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ARTICLE INFO ABSTRACT
Keywords: Ebead et al. had reported in the synthesis and the UV-Visible solvatochromism combined with semiempirical
Benzothiazole azo dyes calculations to study the tautomerism of 1,3-benzothiazol-2-ylacetonitrile azo dyes [1]. In this study, 1,3-ben
1 13,

Hand °C NMR zothiazol-2-ylacetonitrile azo dyes (1-6) have been resynthesized, one and two dimensional 'H and **C NMR,

Azo-hydrazone tautomerism
CR7 in chemistry
UV-Visible

as well as absorption and emission spectra, were collected and interpreted. The obtained results were used to
clarify the tautomerization phenomenon of these dyes. Predominantly, these dyes exist in Z-hydrazone form
Fluorescence spectroscopic properties and reinforced through intramolecular hydrogen bonding in deuterated chloroform. Substituents (R) in carbon7
quantum yield (CR7) are the key player of the changes in "H and '*C NMR chemical shifts, also in the absorption and emission
Intramolecular hydrogen bond wavelengths of benzothiazole azo dyes. Also, the relative photoluminescence quantum yields (PL QY) of these
dyes (1-6) were estimated and related to the nature of substituents. Finally, PM6 semiempirical calculations
were employed to confirm the preferred geometric structure and experimental NMR, absorption, and emission

results.
1. Introduction in understanding this phenomenon as well as to prove the predomi-
nant conformational form in a nonpolar solvent. Moreover, the
Azo dyes are still a favourite destination for many fascinated people (CR7) substituents play a pivotal effect on the chemical shifts (5§) of
in current years [2-4]. Recently, benzothiazole azo dyes are the protons and carbons, the semiempirical physicochemical parameters,
cornerstone in modern applications such as liquid crystal displays also on the absorption and photoluminescence properties of our inves-

(LCDs) [5], nonlinear optical (NLO) apparatus [6-8], dye-sensitized tigated dyes.

solar cells (DSSCs) [9], optoelectronic devices [10], and in biological

and medical studies [11]. These electronic applications are spawned

from the tautomerism phenomenon and structural conversions of these

dyes [5-10]. Depending on experimental UV-Visible spectra in differ-

ent solvents and semiempirical PM6 calculations [1], 1,3-benzothia 2. Experimental

zol-2-ylacetonitrile azo dyes coexisted mainly in E-azo-enamine and

E-hydrazone tautomeric forms. However, X-ray crystallographic data  2.1. Synthesis of 1,3-benzothiazol-2-ylacetonitrile azo dyes 1-6
reveal that 1,3-benzothiazol-2-yl-(4-methylphenyl)diazenylacetoni

trile (3p-CHs) dye exists only in Z-hydrazone form [12] stabilized Dyes (1-6) under investigation (Scheme 1) were synthesized
through intramolecular hydrogen bonding in the solid crystal [13]. according to the procedure described in the literature [1,12,14].
Herein, we removed the structure ambiguity between Ebead et al. Brieﬂy, to an ethanolic solution of 1,3—benzothiazole—2—ylacet0nitrile
[1] and Badahdah [12,13] of these dyes by experimental investigation (0.01 mol) in the presence of sodium acetate (= 0.01 mol) in an ice
of the tautomeric phenomenon of benzothiazolylacetonitrile azo dyes bath, a solution of diazotized aromatic amines was added drop wisely
in solution, and the role of one and two dimensional 'H and '>C NMR with vigorous stirring at 0-5 °C for one hour (for more details see the

Supplementary material) (Scheme 1).
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Scheme 1. The suggested equilibrium of dyes (1-6) from the point of view of
Y.H. Ebead et al. [1].

2.2. NMR spectroscopy measurements

The 'H and '3C NMR spectra were recorded on Bruker Avancell +
400 MHz, 9.4 T, Ultrashielded 1H frequency: 400 MHz spectrometers
operating at 400.13 MHz for 'H and 100.62 MHz for **C. The samples
were dissolved in CDCl; but compound (4p-COOH) in (CD3),SO
because of sparing solubility in CDCls. The 'H and '*C chemical shifts
(8) are expressed in ppm referenced to the central peak of the solvents
CDCl; (6 = 7.26 (*H) and 77.16 (*3C)) and (CD53),SO (5 = 2.50 ("H)
and 39.5 (*3Q)). All 2D experiments (COSY, HMQC, and HMBC) were
performed using the manufacturer's software (TOPSPIN 2.1). All the
measurements were achieved at room temperature (= 25 °C).

