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Abstract

A series of nine 5-(4-substituted phenylazo)-3-ar¥éehydroxy-4-methyl-2-pyridones
were synthesized and characterized by FT-IR,and *C NMR, UV-Vis, and PL
spectroscopy. Photophysical properties of the dye® examined in solvents of various
polarities and at different pH values. The solveffiects on the absorbance and emission
spectral shift were analyzed using Lippert—Matageaichardt—Dimroth and Kamlet-Taft

equations Moreover, UV-Vis absorption and emission frequeacwere correlated with
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Hammett substituent constants applying the line&e fenergy relationships. DFT
calculations of the investigated dyes were accahptl to determine their structural and

electronic properties.

Keywords: Azo pyridone dyes; Absorption spectra; Fluorescenspectra,

Solvatochromism; DFT

1. Introduction

Azo colorants represent the most significant clafsall colorants [1]. More than
50% of all commercial dyes and pigments belongzto @lorants [2]. This wide usage is
due to the simplicity of their preparation as vaslto the wide range of colors [3]. They are
used in dyeing/textile, leather, pulp, paper, fandustry and cosmetics [4]. Azo dyes
exhibit antibiotic, antifungal and anti-HIV propes [5]. Also, they found applications in
dye-sensitized solar cells [6], biological fluoresce probe development [7], photonics [8],
non-linear optical devices [9] and polarizing filfd®].

One group of azo colorants, namely those obtaireed pyridone moiety (arylazo
pyridone dyes), has gained importance in last s¢vBrcades. Arylazo pyridone dyes are
used as disperse dyes, for dyeing synthetic fillegspolyester and nylon [11]. Also, they
find application in inks for the heat-transfer pirg of polyester [12], in the production of
color filters [13] and in printing inks [14].

The photo-physical behavior of a dye dissolvedthe corresponding solvent
depends on the solvent properties as well as dyetstointeractions. These interactions

influence the intensity, maximum absorption wavgtanand shape of the absorption and



fluorescence band [15]. Changes in the positiomatimum absorption wavelength, shape
and intensity of the absorption spectra can givermation on the nonspecific (dielectric
enrichment) and specific interactions (e.g. hydrogending) between the dye and solvent
molecules.

It is known that fluorescent dyes, which absord amit light, have an extremely
rigid and extended-system [16, 17]. Fluorescent dyes find variousliappons, e.g. for
labeling biomolecules, for solid-state dye lasestams, optical fibers, polymer treatment.
Substituent nature can influence the fluorescet8e 19]. Presence of bromine, chlorine,
nitro and/or azo group can suppress the fluorescqmoperties of the molecule [18].
Azobenzenes, in general, can be classified as Inorescent while other dye molecules
like rhodamines and fluoresceins are highly fluoees molecules. However, certain
derivatives like 2-borylazobenzenes are fluoresf&mt21]. Although fluorescent azo dyes
are rare, there are reports on fluorescence behatisome dyes with azo group in the
molecule [22-24]. Fluorescence behavior was alsvipusly reported for 5-(substituted
phenylazo)-3-cyano-6-hydroxy-1-(2-hydroxyethyl)-4&ttmyl-2-pyridones [25], which led
to the alteration of pyridone moiety and improvedofescence behavior of the dyes
presented in this paper.

Arylazo pyridone dyes can exist in two tautomdoions, azo and hydrazone (Fig.
1). The hydrazone form is usually commercially moeduable since it absorbs light at

longer wavelength [26, 27].
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Fig. 1. Azo-hydrazone tautomerism in 5-(4-substitutednytezo)-3-amido-6-hydroxy-4-
methyl-2-pyridones (X=0H1(), OCH; (2), CH; (3), H (4), CI (5), Br (6), COOH {7), CN
(8), NG (9)).

In this paper, the synthesis of nine 5-(4-substtythenylazo)-3-amido-6-hydroxy-
4-methyl-2-pyridones (five are new) and estimatafrtheir solvatochromic behavior are
reported. The absorption and emission spectra veeded in the range from 300 to 700
nm in fifteen solvents of different features. Ftwe tassessment of the solute-solvent
interactions and solvatochromic shifts in the U\&Vand emission spectra of the
investigated dyes, Lippert—Mataga, Reichardt—Dimmequations and the linear solvation
energy relationship (LSER) proposed by Kamlet-Taf$ been used. For the evaluation of
the substituent effects on the absorption and éomsspectra, a simple Hammet equation
has been employed. Density functional theory (DWa&¥ used to study the existence and
stability of possible tautomers as well as the texise of the intramolecular H-bond
between the hydrogen atom of amide group and aacewl carbonyl group. Also, the
structural and spectroscopic characterization ®Tahd NMR) of dye4 were done with
the help of DFT. Time-dependent DFT method is usedccalculation of absorption and

fluorescence spectra of all investigated dyes.



2. Experimental
2.1 Materials and instruments

All used chemicals were of reagent grade, purch&sen Aldrich, Merck, Fisher
Chemical, Fluka and Baker, and were used withadihén purification. The melting points
were determined in capillary tubes on an automatetting point system Stuart SMP30.
The IR spectra were recorded using a Bomem MB-Sex@ Fourier Transformation-
infrared (FT-IR) spectrophotometer in the form ddrkpellets. The'H and**C data were
obtained using a Varian Gemini 2000 (200 Hz andHz0) respectively) in deuterated
dimethyl sulfoxide (DMSQds) and trifluoroacetic acid (GEOOD) with tetramethylsilane
(TMS) as an internal standard. All spectral meavergs were carried out at room
temperature (25 °C). Elemental analysis was peddrmmsing a Vario EL 1l elemental
analyzer. The ultraviolet-visible (UV-Vis) absomuti spectra were recorded on a Shimadzu
2600 spectrophotometer, while emission spectra weyeorded on Fluorescence
spectrophotometer Perkin Elmer precisely (LS 45 io@scence Spectrometer). Relative
quantum yields were determined using Rhodamine B 19> mol L™ ethanol as standard

(@ = 0.7) [28].

2.2.9ynthesis

The studied arylazo pyridone dyes (Fig. 1) werpgared from the corresponding
diazonium salts and 3-amido-6-hydroxy-4-methyl-2ighgne toward to before described
method [27, 29, 30]. 3-Amido-6-hydroxy-4-methyl-grjgione was prepared as published

before [29].



