.81 0.40
16 2-propanol 19.92 48.4 0.283 0.830 0.633 0.808 0.76 0.95 0.48
17 1-butanol 17.51 49.7 0.341 0.809 0.674 0.655 0.79 0.88 0.47
18 ethanol 24.55 51.9 0.400 0.658 0.633 0.783 0.83 0.77 0.54
19 methanol 32.66 55.4 0.605 0.545 0.608 0.904 0.93 0.62 0.60
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Fig. 5. Plots of Er(4odna) values vs. Reichardt’s Er(30) parameters for band-1
(top) and band-2 (bottom) in various solvents. Color code: blue, non-polar sol-
vents; green, polar-aprotic solvents; red, polar-protic solvents. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)

shifts, the Kamlet-Taft and the Catalan solvatochromism methods,
which are based on multiparametric empirical relations [53-58], are
commonly employed.

The Kamlet-Taft and of Catalan [53-58] solvatochromic models may
be formulated as in Egs. (2) and (3), respectively:

Er(dye) = Ex(dye), + aa + bp + sa* @

Ex(dye) = Er(dye), +a(SA) + b(SB) +d(SP) + e(SdP) (3)

In the Kamlet-Taft model Eq. (2), a, p and ©* are parameters related
to the hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA)
capacities, and the dipolarity/polarizability of the solvent, respectively,
while in the Catalan model Eq. (3) the parameters SA, SB, SP and SdP are
correspondingly related with the HBD, HBA, polarizability and dipo-
larity of the solvent. The values of these parameters [1,55,59,60] for the
solvents used in the present study are collected in Table 2 (together with
dielectric constants and E1(30) values).

In Egs. (2) and (3), Er(dye)y is a parameter representing the Er(dye)
value for a solvent-unaffected dye, and a, b, d, e and s are the coefficients
that reflect the contribution of the different solvent parameters to the
Er(dye) values determined from the observed band shifts in the different
solvents.

In the present study, multiple linear regression analysis (MLRA) was
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carried out based on the obtained solvatochromic data using the Kamlet-
Taft and Catalan models to determine the relative contributions of the
different solvent properties to the Er(4odna) values. The resulting
Er(dye)o values, models’ coefficients and the regression statistical
quality parameters are given in Table 3. From this table it can be seen
that the magnitudes of the coefficients estimated from the Catalan model
vary in the order d > a ~ b > e for band-1 and d > b ~ e ~ a for band-2,
while those obtained from the Kamlet-Taft model follow the order b > a
= s for band-1 and b > s > a for band-2. Thus, for band-1, it can be
concluded that the HBD and HBA solvent parameters (affected by the a
and b coefficients, respectively) have similar contributions to the
measured Et(4odna) values according to both Catalan and Kamlet-Taft
models, though in opposite directions, the first leading to a hyp-
sochromic wavelength shift (higher Er(4odna) values) and the second to
a bathochromic shift. According to the Kamlet-Taft model, the contri-
bution of the dipolarity/polarizability (s parameter) is also similar in
magnitude to those of a and b, and like this latter leads to a bath-
ochromic shift. The Catalan model, where dipolarity and polarizability
effects are considered in separate, reveals that polarizability (as
measured by the d parameter) is considerably more important than
dipolarity (e parameter). In its turn, in the case of band-2, the HBA and
dipolarity/polarizability solvent parameters can be concluded to be the
most effective in determining the observed spectral shifts according to
both developed models.

As pointed out above, it is worth highlighting that for both bands-1
and -2, the HBD coefficient a is positive and the HBA coefficient b is
negative in both Catalan and Kamlet-Taft developed solvatochromic
models, indicating the energies of the transitions associated with the two
bands increase when the 4odna molecule form hydrogen bonds with the
solvent as acceptor, and reduce when it acts as hydrogen bond donor,
these trends being clearly noticed in the plots shown in Fig. 5, in
particular when we compare the location of the cluster formed by the
alcoholic solvents with the position of the more aprotic-polar hydrogen-
bond acceptor solvents (like DMF and DMSO). The negative HBA coef-
ficient b also justifies partially the relative position of the clusters due to
polar-aprotic and non-polar solvents along the Er(4odna) axis in the
figure. The same general considerations apply also to band-2.

