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The solvatochromism and other spectroscopic and photophysical characteristics of four azo disperse dyes,
derived from 2-amino-5-nitrothiazole, were evaluated and interpreted with the aid of experimental data
and quantum mechanical calculations. For the non-substituted compound two conformers, E and Z, were
proposed for the isolated molecules, being the second one considerably less stable. The optimization of
these structures in combination with a SCRF methodology (IEFPCM, simulating the molecules in a con-
tinuum dielectric with characteristics of methanol), suggests that the Z form is not stable in solution. This
same behaviour is expected for the substituted compounds, which is corroborated by experimental data
presented in previous investigations [A.E.H. Machado, L.M. Rodrigues, S. Gupta, A.M.F. Oliveira-Campos,
A.M.S. Silva, ]. Mol. Struct. 738 (2005) 239-245]. For the substituted compounds, two forms derived from
E conformer (A and B) are possible. Quantum mechanical data suggest for the isolated molecules, that the
low energy absorption band of the E conformers involve at least two close electronic states, having the
low-lying excited state a ' (n,7*) nature, and being the S, state attributed to a !(r,7*) transition. The data
also suggest a small energy gap between the absorption peaks of A and B, related to the easy conversion
between these forms. For the structures optimized in combination with the applied SCRF methodology,
an states inversion is observed for the substituted compounds, with a considerable diminish of the energy
gap between A and B absorption peaks. The electronic spectra of these compounds are quite sensitive to
changes in the solvent polarity. The positive solvatochromism is more evident in aprotic solvents, probably
due to the polarization induced by the solute. These compounds do not fluoresce at 298 K, but present a
small but perceptible fluorescence at 77 K, which seems to be favoured by the nature of the group in the
2'-position of the phenyl ring. Moreover, such compounds present expressive values for first hyperpolar-
izability, which implies in good non-linear optics (NLO) responses and photoswitching capability.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Progress in areas such as optical communication, optical com-
puting, dynamic image processing, and data storage, would be
greatly enhanced by the availability of materials with sufficiently
large non-linear optics (NLO) responses combined with other desir-
able properties, such as photoswitching. In view of this, extensive
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research efforts have been directed towards the preparation of more
efficient photon-manipulating materials [1-5].

It is known that organic molecules formed by a donor-acceptor
pair connected to a w-delocalized framework present attractive
NLO characteristics, which can be estimated from their hyperpo-
larizabilities [1,5,6]. The first hyperpolarizability, for example, gives
information about the material capability to generate second order
non-linear effects, such as: second harmonic generation, sum of
frequency, parametric amplification and others [6].

Azo dyes are of particular interest since they can be readily pre-
pared with a wide range of donor and acceptor groups. Besides, the
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usually good planarity of the azo bridge which should contribute to
larger 1 electron transmission effects [7-10]. In particular, azoben-
zenes, besides NLO properties, tend to exhibit photoswitching
properties due to photo-induced cis-trans isomerization, making
them promising for several technological applications [9].

Colour chemistry studies have demonstrated that the replace-
ment of a benzene ring by a less aromatic heterocycle in typical
donor-acceptor chromogens, such as azo and stilbene dyes, results
in significant bathochromic shift of the visible absorption spectra
[5,11,12], evidencing the enhancement of molecular hyperpolariz-
ability [5]. Chippendale and co-workers described polymorphism
for Disperse Red 278 due to slow exchange between two conformers
[13]. Following the preparation of dyes 1-4 [14], a detailed investi-
gation of dye 3, by NMR, allowed us to assume that two forms were
present (A and B conformers) in deuterochloroform solution and
in the solid state, coexisting in equilibrium in an approximately
1:1 ratio at room temperature [15]. Besides, the polymorphism
involving the trans form, cis—trans isomerization should also be con-
sidered. The understanding of how these phenomena correlate is
one of the objectives of this paper.