2.3. UV-Visible spectroscopy measurements

Electronic UV-Visible absorption spectra were monitored by a Shi-
madzu 2401PC spectrophotometer (equipped with a Julabo F30 ultra-
thermostat with an accuracy of + 0.5 °C) within the wavelength range
200-800 nm using thermostated (T = 25.0 = 0.2 °C) 1 cm matched
quartz cells. The dyes (1-6) were dissolved in CHCl; (99.0-99.4%
BDH AnalaR), but the dye (4p-COOH) shows sparing solubility and
so the undissolved dye was filtered off to get a clear chloroformed
solution. The concentration of UV-Visible measured chloroformed
solutions of dyes (1-6) was 1-2 X 10 M.

2.4. Fluorescence spectroscopy measurements

The fluorescence emission spectra of the same UV-Visible chloro-
formed solutions of dyes (1-6) were measured by JASCO Spectrofluo-
rometer FP-8500 at different excitation wavelengths 400-423 nm;
excitation and emission bandwidth are 5 nm, and scan rate is
1000 nm/min.

The relative photoluminescence quantum yield (PL QY) of the dyes
was measured and estimated by comparing the dye’s PL intensities
with that of standard coumarin 102 dye at the same optical density
(0.09) as:

O = & Fc £
fx — t.slvFS[ .
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where @, is the quantum yield for the dye, ®¢, = 0.764 is the quan-
tum yield for the standard dye (coumarin 102), F,, and Fy are the area
under the emission spectrum of the standard dye and one of the under
investigation azo dyes (1-6), respectively, and n, = 1.50 and
ng = 1.44 are the refractive index for the used solvent namely, chloro-
form (for the dyes) and ethanol for coumarin 102 [15,16].

2.5. Quantum computational calculations

Structure optimization of the dyes (1-6) in the ground (S,) and first
excited (S;) states were performed using the semiempirical PM6 and
PM6/CI methods. The geometric structure of the Z-hydrazone form
of these dyes was generated by replacing a methyl group in the single
crystallographic structure of 1,3-Benzothiazol-2-yl((4-methylphenyl)h
ydrazono)acetonitrile dye (CDS Entry: COWGUR [13], Deposition
Number: 617431) with other substituents (H, OCH;, COOH, NO,,
Cl). Enthalpy of formation, dipole moments, and energies of natural
molecular orbitals (HOMO&LUMO) of these azo dyes were isolated
trustily from the PM6 and PM6/CI geometric optimized MOPAC data
files. All geometry calculations were obtained from MOPAC 2009—
free license on the internet and done on a Personal laptop computer.

3. Results and discussion

Azo-hydrazone tautomerization is a well-recognized phenomenon
in azo dyes, but still not yet completely clear [17-19]. Nuclear mag-
netic resonance (NMR) spectroscopy in one and two dimensions is a
powerful tool for the characterization and examination of azo-
hydrazone tautomerism in solutions of azo dyes [19-23].

3.1. One and two dimensional 'H and *3C NMR for investigation of
tautomerism of dyes (1-6)

According to semiempirical PM6 calculations and UV-Visible spec-
tra in different solvents [1], benzothiazolylacetonitrile azo dyes coex-
isted geometrically in E configuration as azo-enamine and/or
hydrazone-common anion equilibrium as shown in Scheme 1 [1].

However, one and two-dimensional 'H and '*C NMR studies of
dyes (1, 2, 3, 5, 6) in CDCl; solution reveal that these dyes commonly
exist in Z geometric configuration as hydrazone form (Scheme 2).

This fact is the result of the presence of an intramolecular hydrogen
bond between hydrazone (H-N1) proton and the nitrogen atom (N) in
benzothiazole ring [12,13]. Furthermore, the intramolecular hydrogen
bond is the main reason for high downfield chemical shift (§ = 14.3
1-14.53 ppm) of hydrazone (H-N1) proton comparing to (H-N1) pro-
ton (6 = 12.40 ppm) in dye (4p-COOH) (see Fig. 1 and Table 1)
[19,20,24,25].

For investigation and examination of the geometric chemical struc-
ture and tautomerism of dyes (1-6), we applied two-dimensional
COSY, HMQC, and HMBC experiments [20,26] for assignment of the
'H chemical shifts, protonated carbons, and quaternary carbons,
respectively, as well as discovering the most favourable tautomeric
form in solutions (Table 1).