The characterization which includes melting poelemental analysis, FT-IRH and**C

NMR spectra are presented in Supplementary Material

2.3.Computational details

The density functional theory (DFT) calculation tbe investigated dyes were
performed using Gaussian 09 program package [3t] BBLYP and M06-2X methods
with 6-311++G(d,p) basis set. The default convecgenriteria were used without any
constraint on the geometry. The stability of thetimmzed geometry was verified by
frequency calculations, which gave real valuesalbthe obtained frequencies. Optimized
structural parameters were utilized in the calooies of vibrational frequencies, electronic
properties and isotropic chemical shifts.

The harmonic frequencies were calculated with BBI6¢311++G(d,p) method and
then scaled by 0.968 [32]. The assignments of #heutated wavenumbers were helped by
the animation option of GaussView 5.0 graphicagrifaice [33] from Gaussian programs,
which performed a visual presentation of the shapébration modes.

The nuclear magnetic resonance (NMR) chemical tsshdalculations were
performed using Gauge-Independent Atomic OrbitdA@ method, at the same levels of
theory in DMSO as solvent. THel and**C isotropic chemical shifts are listed in relation
to the corresponding values for TMS. The solvefeatfwas introduced by the Conductor
Polarizable Continuum Model (CPCM). In an attengicorrect the significant deviation
between experimental and calculateldNMR shift for hydrogen in N—H groups in DMSO-
ds as solvent, three DMSO molecules were explicitlged in the position that allowed the

formation of hydrogen bonds in the molecule.



UV-Vis absorption and fluorescence emission freqies of dyes were calculated
with the TD-DFT method using previously fully optmed geometries in ethanol as
solvent. Frontier Molecular Orbitals (FMO) analysias used to explain the information

concerning charge transfer through the dye molecule

3. Results and discussion
3.1 Photophysical properties

To determine the working concentration of the sohs, the electronic spectra of
dyelin ethanol at five different concentrations wegearded (Fig. 2). The dependence of
the absorption maxima of the concentration is cast with the Lambert-Beer law. Based
on the fluorescent spectra at various concentratdryel in ethanol, as shown in Fig. 2,
it is noted that the emission intensity increaseshe concentration of 2.5-F0mol L™,
after which it starts to decreagexactly this concentration (2.5-T0mol L™ has been
chosen as a working concentration for all followiexperiments. Reduction in emission
intensity may be possibly due to concentration gherg which is caused by the formation
of aggregates of solute. In general, most orgamarescent materials show luminescence
guenching due to self-association of dye molecuiea solvent like ethanol or methanol

[34, 35].
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Fig. 2.UV-Vis (full line) and fluorescence (dashed linpgstra of dyel in ethanol, at
various concentrations in solution.

UV-Vis and fluorescence spectra of the synthesidgels were recorded in the
various solvent to establish the effect of substits on the absorption and emission
properties of newly synthesized dyes. The absar#pectra were recorded in the range of
300-700 nm for all investigated dyes, while flua@sce spectra recording range depends
of the absorption maxima. UV-Vis absorption andfescence emission maxima of dyes
1-9 in a series of solvents of varying polarity anditiphotophysical properties are shown
in Table 1. It has been shown that dyes with ebacttonor substituent in theposition on
the benzene ringl{3) shift the absorption and emission maximum to éighavelengths
in all used solvents, while the dyes with electvathdrawing substituents49) shift the
maxima to lower or higher wavelengths dependingsolvent properties. Fluorescence

guantum yield [28] is also obtained and presenbealf investigated dyes (Table S1).

Table 1 Photophysical data of the synthesized dyes inréiffepolarity solvents



Dye 1 Dye 2 Dye 3
Solvent Ay loge, Aem AN, Aabs log e, Aem AN, Aabs loge, Aem  AX,
nm  mofdnfem™® nm nm  nam  mofdnfem™ nm  nm  nm  moffdnfem™  nm  nm
Ethanol 451 4.48 555 104 444 4.44 544 100 429 459 515 86
Acetone 444 4.38 549 105 441 4.46 546 105 426 478 517 91
DMF 448 4.35 555 107 445 4.46 546 101 425 4.66 512
Dioxane 449 4.38 547 98 446 451 543 97 431 4.78 6 5B5
Dye 4 Dye 5 Dye 6
Ethanol 420 4.49 499 79 422 4.50 504 82 420 4.56 6 5@6
Acetone 417 451 499 82 419 4.56 506 87 419 4.53 8 5@9
DMF 421 4.56 500 79 419 4.85 505 86 420 4.76 508
Dioxane 422 4.60 495 73 425 4.81 505 80 425 4.72 6 5@1
Dye 7 Dye 8 Dye 9
Ethanol 422 4.45 500 78 413 4.37 491 78 423 4.58 5 482
Acetone 416 4.25 490 74 412 4.62 486 74 425 4.67 6 481
DMF 420 4.96 504 84 417 4.81 491 74 432 4.73 488
Dioxane 422 4.16 499 77 418 4.87 490 72 427 4.71 9 482

Aabs-absorption maxima, — molar extinction coefficiend,,, — emission maximaji — Stokes shift

3.2.UV-Vis and fluorescence spectra of the investigated arylazo pyridone dyes

hydroxy-4-methyl-2-pyridone dyes were recordeda@inn temperature in fifteen solvents

The absorption and emission spectra of 5-(4-switsti phenylazo)-3-amido-6-

of different polarity. The absorption and emissgpectra for dyeg-9 in various solvents

88

56

are presented in Figs. 3a and 3b, while absorgti@hemission spectra for representative

dyes with electron-donor (Dy&) and electron-acceptor (Dy® in different polarity

solvents (ethanol and DMF) are given in Figs. 3¢ 3d. The characteristic optical spectra

for more solvents are presented in Supplementartgidés as Figs. S1-S3. The electronic



spectra confirm that the positions of the UV-Vissaiption and emission wavelengths
hinge on the nature of substituent on the phemyg af the coupling component and of the
solvent properties. Electron-donating substitugdt8) in the phenyl ring leads to the
bathochromic shift of absorption and emission maxims compared to the unsubstituted
dye @) in all solvents. Electron-withdrawing substituerf-9) lead to bathochromic or
hypsochromic shifts depending on the solvent piglain polar solvents, bathochromic
shift has been observed while in non-polar solvepimsite effect has been obtained.