In the present work, spectroscopic, photophysical and theo-
retical data were used to characterize the compound 2-(4’-N,N-
diethylaminophenyldiazenyl)-5-nitrothiazole (compound 1) and
three acylamino derivatives of this dye (Fig. 1), and evaluate their
solvatochromism and second order NLO capability. The synthesis
and characterization of these compounds were previously reported
[14].

2. Experimental
2.1. Spectroscopic measurements

UV/vis absorption, excitation and emission spectra were
recorded using, respectively, a Shimadzu UV-2501 PC spectropho-
tometer and a HITACHI F-4500 spectrofluorimeter equipped with
low temperature measurements accessories. The fluorescence
spectra were obtained using the right angle configuration. For all
experiments, the concentration of the solutions was between 2 and
3 x 10~ moldm=3.

Fluorescence measurements were done at 298 and 77K for
solutions prepared in anhydrous ethanol. Fluorescence quantum
yields were estimated from the corrected fluorescence spectra of
the emission band with a maximum around 618 nm, using the
secondary standard method. A methanol solution of cresyl violet
(Pr=0.544+0.03; Aexc=580nm) was used as fluorescence stan-
dard [16]. For these measurements, all solutions were prepared
to present absorbance lower than 0.100 at the excitation wave-
length to avoid light reabsorption effects. In the low temperature
measurements, argon was used to deoxygenate the solutions. The
xenon lamp was operated at 950 V, with the scanning rate adjusted
at 240nmmin~!. The emission and excitation slits were fixed at
2.5mm.

All solvents (methanol, ethanol, 1-propanol, 2-propanol, 1-
butanol, 2-butanol, 1-pentanol, 1-octanol, water, ethylene-glycol,
n-hexane, chloroform, carbon tetrachloride, dimethylsulfoxide and
acetone) were analytically pure or spectroscopic grade and were
used as received.

2.2. Quantum chemical calculations

The molecular structure of these compounds was previously
assessed using the PM3 semi-empirical method [17,18]. Afterwards,
the optimization was refined using a Density Functional Theory
(DFT) procedure based on the hybrid functional B3LYP, using the

6-31g(d,p) atomic basis set [19], from which the dipole moments
and total energy of each system studied were estimated. These
calculations were performed using the Gaussian 03W package
[20,21]. The Berny analytical gradient was used in all DFT optimiza-
tions. The requested convergence limit on root mean square (RMS)
density matrix was 1 x 10~ and the threshold values for the max-
imum force and the maximum displacement were 0.000450 and
0.001800 a.u., respectively. Additionally, optimizations using a Self-
Consistent Reaction Field (SCRF) methodology based on the IEFPCM
(Integral Equation Formalism of Polarized Continuum Solvation
Method) model [20] were done, defining methanol as solvent, to
evaluate the influence of the solvent on the studied parameters.
The 6-31g(d) atomic basis set was applied for this case.

The optimized structures (isolated molecules and the ones
obtained by the application of the SCRF methodology) were used
to estimate the components of the hyperpolarizability tensor [22],
obtained by single point calculations using the PM3 semi-empirical
method [18,23]. Application of these parameters in the following
equation:

(B) = [(Bxxx + ,Bxyy + Bz )2 + (ﬁyyy + ﬁyzz + ,Byxx )2+
2112

(Bzzz + Boxx + ,Bzyy) (1)

permitted to estimate the average value of the first hyperpolar-
izability, (8). The values of (8) are expressed in electrostatic units

(1a.u.=8.6393 x 10733 cm® esu™1).

The excitation energies and oscillator strengths for the first 15
states of each of the studied compounds, were computed by TD-
DFT calculations [24,25] using the 6-31g(d) atomic basis set. For the
optimized structures based on the IEFPCM SCRF procedure, the TD-
DFT calculations were done considering the structures previously
optimized using the same SCRF methodology.

The state energies of the relaxed structures of compound 1 in the
S;1 and S, states, optimized using the SCRF methodology combined
with the Configuration Interaction Singles (CIS) approach [20] and
the less expensive 3-21g* atomic basis set [26], were obtained by
TD-DFT calculations based on the B3LYP hybrid functional and the
6-31G(d) atomic basis set. For these structures and for the S state,
the bond orders of some bonds were estimated using single point
calculations based on the PM3 semi-empirical method [18].