The HMBC spectra of dyes (1, 2, 3, 6) revealed a correlation of the
hydrazone (H-N1) proton (6§ = 14.31-14.37 ppm) with the 0-C3,4 car-
bons (§ = 115.72-117.12 ppm), the C2 carbon (§ = 135.42-141.75
ppm) in the benzene ring and the 9'C = N carbon (§ = 106.02-107
.74 ppm) (Fig. 2, Table 1). But for dye (5p-NO,), the hydrazone (H-
N1) proton correlation with the 0-C3,4 carbon, the C2 carbon, and
9'C = N carbon is not so clear, which may be due to the partial solu-
bility of compound (5p-NO,) in CDCls. The HMBC results proved indu-
bitably that the predominant conformational structure of these dyes is
Z-hydrazone form accompanied by an intramolecular hydrogen bond
between the hydrazone (H-N1) proton and the nitrogen atom (N) in
benzothiazole ring [12,13].
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Scheme 2. The intra and intermolecular hydrogen bonds of the predominant Z- and E- hydrazone forms of dyes (1,2,3,5,6) and (4), respectively. (*Numbering of
carbons and protons will not be continuous and not follow numbering rules, where the benzothiazolylacetonitrile moiety has numbers from 1’ to 9, on the other

hand, the substituted phenyl ring has numbers from 1 to 7.
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Fig. 1. Normalized 1H NMR spectra of azo dyes (1,2,3,5,6) in CDCl; and (4) in (CD3),SO.

However, in deuterated DMSO, dye (4p-COOH) shows an upfield
chemical shift (6 = 12.40 ppm) of hydrazone (H-N1) proton compar-
ing to other dyes (1,2,3,5,6) in CDCl; (Fig. 1 and Table 1). This shift
may be attributed to the presence of an intermolecular hydrogen bond
between the hydrazone (H-N1) proton and the solvent (CD3)»SO
(Scheme 2) [24,27-29].

3.2. Substituents (CR7) effect on the chemical shifts (5) of H and 3C
NMR of dyes (1-6)

Our investigated dyes (1-6) show different chemical shifts (5) of
both 'H and '*C depending essentially on the substituted groups (R)
in carbon C7 in benzene ring (CR7 effect). The electron-donating or
withdrawing nature of the CR7 substituent groups is the key player
in the chemical shifts (8) positions of protons and carbons.

Generally, proton and carbon chemical shifts (8) are much more
affected by the nature of CR7 substituent groups in the benzene ring
than in the benzothiazole ring [19,30], although the proton chemical
shifts (8) are much more affected than those of the carbons (Table 1).

The presence of electron-donating CR7 substituents in compounds
(2p-CH3) and (3p-OCHjs) results in the chemical shift of protons and
most carbons moving upfield as compared to the dye (1p-H). High
electron donation of these substituent groups caused a high shielding

effect on most positions especially in ortho and para carbons C5,6 and
C2 in the benzene ring, where C2 carbon in dyes (2p-CH3) and (3p-
OCH3) shifts to upfield by 2.32 and 6.33 ppm, respectively comparing
to dye (1p-H) as shown in Table 1. These findings result from the fact
that the OCHj; group has higher electron donation ability than the CH;
group, namely due to the extra resonance donation, and the electron
density moves from electron-donating substituted benzene ring to ben-
zothiazole ring.

However, the insertion of an electron-withdrawing group (NOs) in
carbon C7 of dye (5p-NO-) shows downfield chemical shifts of protons
and most carbons as compared with the non-substituted dye (1p-H).
Furthermore, the anisotropic deshielding effect [19,30,31] of the nitro
group pushes the chemical shift of protons of the adjacent carbons
C5,6 to higher downfield (ca 0.78 ppm) as compared with those of car-
bons C3,4 (Table 1). Similar behaviour is observed for the carboxylic
group in the compound (4p-COOH), despite changing of deuterated
solvents, and these results indicate that electron-withdrawing sub-
stituent groups (CR7) reverse the electron density movement toward
the benzene ring. For dye (6p-Cl), the lower resonance donation with
the inductive withdrawal electronic effect of the chloro-substituent
group (Cl) [19,30,31] causes no significant chemical shifts of protons
and carbons comparing to dye (1p-H).