In addition, although the hydrogen bond related factors have a
decisive role in determining the observed shifts in the positions of band-
1 and band-2, polarizability and dipolarity effects of the solvent do also
contribute considerably to this. In the Kamlet-Taft model these effects
are described as a whole by the solvent parameter n*, while in the
Catalan model they are described in separate by the SP and SdP terms,
respectively (see Egs. (2) and (3)). The coefficients associated with these
terms (s, d and e) are all negative for both models both for band-1 and
band-2, indicating that polarizability and dipolarity solvent effects

Table 3

Er(dye)o values and coefficients a, b, d, e and s obtained from the performed
Catalan and Kamlet-Taft multiparametric analysis, using Er(4odna) data ob-
tained from the maximum absorption wavelengths of band-1 and band-2
observed in the studied solvents. The number of solvents (N), correlation coef-
ficient (R?) and the statistical parameters (F and P) obtained in the different
fittings are also provided.

Band-1 Band-2
Dye analysis Catalan Kamlet-Taft Catalan Kamlet-Taft
Er(dye)o 70.5+ 1.4 67.4 + 0.3 67.2+1.7 61.1 + 0.4
a 3.2+07 1.9+0.2 1.7 £ 0.8 0.3+0.3
b -2.8+0.5 -2.6 £0.3 -3.5+0.6 -2.2+04
s - -1.5+0.4 - -1.3+0.6
d -4.1+1.7 - -71+1.7 -
e -1.4+0.5 - -2.6 £0.4 -
N 19 19 19 19
R 0.878 0.954 0.936 0.942
R? 0.771 0.909 0.876 0.887
F 11.8 27.7 24.7 39.1
P 0.000 0.000 0.000 0.000
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contribute to reduce the energy of the transitions that are associated
with both bands. Accordingly, it can be seen in the plots shown in Fig. 5
that, for solvents of large polarizability and dipolarity, the Er(4odna)
values tend to be comparatively small.

It is also interesting to compare the positions of the solvent unper-
turbed bands -1 and -2 predicted by the two developed solvatochromic
models, directly extracted from the obtained Er(4odna), term. For
band-1, these values are 406 + 8 and 424 + 2 nm, as predicted by the
Catalan and Kamlet-Taft models, respectively, while for band-2 they are
425 + 11 and 468 + 3 nm, respectively. As expected, these values are
hypsochromically shifted regarding the position of the band observed in
benzene and toluene (435 and 431 nm for band-1 in benzene and
toluene, respectively; 476 nm for band-2 in both solvents), due to the
above mentioned effects of the polarizability and dipolarity of the
solvent.

Fig. S6 shows plots of the calculated Et(4odna) values for band-1
and band-2 using the developed Catalan and Kamlet-Taft models as a
function of the Er(4odna) values obtained from the experimental data,
demonstrating the good general predictive ability of both models, but
letting also clear that specific solute-solvent interactions are also rele-
vant for several of the solvents, which limit in some extent the goodness
of the fits, as revealed by the R? values of the fittings.

3.3. Molecular interpretation of the solvatochromism in 4odna

Structurally speaking, 4odna is a complex system, since it may
exhibit azo-hydrazone (and amine-imine) tautomerism (see Scheme 2)
as well as trans—cis isomerism about the N=N (in the azo forms) or C=N
(in the hydrazone forms) bonds, with each species possessing several
conformers. On our previous study on 2-(p-tolyldiazenyl)naphthalen-1-
amine (2tona) [7], which shares all these structural features with 4odna
(and does also exhibit solvatochromism), we showed that the energies of
several of the possible forms of the compound are close enough to allow
for their co-existence in solution. The same can be expected to happen
for 4odna.