An additional peak that occurs in the emission speat about 450 nm for Dyds
and4 in different solventstért-butanol, 1-butanol, 2-propanol and 1-propanolpbpbly
originates from the anionic form of the moleculégé- S1la and S3a). This assumption is
made based on observation that the conditions wfactrite the formation of the azo

anion (Figure 7a) lead to an increase of the petghksity at 450 nm.
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Fig. 3. UV-Vis and fluorescence spectra of dyleSin ethanol(a) andin DMF (b), dyel
(c) and dyeB (d) in various solvents
3.2.1.Solvent effects on the UV-Vis and emission spectra
In order to explain the influence of different @aly solvents on fluorescence
spectraAF(e, n) solvent parameter and Reichardt's solvent parantgtwere correlated
with Stokes shifts.
The change of Stokes shift with solvent polarityy d&@ shown by the Lippert—

Mataga plot (Stokes shifiAF(e, n) dependence) (Fig. 4), whexE(e, n) is calculated from

Eq. (1):



AF(g,n) = [(e — 1)/QRe + 1] — [(n? — 1)/(2n? + 1)] Eqg. (1)

AF represents the orientation polarizability paramefethe solvent, where is the static
dielectric constant of the solvent amds the refractive index of the medium.

The Lippert-Mataga plot was used to investigatesthigent dependent spectral shift
[36]. The effect of solvent polarity on the Stoledsft of molecule is a result of the mobility
of electrons in the solvent and dipole moment dfestt. The Lippert-Mataga plot for dyes
1-9 (Fig. 4) shows satisfactory linear dependencerétation factor R> 0.97) when only
five to nine solvents are included in the correlatiTable S2 (Supplementary Material)
contains correlation factor R and solvents includedvell as not included in correlation for
all investigated dyes. These results highly suggeat the dipole—dipole and dipole-
induced dipole non-specific interactions are notelgoresponsible for the solvent
dependent fluorescence shift. The deviation frotmear Lippert—Mataga plot (for more
solvents) is an indication that specific interactidhydrogen bonding) between the dye and

the solvent are important interactions in solvation

Dye 1
Dye 2
Dye 3
Dye 4
Dye 5
Dye 6
Dye 7
Dye 8
Dye 9

rAedpeon

* @

Stokes shift (cm™)

T T T T
0.20 0.22 0.24 0.26 0.28 0.30
AF



Fig. 4. The Lippert-Mataga plot

Some data from the literature show that the RegtHaimroth scale of polarity is
more realistic since it also includes dispersivd apecific (hydrogen bonds) interactions
[37]. The plot of the Reichardt-Dimroth solvent &tion vs. absorption is shown in Fig. S4.
However, this correlation also provides a satisfgctinear dependence only for a small
number of solvents. Therefore, solvent effects havbe studied using a multiparameter
equation where specific solvent interactions ackusted in the consideration.

The effect of solvent dipolarity/polarizability @nhydrogen bonding on the
absorption and emission spectra has been intedporeith a linear solvation energy

relationship (LSER) using the Kamlet-Taft solvataghic equation (2) [38]:

v=vo+ St* + bf + an Eq. (2)

The Kamlet-Taft equation includes parameters whiiescribe dipolarity/polarizability of a
solvent ¢*), solvent basicityff), solvent acidity ¢) [39-41] andv, represent the value for
solute characteristics in referent solvent (cyckaime). The regression coefficients s, b and
a in Eqg. 2 determine the relative susceptibilibéthe absorption and emission frequencies
to the signified solvent parameters. The solvemampaters used in Eqg. (2) are given in
Table S3.
The absorption and emission frequencies of thestigated dyesl{9) in solvents
of different polarity, as well as the values ofresponding Stokes shift, are given in Tables

S4-S6, respectively. The correlations of the State for hydrazone tautomer have been



performed using multiple regression analysis. Theults of the multiple regression
analysis are presented in Table 2, and the coeffisio, o and S are fitted at the 95%
confidence level. The results of the multiple resgren using emission and absorption
frequencies can be seen in Supplementary (Table88%7The corresponding percentage
contributions of specific and nonspecific effecte ajiven in Table 3 (Stokes shift
frequencies), Table S9 (absorption frequencies)Taide S10 (emission frequencies). It is
found out, from the analysis of the Stokes shittoading to the Kamlet—Taft Eq. (2), that
coefficient representing the basicif§) @nd dipolarity/polarizability# ) of the solvent have
a greater influence on spectral properties of theestigated dyes than coefficient
representing the acidity:). The exceptions were observed for dgesd4 where a slightly
greater influence has a parameterin relation to the parameter. The coefficient
representing the hydrogen bond acceptor capabilithe solvent has the largest value for
dyesl and7, which indicates that hydrogen atom of the hydt@nd carboxyl group plays
has a major influence in interaction with solveri@cules [42].

For compound 2, the basicity f) has been recognized as the most important
characteristic of solvent, while remaining parametes and =z have not

statistically satisfied conditions.

Table 2 Theregression fits to the solvatochromic parametersguthe Stokes shift for the

investigated dyes

Dye vo-10% cnit a-10°% cnit b-10°, cnit s-10°, cmit R  F

1 6.90 (x0.632) —0.64 (+0.188) —2.23 (0517) -128478) 0.9332 0.176 11 9

2* 5.48 (+0.192) ~0 -1.82 (+x0.252) ~0 0.9390 0.111 52 9



3 4.28(+0.268) -0.32 (+0.112) -0.43 (+0.225) ~0' 0.9010 0.110 10 11

4 4.02(x0.191) 0.53 (+0.09) ~0.71(0.180) -0.48.(¥J) 0.9421 0.096 16 10
5  4.59 (x0.209) 0.25 (+0.077) ~0.86 (+0.167) -0.58.{h1) 0.9400 0.071 15 10
6  4.82(x0.267) 0.20 (+0.106) ~1.17 (#0.229) -0.40.247) 0.9053 0.107 10 10
7 3.83(x0.612) ~0.62 (+0.273) 2.06 (+0.595) -1.50.%83) 0.9207 0.256 13 11
8  4.43(x0.308) 0.33 (+0.166) 1.44 (+0.334) -2.24269) 009820 0.170 54 10
9  3.41(x0.140) 0.13 (+0.061) ~0.41 (+0.134) -0.56.(#3) 0.9100 0.072 11 11

R&correlation coefficient, Sstandard error of the estimate’-fisher's test, inumber of solvents involved in the
correlation, * - analysis was performed only witkstzity parameteys), * - statistically unreliable data

Table 3 The percentage contribution of the solvatochrondcameters (Eq. 2) using the

Stokes shift frequencies.