Fig. 2 presents the E(A) conformation of compound 3. The num-
bered atoms correspond to the geometric parameters used during
the discussion. A representation of the E(B) conformation of this
compound can be found in Ref. [15].

2.3. First hyperpolarizability measurements

The first hyperpolarizability (Sror = Burs) was measured using
an extension of the conventional Hyper-Rayleigh Scattering tech-
nique (HRS) [27], named pulse trains hyper-Rayleigh Scattering
(PTHRS). This technique allows improved and fast measurements,
since mechanical movements, which could vary the intensity, are
eliminated and higher frequency rates can be applied to acquire a
large body of statistical data in a short time.

The samples were pumped by pulse trains composed by approx-
imately 20 pulses of 70ps separated by 13 ns, delivered by a
Q-switched and mode-locked Nd:YAG laser at 1064 nm. As the
complete Q-switch pulse train was used to pump the samples,
each measurement involved more than ten different intensities of
mode-lock pulses. To avoid noise and other than hyper-Rayleigh
contributions (e.g. solvent ionization) the maximum intensity was
left at the threshold of solution ionization, using for this purpose
two crossed polarizers to limit the laser intensity. Moreover, any
signal coming from another kind of process (e.g. two-photon fluo-
rescence) would have to fall within the 3 ns response time of the
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Fig. 1. Representation of the E and Z isomers of compounds 1-4.

photomultiplier to pass unnoticed. A description of the relevant
parts of the experimental setup has been presented in Ref. [28].

At least six different concentrations were measured for each
compound, including the pure solvent (ethanol). All samples were
previously filtered using 0.22 pm Millipore filters, to eliminate
impurities, capable to generate spurious signals. To account for sig-
nal losses due to the cuvette optical path, in case the compounds
have strong absorption at the second harmonic frequency, the sig-
nals were corrected using a similar procedure to the one described
by Clays et al. [29]. In essence, the signal is multiplied by a 104/?
factor, in which A is the absorbance at 532 nm and b is the optical
path of the sample.

3. Results and discussion
3.1. Spectroscopic measurements

Fig. 3 presents the absorption spectra of the studied compounds
in methanol covering the 250-800nm spectral range. A set of

three bands is observed, being the low absorption band located
in the 450-700 nm spectral interval. Fig. 3 inset presents the exci-
tation spectrum of compound 1, estimated simulating a continuum
dielectric possessing characteristics of methanol by the use of the
IEFPCM method. This spectrum furnishes a good approach of the
experimental absorption spectrum. The peak absorption predicted
as occurring at 523 nm is about 10% lower than the experimen-
tal value. The association of discrete solvent molecules and SCRF
methodologies (results not shown) tends to reduce this difference.
The theoretical spectrum also suggests that the absorption band in
this spectral range involves a set of adjacent singlet-singlet transi-
tions.

Despite the theoretical evidences that points the existence of
another conformer, named Z (cis) conformer (Fig. 1) for the iso-
lated compounds, and the photoswitching capability expected for
these molecules, as observed for substituted azobenzenes [9,30],
the calculus simulating the compounds in solution, suggest that
this form must be an unsettled intermediate. Experimental results
obtained for compound 3, suggest the existence of only two con-

Fig. 2. Optimized structure for the E(A) conformer of compound 3. The numbered atoms correspond to the geometric parameters used in the discussion.
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Fig. 3. Experimental absorption spectrum of compounds 1-4 in methanol. The concentration of the solutions ranged between 2.5 and 3.0 x 10-6 moldm~3. Inset: theoretical

excitation spectrum of compound 1 in methanol, estimated by TD-DFT using a SCRF (IEFPCM) methodology.

E?:clter:nic transitions, energy gaps, excitation wavelengths and oscillator strengths (f), estimated for the studied compounds, isolated and solvated
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2 Based on the total energy, E(RB + HF — LYP), for each conformer.

b

¢ Data for solutions prepared in methanol.

d For 2,Z, 3,Z and 4,Z, the values are, respectively, 61.15, 61.17 and 62.88 k] mol-!.