Noteworthy, the absorption spectrum of 2tona in the visible region is
rather similar to that of 4odna, with three bands observed within the
420-451, 445-482 nm and 548-568 nm wavelength ranges. These
bands have parallel with band-1, band-2 and band-3 in the spectrum of
4odna, and, as it happens for band-3 of 4odna, the longest wavelength
of the UV spectrum of 2tona is only observed in solvents with significant
HBD ability [7]. The two bands appearing at shortest wavelengths in the
UV spectrum of 2tona were assigned in our previous study, with help of
a series of extensive time dependent density functional theory (TD-DFT)
calculations, to different conformers of the trans N=N azo tautomer of
the compound, which was found to be present in all solutions studied in
significant amounts, while the band observed at the longest wavelength
was ascribed to the hydrazone tautomeric form, which exists in signif-
icant amounts only in solvents with high HBD ability [7]. Though 4odna
is a structurally more complex molecule than 2tona, due to its double
azo-hydrazone and amine-imine tautomerisms and larger number of cis/
trans isomeric forms as well as conformers, similar assignments can be
safely proposed for the three bands appearing in the visible range of the
absorption spectra of the two compounds. Hence, bands-1 and -2 of

Azo form

0]

H,N NH,
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4odna can be attributed to different conformers of the azo forms of the
compound, which are then present in all solutions studied in significant
amounts, and band-3 to hydrazone tautomeric forms of the compound,
which shall only exist in significant amounts in solvents with high HBD
ability that mediate their equilibrium with the azo forms [7]. As shown
in Section 3.2, band-1 is more sensitive to the HBD capacity of the sol-
vent than band-2, implying that band-1 receives predominant contri-
butions from conformers of the azo tautomeric form of 4odna where
both the azo and amino groups are more exposed to the solvent (i.e.,
more open structures) to participate in the hydrogen bonding as ac-
ceptors. According to the relative intensities of band-1 and band-2 in the
spectra of 4odna in non-polar or weakly polar solvents (see Figs. 2 and
3), with band-1 being more intense than band-2, it can also be concluded
that these more open conformers of the azo tautomeric form are
preferred in this type of solvents, and, then, should have a lower dipole
moment than the structurally more closed forms contributing to band-2
and becoming more populated in the more polar solvents.

3.4. Photochromism of 4odna in different solvents upon irradiation at A
=311 nm

Photochromism of 4odna upon irradiation at 4 = 311 nm, at 25 °C,
was investigated in the polar-protic solvents methanol and ethanol,
whose solutions are burgundy before irradiation, and in the polar-
aprotic solvents dichloromethane, chloroform, chlorobenzene and
acetone, whose solutions are yellow.

Upon irradiation at 1 = 311 nm for 30 min, the colors of methanol
and ethanol solutions were observed to change from burgundy to red
and orange, respectively. The recorded absorbance spectra as a function
of the irradiation time are shown in Fig. 6a-b, together with photographs
of the solutions at the indicated times of irradiation. The behavior
observed for these two solutions was similar: during the first ~20 min of
irradiation band-3 reduced of intensity, while bands-1 and -2 became
more intense. Irradiation for more than ~20 min led to the diminish-
ment of the intensity of all the bands, the intensity reduction being very
minor in the case of the ethanol solution and more pronounced in the
case of the methanol solution. These observations indicate that irradi-
ation promoted the solvent-assisted excited-state proton transfer
resulting into conversion of the initially existent hydrazone forms of the
compound into its azo forms and also that for long irradiation times the
compound starts to photodegrade into species with no absorption bands
in the visible region. Upon subsequent storage of the irradiated solutions
in the dark, the color of the solutions returned to nearly the original tone
in a couple of hours, testifying occurrence of ground-state slow thermal
proton transfer to reestablish the initial equilibrium between the two
tautomeric forms.