Table 1
1H and '3C chemical shifts (ppm) and protons coupling constants (J) of dyes (1, 2, 3, 5, 6) in CDCl3, but dye (4) in DMSO ds.
H/C No. 1 (p-H) 2 (p-CH3) 3 (p-OCH3) 4 (p-COOH) 5 (p-NO,) 6(p-Cl)
8('H) 8(°c)  8('H) 8(°c)  8('H) 8(°c)  8('H) 8(°c)  8('H) 8(°c)  8('H) 8(*°c)

1 - 160.1 - 160.14 - 160.28 - 163.8 - 159.44 - 159.93

2/ - 152.8 - 152.76 - 152.76 - 15293 - 152.67 - 152.68

3 - 133.27 - 133.14 - 133.09 - 133.78 - 133.66 - 133.28

4 7.61-7.57 (m, 1H) 127.35 7.59-7.54 (m, 1H) 127.25 7.56 (t, J = 7.7 Hz, 127.21 7.54-7.51 (m, 1H) 126.78 7.68-7.63 (m, 1H) 127.87 7.59 (t,J = 7.6 Hz, 127.46

1H) 1H)
5 7.52-7.48 (m, 1H) 126.76  7.49-7.45 (m, 1H) 126.59 7.46 (t,J = 7.5 Hz, 126.5 7.49-7.43 (m, 1H) 126.1 7.60-7.57 (m, 1H) 127.56 7.51 (t,J = 7.5Hz, 126.92
1H) 1H)

6 8.06 (d, J = 8.2 Hz, 1H) 123.03 8.03 (d, J=8.2 Hz, 1229 8.02 (d, J = 8.1 Hz, 122.79 8.03(d,J = 7.6 Hz, 122.96 8.13(d,J = 8.0Hz, 123.5 8.06 (d, J = 8.2 Hz, 123.08
1H) 1H) 1H) 1H) 1H)

7' 7.96 (d, J = 8.0 Hz, 1H) 122.07 7.93 (d, J=8.0 Hz, 121.97 7.92(d,J = 8.0Hz, 121.97 8.09 (d, J = 7.3 Hz, 122.22 8.03(d,J = 7.7 Hz, 122.31 7.96 (d, J = 8.0 Hz, 122.1
1H) 1H) 1H) 1H) 1H)

8 - 116.87 - 117.03 - 11719 - 110.4 - 115.81 - 116.58

9 - 107.2 - 106.49 - 106.02 - 110.21 - 110.82 - 107.74

2 - 141.75 - 139.43 - 135.42 - 145.79 - 146.77 - 140.35

3,4 7.44 (d, J = 1.6 Hz, 2H) 115.83 7.32(d, J=8.4 Hz, 115.72 7.37 (d, J = 8.7 Hz, 117.12 7.54 (d, J = 8.8 Hz, 114.97 7.55(d,J = 7.9 Hz, 115.49 7.37 (s, 4H) 116.9
2H) 2H) 2H) 2H)

5,6 7.44-7.40 (m, 2H) 129.76 7.21 (d, J=8.3 Hz, 130.26 6.95(d, J = 8.7 Hz, 115 7.98 (d, J = 8.8 Hz, 131.05 8.33(d,J = 8.4Hz, 126.02 129.82
2H) 2H) 2H) 2H)

7 7.18 (tt, J = 6.7, 1.8 Hz, 125.33 - 135.22 - 157.58 - 125.78 - 144.33 - 130.36

1H)
1N-H 14.36 (s, 1H) - 14.31 (s, 1H) - 14.37 (s, 1H) - 12.40 (s, 1H) - 14.53 (s, 1H) - 14.34 (s, 1H) -
hydrazone

p-CH3 2.36 (s, 3H) 21.1

p-OCH3 3.83 (s, 3H) 55.73

p-COOH 12.80 (b, 1H) 166.87

‘D 30 L21y30S]Y W'H

880001 (120Z) € Ansnuay) w1 synsoy
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Fig. 2. HMBC spectrum of azo dye (3) in CDCl3; HMBC spectrum of hydrazone (H-N1) and (OCHj3) protons of this dye in CDCl; (inserted).