No. Substituent P% R, % B %

1 OH 1551 53.77 30.72
2 OCHg; ~0 ~100 -~O
3 CHjs 42.67 5733 ~0
4 H 30.90 41.11 27.99
5 Cl 15.12 52.32 32.56
6 Br 1145 6549 23.06

7 COOH 1491 49.09 36.00
8 CN 8.26 35.95 55.79

9 NO, 11.62 37.45 50.92




Results obtained by the regression analysis usmigsion frequencies (Table S7)
gave negative coefficiemt (except for the dyet and9), b (except for dye2-5 and9) and
s (except for dyed-8) indicating a bathochromic shift (positive solwetocomism) as well
as in absorption spectra due to the increase @ripglacidity, and basicity of the solvent.
This suggests that dipole moment in the excitete sgahigher than dipole moment in the
ground state. The similar behavior was obtainedtHerresults of the regression analysis

when the absorption frequencies were used (Table S8

3.3. Substituent effects on the UV-Vis absorption and emission spectra

To quantitate the weights of the substituent eé$fethe absorbance and emission
maxima as well as Stokes shift of 5-(4-substitasdazo)-3-amido-6-hydroxy-4-methyl-2-
pyridone in different polarity solvents were plattagainst the Hammett parametgf
(Tables 4 and 5; Figs. 5 and 6). The Hammett egu&q. (3) is an effective way to predict
the reaction mechanisms of several organic res{@jn

Vi = Vo + pop” Eq. (3)
wherep is a proportionality constant reflecting the samgy of the absorption/emission
frequencies to the substituent effegtyx is a substituent-dependent value: absorption and
emission frequenciesyis intercept (i.e., describes the unsubstituted beerof the series).
Given the extended - conjugation system, electron-donating substisigrere expected to
stabilize the excited state, thereby explainingréeeshifts in the absorbance and emission

spectra. [43].



The absorption and emission spectra of the dyeb wiectron-donating substituents
indicate bathochromic shift in all used solventsewltompared to dy4, while the dyes
with electron-withdrawing substituents indicate &gphromic or bathochromic shift
depending on the nature of the used solvent. Téal ictlationship between the Hammett
constants,” and the absorption or emission maxima is linezgardless of the inductive
and resonant increase of the electron density éavdory the substituent. Good linear
correlations were obtained between #eand emission maxima (Table 5, Figs. 6a and 6b)
as well ass,” and Stokes shift (Table S11). Also, a linear datien was observed between
o, and the absorption maxima (Table 4, Fig. 5a), jgixcerrelation in aprotic solvents
(DMSO and DMF). Non-linear correlation between tHammett parametes,” and
absorption maxima in aprotic solvents (Fig. 5b)hsas DMSO and DMF indicates a
change of the electron density of azo group underinfluence of electron-donor and
electron-acceptor substituents. In other solvetite, absorption maxima, give linear
correlation with the positive values of the constaproportionality.

A better correlation was obtained witf compared te, (except correlation using
Stokes shift), which points to extended delocalwatin the arylazo group. The
corresponding linear dependency with positive slopefirms the presence of hydrazone
form in solvents used for analysis (Tables 4 an@l5) 45].

Table 4 The results of the correlation betweegy absorptioranda,” for the investigated

arylazo pyridone dyes.

Solvent vmaxvs.(rp+ Dye excluded from correlatién

Methanol Vme=23.49+1.126," (R=0.943, n=7) 7,9

Ethanol Vmax=23.45 +1.346," (R=0.973, n=7) 7,9



1-Propanol Vmax=23.36 +1.346," (R=0.965, n=7) 7,9

2-Propanol Vmax=23.33+1.296," (R=0.934, n=8) 9
1-Butanol Vmex=23.32 +1.268," (R=0.925, n=8) 9
tert-Butanol Vmax=23.42+1.726," (R=0.948, n=7) 7,9
1-Pentanol Vmex=23.34 +1.408," (R=0.939, n=8) 9

Cyclohexanol Vimax=23.36+1.408," (R=0.948, n=8) 9
Benzyl alcohol  vyp,=23.33 +0.414," (R=0.954, n=6) 4,7,9
Ethylene glycol  vp=23.38+0.408," (R=0.933, n=5) 3,4,7,9
Acetone Vmax=23.67 +1.18%," (R=0.968, n=8) 9
Acetonitrile Vmax=23.65 +1.038," (R=0.961, n=8) 9
Dioxane vnr,ax:23.79+1.536p+ (R=0.987, n=8) 9
DMF D: vm=23.85+1.705p+ (R=0.991, n=4)
A: vm=23.87—0.863p+ (R=0.963, n=3) 7,8
DMSO D:vmax:23.82+1.616‘p+ (R=0.994, n=4)
A: vmaX=23.82—1.15é’tp+ (R=0.977, n=4) 7

®Dye number as given in Figure

Table 5 The results of the correlation betweepyemission ands,” for the investigated

arylazo pyridone dyes.