Energy difference between the most intense excitation peaks related to A and B conformers.

¢ Including two CH3OH molecules, one interacting with the diethylamino group and the other with the nitro group, in a calculation based on the IEFPCM model.
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formers for this compound, related to the E form [15]. However,
based on theoretical studies of the E and Z conformers of compound
1, the occurrence of a cis-trans photoisomeration was considered
for the isolated compounds, or in the gas phase. The trans (E) form is
energetically the favoured one. For example, the relative difference
between the total energies related to the ground state of 1,Z and 1,E
is about 57.70 k] mol~! (Table 1). Systematically, the relative energy
difference between Z and E forms for the substituted compounds
assumes value higher than 60 k] mol~! (see Supplementary Data).
The optimization of these compounds in combination with the IEF-
PCM method suggests that the Z form is not a stable conformer.

For all conformers, the theoretical data suggest that the most
intense absorption peak of each form involves predominantly
HOMO and LUMO orbitals (not shown). For the isolated compounds
the low-lying state corresponds to a !(n,m*) transition. A second,
“fully allowed” 1(m,m*) Sg— S, transition is responsible for the
most intense absorption peak. In Fig. 3 inset the most intense
absorption peak corresponds to the Sg — S, 1(7r,7*) electronic tran-
sition for compound 1. For the other compounds in solution, the
most intense absorption peak corresponds to the Sy — S; 1(,m*)
transition, the result of a state inversion. For compound 4, the
first and second transitions change to a !(r,7*) character for the
solvated specie, probably due to the participation of the sub-
stituent group in the 2’-position of the phenyl ring, in the electronic
conjugation. This state inversion is most probably a direct conse-
quence of the solute-solvent interactions, which affect the energy
gap between S, and S;, AE(S,,S1), reducing it (Table 1). These
solute-solvent interactions suggest an increase in charge transfer
between the diethylamino moiety and the rest of the molecule,
mainly favoured by strong polar solute-solvent interactions [31].
It is known that the combination of electron-donor, electron with-
drawing groups and solvation effects, especially when involving
strong polar solute-solvent interactions, like hydrogen bonding,
intensifies electron delocalization, with positive implications on
the photophysical and spectroscopic properties and consequently
on the NLO properties of these compounds.

The occurrence of state inversion due to solute-solvent interac-
tions, when neighbour states are sufficiently close to each other,
has been considered by many researchers [31-33]. Seixas de Melo
et al. [33] reported, based on photophysics studies of coumarins,
that, for this class of compounds, the S; state is typically !(n,7*)
and that the potential energy surfaces corresponding to the S and
S, states are close. Substitutions or changes in the solvent polar-
ity may reduce the energy gap between these states, promoting
the mixing or inversion, which can result in an S; (w,7") state.
The curtailment of the bond between the diethylamino group and
the aromatic ring, observed between the structures in the So and
S; states has been evidenced in a previous work as being due to
the electronic coupling between the diethylamino group and the
T system of the rest of the molecule during electronic excitation
[31].

As the solute-solvent interactions become more intense, inter-
nal conversion (IC), due to the increase in the vibronic coupling,
tends to be increasingly important as deactivation route of the
excited state [31,32,34,35]. An implication of this behaviour is the
almost imperceptible fluorescence presented by these compounds.

Between the A and B conformers, a small energy gap is
expected for the most intense transition (Table 1), which dimin-
ishes significantly in the excitation spectra calculated using a SCRF
methodology. These small values suggest the conversion between
these forms requires very low energy amounts to occur. Previously
[15], using a semi-empirical method (PM3), we estimated an energy
barrier of about 706 cm~! for the B— A conversion of compound 3.
In this work, the estimated energy gap using TD-DFT for this same
compound corresponds to an energy barrier of about 582 cm~! for
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Fig. 4. Energy diagram for the Sy state and the relaxed S; and S, structures of
compound 1, calculated using a SCRF methodology. The S; and S, structures were
previously optimized using the CIS approach. In the S; state, the dihedral angle
between the 4'-N,N-diethylaminophenyl and the 5-nitrothiazole groups is about
+55.906°. For S, this dihedral angle is —56.817°, whereas for Sg is about —0.109°.

the isolated specie. In solution, the estimated energy gap reduces
to about 0.067 eV (543 cm™1).