According to the 'H and '*C NMR study of dyes (1-3, 5, 6) in
CDCl3, we discover that the predominant tautomeric structure of these
dyes is Z-hydrazone form. Besides the main protons and carbons reso-
nance peaks of investigated dyes (Table 1), we observe accompanied
tiny peaks near carbons C2, C3,4, C5,6, and C7 of the substituted ben-

zene ring. These accompanied tiny peaks may be attributed to the dis-
appearance of the symmetry plane of the substituted benzene ring
because of the ability of CDCl; to interact with investigated dyes via
intermolecular hydrogen bond or dipole-dipole interaction [32]. The
ratio between the integration of the accompanied tiny peaks to the
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Fig. 3. 3C NMR spectra of azo dyes (2) in CDCl;, expansion of integrated C3,4 and C5,6 (inserted) and *noted for accompanied tiny peaks.



H.M. Alsoghier et al.

Table 2

Results in Chemistry 3 (2021) 100088

Experimental electronic absorption, emission, and optical energy gap data of dyes (1-6) in CHCl; and PM6 theoretical energy difference (AEg;_s0) between excited(S;)

and ground (Sy) states.

Dyes Absorption Emission Ahg (nm) QY % E; (eV) AEg; 50 (€V)
Amax (nm) log e Aex (nm) em (nm)
1 (p-H) 403.50 4.57 400.00 483.50 80.00 0.05 3.07 2.976
2 (p-CHj3) 411.00 4.58 411.00 509.50 98.50 0.09 3.01 2.933
3 (p-OCH3) 423.00 4.60 423.00 528.00 105.00 0.08 2.93 2.899
4 (p-COOH) 405.50 N. D. 405.00 478.50 73.00 0.06 3.05 3.006
5 (p-NOy) 408.50 4.75 408.00 471.50 63.00 0.074 3.03 3.001
6 (p-CD 405.00 4.55 400.00 501.00 96.00 0.062 3.06 2.959

AMg; is the Stokes’ shift (Aemy — Amax) and N. D. is not determined.

main peaks of carbons C3,4 and C5,6 is 5-6% for dyes (1-3, 6), but for
dye (5p-NO,) is 9-10% (Fig. 3). This result suggests that in CDCl3 at
least 90% of these dyes exist predominantly as Z-hydrazone form sta-
bilized by an intramolecular hydrogen bond. Conversely, preliminary
NMR studies in DMSO indicate a probable existence of the E-
hydrazone form stabilized by intermolecular H-bonding interaction
with the solvent, beside the Z-hydrazone form.

3.3. Substituents (CR7) effect on the absorption and emission spectra of
dyes (1-6) in chloroform

Besides NMR, electronic absorption and emission spectra are com-
mon tools for discovering tautomerism of azo dyes [1,22,33-37]. In
chloroform, CR7 substituent groups are the principal player for shift-
ing the values of maximum An,x and emission A, wavelengths of
the main single absorption and emission bands as shown in Table 2.

Absorption spectra of investigated dyes represent in Fig. 4, The
main single absorption bands at longer wavelengths (403-423 nm)
are assigned to m-n* transition in Z-hydrazone form accompanied by
intramolecular charge transfer (CT) nature [1,12].

Amax Of the main absorption band depends mainly on the substi-
tuted R groups attached to C7 in phenyl ring, electron-donating meth-
oxy (OCH3) and methyl (CH3) groups shift the Ay, to redder
wavelength than electron-withdrawing groups (COOH and NO,)
(Table 2). This shift can be attributed to the electron pushing-ability
of donor groups towards the conjugated = system in investigated dyes
comparing to acceptor groups [1,18,19,35].

For dye (5p-NO,) the main absorption band is accompanied by a
shoulder at a longer wavelength (424 nm), which should be attributed
to the appearance of E-hydrazone form besides the still predominant Z-
hydrazone form. The intensity of the shoulder increased with dilution,

1 (p-H)
2 (p-CH)
3 (p-OCH,)

5(p-NO)

Absorbance

0.0

400 500

Wavelength (nm)

Fig. 4. Normalized absorption spectra of azo dyes (1-6) in CDCls.

giving support to the existence of intermolecular interaction between
the dye and chloroform [32], which may be responsible for the shifting
of the dominant Z-hydrazone form to E-hydrazone form inconsistency
with NMR results.

Normalized emission spectra of investigated dyes (Fig. 5) showed
that in dyes with electron-donating groups, (2p-CH3) and (3p-OCHj),
the emission wavelength, M., is redshifted, whereas those with
electron-withdrawing groups, (4p-COOH) and (5p-NO,), emit light at
a shorter wavelength, comparing to dye (1p-H) (Table 2).