Solvent Vinax VS.0p" Dyes excluded from correlatidn

Methanol Vmax=19.54 +1.434," (R=0.966, n=7) 7,8
Ethanol Vmex=19.53+1.423," (R=0.983, n=8) 4

1-Propanol  ve=19.70+1.628," (R=0.953, n=7) 7,8

2-Propanol  vu=19.70+1.576," (R=0.954, n=7) 7,8

1-Butanol Vmex=19.68+1.55%," (R=0.957, n=7) 7,8

tert-Butanol  vy=19.84+1.662," (R=0.935, n=7) 7,8

1-Pentanol Vmax=19.70+1.552," (R=0.956, n=7) 7,8

Cyclohexanol  vpe,=19.73+1.578," (R=0.952, n=7) 7,8



Benzyl alcohol  vy,,=19.51 +1.498," (R=0.958, n=9) /

Ethylene glycol vyex=19.40+1.37%," (R=0.964, n=9) /
Acetone Vmax=19.63 +1.396," (R=0.950, n=9) /
Acetonitrile  vp=19.60 +1.40&," (R=0.956, n=9) /
Dioxane Vmax=19.63 +1.273," (R=0.952, n=9) /
DMF vm=19.46+1.386‘p+ (R=0.982, n=8) 4
DMSO Vire=19.79+1.88%," (R=0.923, n=8) 9

“Dye number as given in Figure 1
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Fig. 6. The correlation betweenx (€m) ands,” in ethanol &) and DMF b)

3.4.The influence of acidic and alkaline media on azo-hydrazone tautomerism



The arylazo pyridone dyes presented in this papey appear in two tautomeric
forms (Fig. 1). On the basis of FT-IR and NMR specit was concluded that prepared
dyes are in hydrazone form. It is known that the-lgdrazone tautomerism as well as azo
anion- hydrazone equilibrium is influenced by chagghe solvent, or by changing the pH
of the reaction mixture [46, 47]. In addition, thdluence of pH on the azo-hydrazone
tautomerism and azo anion-hydrazone equilibriurthefinvestigated dyes was examined.
The pH of the dye solution was adjusted using tieti®ns of acid or base. The recorded
UV-Vis and fluorescence spectra of dyesand 9 in methanol as well as in acidic and

alkaline medium are presented in Fig. 7.
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Fig. 7.UV-Vis and fluorescence spectra of dyle@) and9 (b) in methanol, as well as in

the acidic and alkaline medium

As can be seen from the spectra given in Figh&,dselected dyes show similar
spectral features in the UV-Vis region in methaaad in acidic media which confirms that

dyes appear in hydrazone form. When the solutiomyaf 1 was made alkaline by the



addition of sodium hydroxide, a significant batharhic shift was recorded in absorption
spectra due to the formation of azo anion form [47]the absorption spectra of d9en
alkaline methanol, there is equilibrium betweenragdne form and azo anion form, with
dominant hydrazone form. For dyle it seems that azo anion form is dominant. On the
other side, the intensities of the fluorescencetspen alkaline media are much lower than

in pure methanol and acidic methanol.

3.5. DFT study
3.5.1. Conformational analysis

Because of the presence of two acidic hydrogen starhich can migrate between
seven positions suitable for their binding, theestigated molecules can exist in several
tautomeric forms. From our previous studies on laimsystems [47-49] the most stable
tautomeric forms belong to azo and hydrazone typeg;h are shown in Fig. 1. Also, the
investigated molecules possess amide group which paaticipate in both intra- or
intermolecular hydrogen bonding (with adjacent oaglh group and/or solvent molecules)
and form, at least, two different conformationsthwor without intramolecular H-bond.
Therefore, in this research, several goals weredst¢rmining the most stable tautomer,
determining the geometry of its stable conformasswell as their relationship with the

electronic properties of the ground and excitetesththe investigated molecules.



The appropriated tautomers are defined on the lbasiar recent results for similar
molecules [48] in which the nine tautomers are fified and approved. Also, the newly
introduced amide group also provides a suitableeptar the migration of acidic hydrogen.
The additional four tautomers may be generated whermydrogen atom is migrated to its
oxygen or nitrogen atom. These tautomers are edpestudied in order to determine their
stability in comparison to the most stable tautoara to check its possible presence in the
mixture.

It can be seen from the CPCM(ethanol)/M06-2X/6-34Gtd,p) calculation of all
defined tautomeric forms for dykthat the first set of the nine tautomers are ifiedtand
approved as stable and the energy relations amasias in previous investigation [48].
The most stable geometries belong to the hydraziortgeric form (see Fig. 8) while the
second most stable form belong to azo tautomer.ehleegy difference between these two
forms is 7.2 kcal/mol. The obtained results aresiant with the previous reports [48, 50,
51]. Also, the calculations showed that migratidraocidic hydrogen to nitrogen atom of
amide group can't produce stable tautomeric forniewtme migration to oxygen atom
produces stable tautomers with energies higher thnkcal/mol, in comparison to
hydrazone tautomer. Therefore, only the geometifethe hydrazone form are used for
further geometry and electronic study of all invgetied dyes.

Most of the tautomers with respect to the mutuadrdgation of the amide group can
exist in two conformational forms. The first, witimide group in almost parallel position to
molecule forms the intramolecular H-bond with adjatccarbonyl group while the second
with group orientation normal to the plain of malexis without intramolecular H-bond.

Calculations confirm that most stable tautomer esist in both conformational forms and



energy difference between them is just ~0.19 kaal/fmherefore, it can be concluded that
both conformers are present in an almost equimodéio in the solution, at room
temperature. The geometries for both conformeraadt stable hydrazone tautomer of dye
4, fully optimized at M06-2X/6-311++G(d,p) are pratsd in Fig. 8. The energies (E),
relative energiesAE) and statistical Boltzmann distribution weightg €or all isomers of

dye4 are given in Table S12 supporting information.

Fig. 8. The geometries of conformeandll of the most stable hydrazone tautomeric form
of dye4.

Since these results are not in correlation WithNMR results which indicate the
presence of just one conformer, we decided to egpieasons for this discrepancy and if
possible, offer a solution for such cases.

The H-bond is supposed to be weak, because thedxblip is a weak H-bond
donor and according to the classification of Jgfffg2] that the stabilization energy for
weak hydrogen bonds is 1-4 kcal/mol, the intramdblacH-bond in the investigated dyes
may be classified as weak or very weak H-bonds. @evious studies on similar systems
[53] revealed that different media (solvents) maprgly influence the nature and the

structure of hydrogen bonds. In the same time,etlage many proofs that the standard



continuum solvent models cannot adequately trefsctsf that proton donating and/or
accepting solvents may have on the geometry ottesolthe continuum dielectric solvent
model only implicitly mimicked the solute-solventbdnd(s) by the polarization of the
solvent and concomitant appearance of surface ebarg the inner surface of the cavity.
This response is qualitatively correct, but theegkted solute-solvent stabilization energy
is underestimated. For real determination of thee fenergy changes in the case of
dissolving a polar solute in a protic solvent, imelecular H-bonds are required [54].