Unlike to typical azobenzenes [30], the energy gap between the
low-lying and the adjacent state, AE(S;,S1) seems to be small. For
compound 1 the estimated energy gap is approximately 0.37 eV
(35.59 k] mol~1). This energy gap tends to suffer a drastic decrease
when solvent models are introduced in the calculation. For this
same compound, optimized using a SCRF approach, this energy gap
is 0.03 eV (2.89kJ mol~1).

For the substituted dyes, the moiety in the 2’-position of the
aromatic ring seems to influence the AE(S;,S1) value, decreasing
it for the E(A and B) forms, probably caused by an increase in
the electronic conjugation by the combination between the elec-
tron donor-acceptor character, more evident for planar compounds
(lower differences for the compounds in the E form—ICT com-
plexes), and the electron donor effect of the alkyl (inductive) and
phenyl (inductive and mesomeric) groups. These values are system-
atically lower than the estimated for the isolated compound 1, but
they are not that much lower when solvent models are introduced
in the calculation (Table 1).

An energy diagram of the Sy, S; and S, states of compound 1
correlated to the corresponding structures is presented in Fig. 4
and Table 2. It was built based on the state energies (in eV) of the
relaxed and solvated structures.

The structure that corresponds to the solvated and relaxed S;
state of compound 1 differs in some aspects from the Sy state. As
shows Table 2, this implies in changes in the N(6)C(7)N(8)N(11)
and N(8)N(11)C(12)C(14) dihedral angles, the first from —0.106° to
+0.605°, and the second from 0.000° to +23.729°, due to a decrease
in the bond order of the bond N(11)C(12) probably caused by the
lack of structural symmetry. This partial loss of planarity, results
in changes in the electronic conjugation and properties as the
dipole moment, which suffers an increase of about 13%, and (),
whose calculated value for the specie in the S; state increased
28% in comparison with the value calculated for Sg (Table 3).
It is known from empirical observations that the second order
response of NLO properties can be enhanced increasing the elec-
tronic asymmetry (compounds need to be non-centrosymmetric
in order to present large B responses) or the conjugation length
between the substituents [1,6]. Efficient second order NLO prop-
erties are usually related to compounds where an intramolecular
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Table 2

Some relevant geometric parameters (see Fig. 2 for the atom numbering) and bond
orders estimated for compound 1 in the Sg, S; and S, states, optimized using a SCRF
(IEFPCM, simulating methanol as solvent) methodology

Parameter

Conformer (E)

Si Sy
B.O. B.O. B.O.

Bond length (A)

dnyeR) 1.410 0.96 1.383 0.99 1.383 0.99

de2)c3) 1.382 1.47 1.355 1.48 1.355 1.48

dea) 1349 134 1357 133 1357 133

dnee)7) 1.332 1.48 1.320 1.46 1.320 1.46

den) 1.368 1.12 1.348 815 1.348 11,115

dn@n) 1297 165 1272 1.67 1272 167

dnanyca2) 1.365 1.18 1.374 1.15 1.374 1.15

dc2)c14) 1.424 1.26 1.397 829 1.397 1.29

dC(16)N(17) 1.357 1.24 1.360 1.21 1.360 1.21
Dihedral angle (°)