This fluorescence results shed more light on electron pushing-
ability of donor groups towards the conjugated = system and decreas-
ing the HOMO-LUMO bandgap in dyes (2p-CH3) and (3p-OCH3), while
electron acceptor groups in dyes (4p-COOH) and (5p-NO,) showing
opposite effect [38-40]. Moreover, the relative photoluminescence
quantum yield (PL QY) of these dyes was measured and estimated
by comparing the dye’s PL intensities with that of standard coumarin
102 dye at the same optical density as shown in Table 2. These ben-
zothiazolylacetonitrile azo dyes have low photoluminescence quantum
yields consistent with the aforementioned studies of azo dyes
[16,41,42]. Also, dyes with electron donor groups (2p-CH3) and (3p-
OCHj3;) show a tendency to give higher fluorescence quantum yield
(PL QY) comparing to dyes with electron acceptor groups (4p-
COOH) and (5p-NO,) (Table 2), this fact is due to a substantial quench-
ing ability of electron-withdrawing groups [2,43].

3.4. Substituents (CR7) effect on the structure and semiempirical
parameters of dyes (1-6)

Semiempirical calculations are an aiding method for the investiga-
tion of tautomerism of azo dyes [1,22,44]. Our PM6 semiempirical

1 (p-H)
2 (p-CH,)
3 (p-OCH,)

5 (p-NO,)

Normalized Intensity

550
Wavelength (nm)

600

Fig. 5. Normalized emission spectra of azo dyes (1-6) in CDCl;.



H.M. Alsoghier et al.

Dye (1p-H)

Dye (3 p-OCH3)

Results in Chemistry 3 (2021) 100088

Dye (2 p-CH3)

Dye (4 p-COOH)

Dye (5p-NO2)

Dye (6 p-Cl)

Fig. 6. Minimized Geometric models of azo dyes (1-6); Dashed Pink Line represents intramolecular hydrogen bond between hydrazone (H-N1) proton and the
nitrogen atom (N) in benzothiazole ring, while Orange Plane represents the dihedral angle (8) between C1’-C9’ = N-N1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

PMS6 (S, state) and PM6/CI (S; state) physicochemical parameters predicted in the gaseous phase of Z-hydrazone and E-azo-enamine [1] forms of these azo dyes (1-6).

Dye Form Ag20gH" (keal/mol) AEsi .50 B Hs1 Hs1-p Energy (eV) Erumo -Enomo
So S, (kcal/mol) (D) (D) D) HOMO LUMO (eV)
1 (p-H) E-azo-enamine'! 144.84 204.2 59.36 7.5 5.61 —-1.89 —-8.48 -1.4 7.08
Z-hydrazone 141.32 210.54 69.22 5.45 6 0.55 —-8.82 —1.48 7.34
2 (p-CHj) E-azo-enamine"! 134.36 194.64 60.28 7.5 6.08 —1.42 —8.34 —1.32 7.02
Z-hydrazone 131.5 199.72 68.22 5.93 7.18 1.25 —8.66 —-1.4 7.26
3 (p-OCH3) E-azo-enamine') 103.22 163.47 60.25 5.89 4.9 -0.99 —-8.26 -1.28 6.98
Z-hydrazone 101.2 168.62 67.42 4.97 7.03 2.06 —8.49 -1.37 7.12
4 (p-COOH) E-azo-enamine'"! 56.47 113.88 57.41 7.55 5.89 —-1.66 —8.74 -1.77 6.97
Z-hydrazone 52.76 122.69 69.93 4.42 4.62 0.2 -9.17 -1.83 7.34
5 (p-NO,) E-azo-enamine!"! 139.23 201.61 62.38 11.16 8.98 -2.18 —-9.03 -1.81 7.22
Z-hydrazone 136.5 206.29 69.79 7.8 9.35 1.55 -9.39 -2.1 7.29
6 (p-Cl) E-azo-enamine') 134.83 193.13 58.3 7.88 5.4 -2.48 —-8.58 -1.56 7.02
Z-hydrazone 132.11 200.93 68.82 5.17 5.16 —-0.01 -8.9 —-1.63 7.27

Ag 298 H’- enthalpy of formation in the Sy and S; states, p, ps; — dipole moments (Debye) in the Sy and the Franck-Condon S; states respectively; HOMO and LUMO
in eV, indicate the energies of the highest occupied and lowest unoccupied molecular orbitals.