To explore these findings, the potential energnq&ES) for rotation of the amide
group was done by B3LYP and M06-2X methods and B+3G(d,p) basis set. The impact
of implicit solvent is simulated with CPCM model feimulation of ethanol and DMSO as
solvents, and one explicit molecule of ethanol 3D is added in the vicinity of amide
N-H for simulation of intermolecular H-bond. Thexad implicit model with one explicit
solvent molecule model is tested too. During tHeuwation, all the geometrical parameters
were simultaneously relaxed while the C7-C8-C10-ki8ion angle was varied from 0 to
360° in steps of 5°. The truncate PES's from B3I6¥®Y1++G(d,p) calculations in vacuum
and ethanol are shown in Fig. 9. The full PES'sBBLYP and M06-2X calculation in
vacuum, ethanol and DMSO are presented in FigS55-

From Fig. 9 it can be seen that the B3LYP calcafain a vacuum is not capable of
locating a conformer without an intramolecular Hitdq(l ). The explicit addition of one
molecule of solvent only slightly improves the belba of the PES from the calculation in
a vacuum. It is a logical assumption that a fullvabon sphere around a dissolved

molecule should be defined for proper treatmerthefconformers when the calculation in



vacuum is used, and that is a very demanding @msQ€ methods. So, using this model, it
is possible to properly treat only molecules inglas phase and non-polar solvents.

The PES, obtained from the B3LYP calculation in athCPCM model (implicit
solvent) is used for simulation of ethanol as aeal, exhibits significantly better behavior
and show that such method is capable of locatirgngéry with intramolecular as well as
H-bond free geometry, although the stabilizatiorergg due to the solvation of such
conformer is significantly underestimated.

The introduction of an explicit solvent in the fomhone ethanol molecule changes
the energy relationship between the conformersreduces the energy of the conforrter
in relation to the conformer by 0.51 kcal/mol, i.e. 0.55 kcal/mol in DMSO (egeris
given as the difference between the ZPE -correctedrgees for fully optimized
conformers).

The number of explicit solvent molecules taken icoosideration as first solvation
shell is of crucial importance [55-57]. We belietreat the proper first solvation shell
around the amide and carbonyl groups involved éenfthmation of an intramolecular bond
should include four ethanol molecules (or two DM8®lecules) to represent all strong
solute-solvent interactions of conformir [57]. This would certainly lead to additional
stabilization of conformetl. At the same time, the introduction of additioradplicit
molecules would lead to problems with the clustgrori solvent molecules, and thus to
incorrect treatment of the energy relations of sgstems with an inconsistent number of
solute-solvent H-bonds. However, based on the asdunendency of increasing
stabilization with establishing additional interrmollar H-bonds, it can be said that

conformerll represents the dominant conformational form ofenole4 in solvents that



can participate in H-bond formation as either derammd/or acceptors, such as ethanol and

DMSO.

—e— Vacuum

—e— Vacuum + eEthanol
84 —=— cEthanol

—+— cEthanol + eEthanol

E (kcal/mol)

0 50 100
Torsion angle (°)

Fig. 9. The PES's for rotation of amide group from B3LY-BBL++G(d,p) calculations in
vacuum and ethanol.
3.5.2.Vibrational analysis
Detailed analysis of experimental and calculatddaiad spectra of unsubstituted
dye 4 has been done in an attempt to shed light ontitstare. The most significant
wavenumbers are tabulated in Table S13, and thepaason of the experimental and

calculated spectra is presented in Fig. 10. Nunoeratf dye4 is given in Fig. 8.
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Fig. 10.Comparison of experimental (a) and scaled thexaletb) IR spectra of the

investigated dyd

As the structural analysis confirmed, the most Istalautomeric form of the
investigated dyes is hydrazone form. So, in theofahg analysis, vibration frequencies of
hydrazone tautomer of dyecalculated at B3LYP/6-311++G(d,p) level are comepawith
experimental ones.

In experimental spectrum, two broad bands at 31683871 crii* are assigned to
symmetric and asymmetric stretching vibrationsrofdee N19H group. These assignments
are supported by scaled theoretical values 33973&8d cm' (mode nos. 88 and 90),
respectively. The most important bands in the reg800-3600 cnt are stretching bands
of N1-H30 and N6-H29 group at 3053 and 3307 chelong to hydrazone and pyridone
moieties and correlate well with the calculatedueal 3178 and 3459 ¢i(B3LYP mode
nos. 87 and 89) as well as with literature datd.[#Be bands at 3026 and 3034 ¢iim FT-

IR are assigned to aromatic-B asymmetric and symmetric stretching vibratidnsthis

region two bands at 2845 and 2947 twrigin of symmetric and asymmetric stretching



vibrations of methyl C15gIgroup and correlate well with calculated valueS&8and 3026
cm?, respectively.

The most significant stretching bands are at 14832 and 1651 cm assigned to
stretching vibrations of carbonyl C5=017, C7=018 &10=020 group, respectively and
correlate with calculated values at 1645, 1652 H6it8 cm® (mode nos. 76, 77 and 78).
The appearance of these bands in FT-IR spectrurfirmsnthe existence of hydrazone
tautomeric form of dyd. The bands observed at 552 ¢rand 890 crit'in FT-IR spectrum
are assigned to in-plane bending modes of thrdeoogt groups, and the corresponding
scaled calculated values are 508 and 863.cm

Two others characteristic hydrazone group vibratiane stretching C3=N2 and
bending N1-H30 group vibrations. They are expedatetthe region 1300-1500 ¢t The
bands observed at 1331-1522 trhave contributions from the C3=N2 stretching and
N1-H30 in plane bending modes and agree well vhth ¢alculated data at 1294-1514
cm . The calculated wavenumbers 1013 and 1083 depicted in Table S13 are assigned
as rocking vibrations of C15+Hand N19H group, respectively and their experimental
counterparts are observed at 1026 and 1157.cm

The bands observed at 687 and 858'care identified as out-of-plane bending
vibrations of N6—H29 and N1-H30 group, respectivelpd show good agreement with
calculated data, Table S13. This analysis suppbe®xistence of dyé4 in the hydrazone

tautomeric form.