In the polar-aprotic chlorinated solvents, dichloromethane (DCM),
chloroform and chlorobenzene, UV irradiation promotes the change of
color of the solutions from yellow to purple (Fig. 6¢-e). As seen from the
obtained spectra, upon irradiation bands -1 and -2 (which are due to the
azo forms of 4odna) quickly decreased of intensity, with a rate that
increases from DCM to chloroform to chlorobenzene (i.e., with the
decrease of the polarity of the solvent). While bands -1 and -2 were
decreasing of intensity, band-3 started to be observed, together with a

Hydrazone form

0)

-H transfer N _N

HN NH

Scheme 2. Azo-hydrazone tautomerism of 4odna. As seen in the scheme, the tautomerism also implies amine-imine tautomerism.
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Fig. 6. Absorbance spectra of 4odna in methanol (a), ethanol (b), DCM (c), chloroform (d), chlorobenzene (e) and acetone (f) solutions as a function of UV (1 = 311

nm) irradiation time.

new band, which appear at longer wavelengths (Apax &~ 635 nm) and
overlapped with band-3. The appearance of this new band (band-4) can
be attributed to the photoisomerization of 4odna to azo and/or hydra-
zone higher-energy geometric isomers differing from the originally
existing ones in the arrangement around the double bonds (N=N in the
azo forms, and C=N in the hydrazone forms), in a similar way to what
was observed before for 2tona [7]. However, due to the structural
complexity of 4odna, the exact nature of these species could not be
identified.

Very interestingly, in these solvents, a faster rate of transformation of
the 4odna azo forms initially present in solution into other species was
also accompanied by a more extensive photodegradation to products
with no bands in the visible region of the spectra: in DCM, until 30 min
of irradiation photodegradation was negligible (with bands -3 and -4
continuously growing until this time of irradiation; Fig. 6¢), while it was
clearly noticeable in chloroform (where bands -3 and -4 grew during the
first ~20 min of irradiation and then started to decrease; Fig. 6d), and is

dominant in chlorobenzene, where it started to be observed to take place
extensively after the very first minutes of irradiation (the intensity of
bands -3 and -4 reached their maximum at ~1 min of irradiation;
Fig. 6e). The photodegradation of 4odna is easily observed at naked-eye
due to discoloration of the sample (see Fig. 6).

Subsequent experiments in the studied polar-aprotic chlorinated
solvents were also made using shorter irradiation times, after which the
solutions were kept in the dark in order to check for occurrence of
thermal back reactions. These experiments revealed that such processes
did not take place, the solutions keeping the colors they got after
irradiation.

The results of the irradiation experiments performed for 4odna in
acetone solution were unique. In this case, the initially present azo
forms, responsible for the yellow color of the solution, undergo fast
photodegradation to species that do not absorb in the visible spectral
region, leading to prompt discoloration of the sample (Fig. 6f). Note-
worthy, the hydrazone tautomer of 4odna was not produced in this case.
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Besides the points addressed above, the structural complexity of the
system precludes further discussion of the mechanistic details and
additional reasons for the specific different photochromic behavior of
4odna in the different solvents. These questions thus stay as open
questions for future investigations.

3.5. Thermochromism of 4odna

Thermochromism of 4odna was investigated in ethanol and chlo-
robenzene. In ethanol, increasing the temperature from room tempera-
ture (25 °C) to 65 °C led to an increase of the intensity of both band-1
and band-2 and a decrease of band-3, which indicate ground state
conversion of the hydrazone forms of the compound into the azo forms,
accompanied by the concomitant color change from burgundy to orange
(Fig. 7a). The changes were found to be reversible, with the solution
promptly (a few minutes) returning to the original color upon lowering
the temperature to room temperature. These results demonstrate the
temperature dependence of the equilibrium between the ground state
azo and hydrazone forms of 4odna in ethanol, and also that the azo
forms have a net higher energy than the hydrazone forms in this solvent.
On the other hand, in chlorobenzene, heating the solution from room
temperature up to 115 °C did not change the yellow color of the solution
due to the azo forms of 4odna, though the spectra were noticed to
globally increase of intensity with temperature, revealing the tempera-
ture dependence of the absorptivity of bands -1 and -2 (Fig. 7b). Inter-
estingly, at 115 °C the yellow colored solution became orange during the
recording of the UV-vis spectrum, which was in fact noticed to differ
strongly from the original spectrum, in particular because it presents the
characteristic longer wavelength maxima of bands -3 and -4 of the
hydrazone forms and azo/hydrazone geometric isomers of 4odna,
respectively (see Fig. 7b). This result revealed that, when exposed to the
broadband UV light of the spectrometer, the azo forms of the compound
initially present in solution undergo easy photo-transformation into the
hydrazone forms and their higher-energy geometric isomeric forms at
115 °C, a phenomenon that was not observed to take place at lower
temperatures.