study of azo dyes (1-6) in gaseous ground state confirms the predom-
inant existence of these dyes (1-6) in Z-hydrazone form [8,12,13] sta-
bilized by an intramolecular hydrogen bond (Fig. 6). Minimized
geometric structures of these dyes (1-6) in Fig. 6 reflect the planar
structure of Z-hydrazone form (dihedral angles between C1’-C9’ =N-
N1 © = 0.64° to 0.91%). Also, the occurrence of strong intramolecular
hydrogen bond between hydrazone hydrogen (H-N1) atom and the
benzothiazole nitrogen atom (d = 1.996 to 2.009 /o\) as shown in
Fig. 6 is the mainspring for high downfield chemical shift (6 = 14.3
1-14.53 ppm) of this hydrazone (H-N1) proton in NMR results
[19,20]. The aforementioned results are in consistence with single
crystallographic structure of 1,3-benzothiazol-2-yl((4-methylphenyl)h
ydrazono)acetonitrile azo dye (@ = 1.8°,d = 1.9 A) [12,13]. How-

ever, the nature of substituents (CR7) groups slightly affects the planar
structure and the hydrogen bond intensity of Z-hydrazone form of
these dyes (1-6). Whereas, insertion of electron donor groups in dyes
(2p-CH; (@ = 0.80° and d = 2.000 A)) and (3p-OCH; (@ = 0.64°
and d = 1.996 A)) shifts the geometric structure and hydrogen bond
intensity of Z-hydrazone form to be more planar and stronger, respec-
tively than electron acceptor groups in dyes (4p-COOH (© = 0.91°
and d = 2.009 A)) and (5p-NO, (@ = 0.85° and d = 2.006 A))
according to Fig. 6.

Furthermore, the PM6 ground gaseous state heat of formations cal-
culations reveal that Z-hydrazone form is more energetic favourable
for all dyes (1-6) by (—2.02 to —3.7 kcal/mol) than the next stable
E-azo-enamine form [1] (Table 3). Also, the lower dipole moment
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(w) values in the ground state of Z-hydrazone form comparing to the
higher values in the E-azo-enamine form [1], implies that the favoura-
bility of Z-hydrazone form in non-polar solvents (CHCI; solution) and
the positions of the main absorption bands of the revealed tautomers
should depend closely on the solvent polarity. As well as, experimental
optical band gaps (E,;) and PM6 theoretical energy differences (AEg;.
so) between excited (S;) and ground (S,) states of Z-hydrazone form
were evaluated (Table 2). The experimental optical band gap
(Eg = 1240/Amay) [45] values of the dyes (1-6) go hand in hand with
PM6 theoretical energy differences (AEg;.sp) of Z-hydrazone form as
shown in Table 2, thus confirmed that the absorption bands at differ-
ent maximum wavelengths (Ay.,) are initiated from n-x* intramolecu-
lar charge transfer (ICT) Sy — S; transition [45,46]. Moreover, the
Absorption and fluorescence results are inconsistence with PM6
HOMO-LUMO molecular orbitals calculations of Z-hydrazone form,
where electron pushing-ability of donor groups towards the conju-
gated 7 system decreases the LUMO-HOMO energy gap in dyes (2p-
CH;3 (7.26 eV)) and (3p-OCH; (7.12 eV)), while electron acceptor
groups in dyes (4p-COOH (7.34 eV)) and (5p-NO, (7.29 eV)) showing
opposite effect [38-40] as represented in Table 3.

4. Conclusion

The study of dyes, using NMR, UV-Visible, and fluorescence spec-
troscopic techniques, reveals that the Z-hydrazone form is the predom-
inant structure of these dyes in CDCls, the intramolecular hydrogen
bond being the main reason for stabilization of Z structure and these
results are in agreement with X-ray crystallographic data [12,13]. Sub-
stituent groups attached to carbon C7 play the main role in the NMR
chemical shifts (8§) of protons and carbons as well as in absorption
and emission spectral properties, what is herein called the CR7 effect.
Also, the photoluminescence quantum yield (PL QY) and PM6 semiem-
pirical calculations of these dyes were performed.

A preliminary NMR study of one compound (4p-COOH) in
DMSO dg suggests a probable equilibrium between Z and E conforma-
tion in this polar solvent, but an NMR study of the tautomerism of
these dyes in DMSO dg comparing to NMR in CDCl; is under investiga-
tion, as well as the complexing ability of some of these dyes with tran-
sition metals.
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