3.5.3.NMR spectral analysis

Additional proof of the hydrazone tautomeric sturetwas provided by the NMR
spectral analysis. Full geometry optimization ofedy was performed with B3LYP/6-
311++G(d,p) method and then (GIAO) chemical shafcalations have been made by the
same method. ThtH and**C chemical shifts are measured in DM8&and presented in
Table S14 and S15. The recordétiand™*C NMR spectra oft are shown in Figs. S8 and
SO.

In the™H NMR spectrum the chemical shift values for hy@mdi21, H22 and H23
of methyl group are 2.41, 2.13 and 2.44 ppm (wapect to TMS) and correlate well with
experimental singlet peak at 2.23 ppm. The arontatid signals are observed at 7.2-7.53
ppm and calculated values are in region 7.45-8@M.pThe'H chemical shifts of two
protons of NH group are observed at 7.57 and 7.71 ppm and aterefell with calculated
values at 8.97 and 8.98 ppm. The NH hydrogen aflpye moiety appears at 11.68 ppm,
and is determined computationally at 12.57 ppm. Singlet observed at 14.25 ppm is
assigned to hydrogen H30 of hydrazone group, whashbeen calculated at 14.42 ppm.

A solvent like DMSOds may be treated as a hydrogen bonding partner,hwhic
results in changes in the chemical shifts of aatergroup of protons, like NiHgroup [55].

In our present work, the spectra recorded in thisemit do not show many changes'i

NMR. The shift is more substantial for NHgroup. This is due to the strong hydrogen
bonding of the polar amide CONIgroup to the sulfoxide oxygen, which simultaneously
deshields the amino protons and impedes rapid prei@hange that would prevent the

occurrence of spin-spin splitting.



In the aliphatic region ofC NMR spectrum, one signal at 14.52 can be asciited
the carbon atom of methyl group C16Hhe peaks observed in region 116.32-129.92 ppm
are assigned to aromatic carbon atoms and cormeltitecalculated shifts in region 120.36-
137.72 ppm. Two carbon atoms C4 and C8 of pyridong resonating at 145.59 and
125.49 ppm in thé’C NMR spectra show good agreement with computedegal 34.62
and 158.17 ppm, in DMSO solution. Carbon atom Cahydrazone group appears at
125.08 ppm, and the calculated value is 131.29 gpmo. peaks at 162.00 and 162.25 ppm
are ascribed to carbonyl carbon atoms C5 and Cif edtculated values at 170.03 and
172.26 ppm. The peak at 166.63 ppm is assigneddiher carbonyl group, which is a part
of amide group of dy&. The counterpart of this signal in the calculaspectrum is at

177.98 ppm.

3.5.4. Calculated UV-Vis and fluorescence spectra of the investigated arylazo pyridone
dyes

Calculated absorption and photoluminescence speera analyzed to gain insight
into the electronic structure of investigated males. Tables 6 and 7 describe the relative
energies, intensities and absorption wavelengthewelistigated dyes calculated at B3LYP
and MO06-2X/6-311++G(d,p) level, respectively. Than8l positions of the calculated
fluorescence spectra at B3LYP/6-311++G(d,p) lewvel ksted in Table 8 along with
experimental band positions for comparison. Conédrom analysis showed that the
conformer without intramolecular H-bond ) in ethanol as a solvent is more stable than
that with intramolecular H-bond)( Despite that and for the purpose of comparison, the

UV-Vis and fluorescence spectra for both confornuérdyesl-9 are calculated.



Figures S10 and S11, in Supporting Information, filot the experimental against
the calculated UV-Vis absorption of conformérandll of dyesl1-9, calculated at B3LYP
and MO06-2X method, respectively, while Fig. S12tplthe experimental against the
calculated (B3LYP) fluorescence emission maximantrFigs. S10-12 data, it can be
concluded that the UV-Vis absorption maxima cal@daat various levels of DFT have
almost the same error margins. In general, the U/aldsorption calculated at the M06-2X
level shows a better correlation between the caledland experimental data (Table 7 and
Fig. S13). Otherwise, linear regressions of theudated versus experimental UV-Vis
results show that the almost same correlation wieft (R) is obtained when the
geometry of conformelr or Il is used in UV-Vis calculations (Tables 6 and 7)inar fit
of absorption band positions in the calculated aonér Il versus experimental spectra
(Figures S10 and S11) gave correlation coefficient3.9773 and 0.8462 for the M06-2X
and B3LYP method, respectively. Also, fluorescerogission maxima calculated at the
DFT/B3LYP level using the geometry of conformérand Il (with and without
intramolecular H-bond), show small deviations frirase observed experimentally, with a
correlation coefficient of 0.9536 and 0.9483, retpely. Experimental UV-Vis spectral
data show that the maximum absorption of the ingatdd dyes occurs at 413-451 nm in
ethanol as solvent. The theoretical results shothatd TD-DFT/M06-2X method predict
values at 366-391 nm. These results give the laxgmeselation coefficientRf) but at the
same time yield the largest deviations of the gtigmm maxima of dyes as compared to the
experimental ones. As these deviations represergysiematic underestimation of

wavelengths, they can be easily cancelled usingafipeopriate scaling factor. In Figure



S13, an example of a scaled calculated UV-Vis spettof dye4 in relation to the
experimental spectrum in ethanol is given.

The influence of the substituent on the absorpti@xima in the calculated UV-Vis
spectra follows the trend in the experimental gpedihe bathochromic shifts are obtained
by enhancing the electron donor properties of ihgadcomponent. In this series of dyes,
the introduction of electron donating substituentthe para position of the phenyl ring
results in a significant bathochromic shift of thésorption and emission maximum
according to unsubstituted dye in ethanol as solv@mables 6-8). Also, with the
introduction of electron withdrawing substituent the para position into phenyl ring,
absorption and emission maxima shift hypsochronyi@lcording to unsubstituted dye.