4. Conclusion

A novel bis-azo dye was synthesized and its solvatochromism was
investigated in 19 solvents with different characteristics (non-polar,
polar-aprotic and polar-protic). The solvatochromism exhibited by the
compound was largely determined by the presence in solution of
different azo or/and hydrazone forms, the latter being stabilized in
solvents with strong hydrogen bond donating capacity and being
responsible by the burgundy color of the solutions (in contrast to the
remaining solutions that are yellow). Nevertheless, solvent effects are
also relevant to change the spectral properties of the different forms of
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4odna, in particular in the case of the azo forms, whose characteristic
bands (band-1 and band-2) were shown to exhibit considerable shifts
with the solvent properties. For this forms, both positive and negative
solvatochromism was observed, with the reversal occurring for solvents
with Ep(30) ~45 kcal mol‘l, while the hydrazone tautomer shows
negative solvatochromism, with the characteristic band of this species
(band-3) experiencing a hypsochromic shift with the increase of the
polarity of the solvent.

The solvatochromic data were evaluated using both Catalan and
Kamlet-Taft models, which demonstrate that 4odna spectral profile
displays strong sensitivity to the HBD and HBA abilities of solvent, but
also a relevant dependence on solvent’s dipolarity and (mostly) polar-
izability. The models provide also an explanation for the observed
reversal in the solvatochromism exhibited by the azo forms of the
compound, and also on relevant structural features of the species most
contributing to band-1 and band-2, with band-1 (being more sensitive to
the solvent HBD ability) receiving predominant contributions from
conformers of the azo tautomeric form of 4odna where both the azo and
amino groups are more exposed to the solvent (i.e., more open struc-
tures) in order to allow for their participation in the hydrogen bonding
interactions as acceptors.

The photochromism of 4odna (induced by UV light; 1 = 311 nm) was
evaluated in both polar-protic (methanol and ethanol) and polar-aprotic
(DCM, chloroform, chlorobenzene and acetone) solvents. Solvent-
assisted excited state proton transfer was induced by the UV light,
leading to conversion of the hydrazone forms of 4odna into the azo
forms, in methanol and ethanol, which thermally revert back to the
initial equilibrium between these species after the solutions are let in the
dark for some hours after irradiation. In the polar-aprotic chlorinated
solvents (DCM, chloroform and chlorobenzene), irradiation led to irre-
versible photoconversion of the azo tautomeric species initially present
in solution into the hydrazone forms present initially in the polar-protic
solvents (e.g., methanol and ethanol) and also to the photoisomerization
of 4odna into higher-energy azo and/or hydrazone geometric isomers
differing from the originally existing ones in the arrangement around the
double bonds (N=N in the azo forms, and C=N in the hydrazone forms),
in a similar way to what was observed before for the analogue com-
pound 2tona [7]. These processes, which take place at different rates in
the different studied solvents (being faster in the less polar solvent),
occur together with photodegradation of the compound and production
of species with no absorption in the visible spectral range. In acetone
solution, photodegradation is very fast, leading to prompt discoloration
of the sample, with no evidence of formation of the hydrazone tauto-
meric species of 4odna.

Temperature dependence of the color of the solutions of 4odna in
ethanol and chlorobenzene was also evaluated, with the compound
showing reversible thermochromic behavior in the first solvent. In
chlorobenzene, no thermochromism was observed, but a change of color
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Fig. 7. Absorbance spectra of 4odna in ethanol (a) and chlorobenzene (b) as a function of temperature.
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of the solution was promptly induced by the UV-vis broadband source
beam of the spectrometer when the absorbance spectrum of the solution
was being recorded at T = 115 °C, which demonstrates that the azo
forms of 4odna undergo easy photo-transformation into the hydrazone
forms in this solvent at high temperature.
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