In the optimized geometry of the conformgethe plane of the amide group deviates
from the plane of the molecule by ~25°. This desratreduces delocalization of the
electron density between these two parts of theecubd as can be seen from the FMO
orbitals of dye4, Figure S14. The additional increase in the torsaaogle of the amide
group reduces the possibility of overlapping itsorbital with the n-system of the
phenylazo-pyridone moiety, as a result in the coné I, which completely cancel
delocalization between them. Therefore, it candie that the effect of the amide group on
the absorption maxima of the studied dyes is pilgnerductive while the resonant effect is
very small, in the conformeér or completely absent, in the confornhler
As can be seen from Tables 6-8 overall effect tgogition and emission maxima of the
amide group is small, and the difference betwearfocmer| andll is less than 7 nm.
Therefore, from these correlations, it cannot derdained which conformer is dominant in

the mixture.



Table 6 The experimental and B3LYP calculated absorpti@xima of the conformers

andll of hydrazone tautomer of arylazo pyridone dye8)(in ethanol as solvent.

Conformer | Conformer Exp.

Eabs(€V) Amax (NM) f Eavs(eV) Amax (NM) f Amax (NM)
1 2.780 459.1 0.9863 2.818 452.9 0.9351 450.6
2 2.720 454.3 0.9963 2.760 447.7 0.9446 443.7
3 2.896 428.1 1.0367 2.932 422.9 0.9891 428.9
4 2.990 414.6 0.9852 3.024 410.0 0.9448 418.7
5 2.933 422.8 1.0526 2971 417.3 1.0124 422.2
6 2.910 426.1 1.0748 2.950 420.2 1.0363 422.9
7 2977 416.3 1.1756 3.000 413.2 1.1422 421.9
8 2.980 416.0 1.1710 3.011 411.7 1.1476 413.0
9 2.851 434.9 1.1989 2.854 434 .4 1.1748 422.8
R 0.8945 0.8462

Table 7 The experimental and M06-2X calculated absorpti@xima of the conformeis

andll of hydrazone tautomer of arylazo pyridone dye8)(in ethanol as solvent.

Conformer | Conformer Il Exp.

Eabs (€V) Amax (NM) f Eavs(eV) Amax (NM) f Amax (NM)
1 3.171 398.2 1.0809 3.226 391.0 1.0336 450.6
2 3.140 394.1 1.1036 3.195 387.2 1.0558 443.7
3 3.256 380.8 1.1273 3.309 374.7 1.0836 428.9
4 3.327 372.6 1.0741 3.381 366.7 1.0342 418.7
5 3.301 375.6 1.1543 3.356 369.5 1.1149 422.2
6 3.294 376.4 1.1914 3.349 370.2 1.1528 422.9
7 3.323 373.0 1.2492 3.373 367.5 1.2229 421.9
8 3.339 3713 1.2708 3.390 365.7 1.2445 413.0
9 3.299 375.8 1.3161 3.338 371.4 1.2996 422.8
R 0.9778 0.9773




Table 8 The experimental and B3LYP calculated fluoresceacgssion maxima of the

conformersl andll of hydrazone tautomer of arylazo pyridone dye®)(in ethanol as

solvent.
Conformer | Conformer Exp.
Eem (eV) Amax (NM) f Eem (eV) Amax (NM) f Amax (NM)

1 2371 536.5 0.9114 2.387 532.9 0.8585 555.0
2 2.317 531.6 0.9255 2.333 527.8 0.8783 544.2
3 2.451 506.0 0.9406 2.469 502.2 0.8907 515.2
4 2.550 486.3 0.8993 2.569 482.6 0.8635 499.1
5 2.482 499.5 0.9694 2.504 495.2 0.9251 503.8
6 2.459 504.1 0.9948 2.483 499.3 0.9494 506.5
7 2.560 484.0 1.0645 2.588 478.6 1.0471 500.3
8 2.565 483.5 1.0807 2.593 478.2 1.0569 490.7
9 2.586 479.5 1.2303 2.595 477.8 1.2056 484.8
R 0.9536 0.9483

4. Conclusions

The aim of this work is solvatochromic analysisnafw fluorescent dyes. In this

paper, the synthesis and characterization of nuié-dubstituted phenylazo)-3-amido-6-

hydroxy-4-methyl-2-pyridones are presented. FT*#RNMR and®*C NMR analysis have

confirmed that all synthesized dyes exist in thectbrial strongest tautomeric form,

hydrazone form.

The Lippert-Mataga plot and the Reichardt-Dimrokbt ghowed satisfactory linear

dependence when only a small number of solvente viecluded in the correlation,



indicating that multiparameter equation should kedu The analysis of the Stokes shift
using the Kamlet-Taft equation shows that coefficieepresenting the basicity and
dipolarity/polarizability of the solvent has a gieainfluence on spectral properties of the
investigated dyes than coefficient representing ale&lity. The similar behavior was

obtained in the regression analysis when the absarfsequencies were used.

The effects of substituents on the absorption speaiftthe investigated dyes were
interpreted by using Hammett equation. The cornedp linear dependency with positive
slope confirms the presence of hydrazone form ivests used for analysis.

The selected dyes have almost the same UV-Vismgpaéh methanol and in acidic
media, which confirmed that dyes are in hydrazawenf When the solution of dyewas
made alkaline, a significant bathochromic shift wasorded in absorption spectra due to
the formation of azo anion form.

The results of the conformational analysis with G®F€&hanol)/M06-2X/6-
311++G(d,p) method show that the most stable getesedf investigated dyes belong to
the hydrazone tautomeric form. The most stableotaat with respect to the mutual
orientation of the amide group can exist in twofoomational forms: with (1) and without
(I intramolecular H-bond and the ratio of conf@rs in the mixture depends on the
properties of the solvents. Calculated absorptiott @amission spectra were analyzed to
gain insight into the electronic structure of invgated molecules. Excellent correlations

between computational and experimental data haee bstablished.
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Highlights

The absorption and emission spectra of nine arylazo pyridone dyes were recorded.
The solvent effects on the absorbance and emission spectral shift were analyzed.

The conformational analysis showed that the investigated dyes are in hydrazone form.
The existence of two conformational forms of hydrazone tautomer was confirmed.

Excellent correlations between computational and experimental data were established.
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