YC(14)C(12)N(11)N(8) 0.000 - 23.729 - —24.384 -

Y C(12)N(11)N(8)C(7) —179.98 = —131.80 = 131.93 =

Y N(11)N(8)C(7)N(6) —0.106 = 0.605 = -0.719 =

charge transfer (ICT) process occurs. The ICT processes are usu-
ally one-dimensional in character, being associated to appreciable
dipole moment changes, Au, between the ground and the first
excited state, currently identified as the “charge transfer state”
[1,36], related to the electron transfer between the ground and
excited state. Typical compounds showing this kind of properties
are m-conjugated molecules with a D-1r-A structure, where D and A
are, respectively, electron donor and acceptor groups, and T is a -
conjugated system. This push-pull characteristic generally leads to
high 8 values, which can be further maximized through an ade-
quate substitution of electron D and A groups. It is known that
chromophores possessing the largest 8 responses contain donor
and acceptor substituents linked by a m-electron bridge [1], and
that the nature of these groups exerts an important role in the
intensification of the NLO properties of organic compounds [1,37].

The relaxed S; and S, states of the studied compounds present
oscillator strengths compatible with 1,7 transitions (e.g. for com-
pound 1 the oscillator strength is about 0.129 for the solvated
molecule in the S; state, and 0.583 in the S,, whereas the esti-
mated for the isolated molecule in the S; is 0.056), corroborating
the studied compounds do not fluoresce at 298 K, presenting very
low @ values at 77 K.

As observed for compound 1, the formation of the S; state of
the other compounds also results in loss of structural symme-
try attributed to the torsion between the azo and 5-nitrothiazole
groups and the 4’'-N,N-diethylaminophenyl one, due to the rota-
tion of the N(11)-C(12) bond and increase in the charge transfer
along the molecule (not shown). For S,, similar behaviour is also
observed.

3.2. Fluorescence measurements

These compounds do not show measurable fluorescence at
298K, but present weak fluorescence at 77 K. Strong energy dissi-
pation from S; by non-radiative processes due to the occurrence of
solute-solventinteractions favours the increase in the vibronic cou-
pling, with profound implications on the deactivation of the excited
state. Fig. 5 presents the emission spectra obtained for these dyes,
and two excitation spectra related to compounds 1 and 3.

For the substituted dyes two bands are observed (Fig. 5a),
the more intense at 612 nm and a shoulder-like one of very low
intensity, near 660 nm. Compound 1 presents a practically imper-
ceptible fluorescence signal (Fig. 5b), with an emission band with
peak value at 651 nm which should be equivalent to the peak
at about 660 nm, observed for the substituted dyes. The similar-
ities between these emission spectra leads us to consider that
the band centred at 660 nm is related to the A conformers, struc-
turally equivalent to compound 1. Hence, the most intense signal
around 612nm should be related to the B conformers. Due to
the occurrence of intramolecular hydrogen bonding, these species
must present lower mobility at 77 K, relative to the A conformers,
which explains the difference between the @ values presented
by the substituted compounds and compound 1 (Fig. 5c). After
exhaustive measurements under low temperature, no fluorescence
evidence was found of the Z form. Synchronous spectra of these
compounds (see Supplementary Data) confirm the existence of only
two emissive species for the substituted compounds and one for
compound 1.

Fig. 5c presents the ratio between the estimated @ and the
nature of the amide moiety. A trend to increase @k is observed as
the size of the R group increases (compounds 1-3), most proba-
bly due to the increase of the energy barrier for A <> B conversions.
The small fluorescence quantum yield values (@) calculated from
the emission band centred at 615 nm and the fact phosphorescence
is not detected indeed at 77K, confirm that internal conversion,
related to structure mobility and solute-solvent interactions, is the

Table 3

Average value of the first hyperpolarizability, dipole moment (;¢) and its components, calculated for isolated and solvated compounds

Dye (B) x10% (cm’ esu~") 1 (Debye) M My 7

1E 168.42 12.7053 12.7012 0.3242 0.0413
1,Egon? 193.10 19.9921 19.9871 0.4436 0.0519
1Esoty (S1)relaxed® 247.30 22.5662 22.5579 0.3426 0.5069
1,Z 89.65 10.9773 —-10.8143 1.8741 —-0.2004
2A 175.05 10.4553 —10.4078 —0.9951 0.0166
2 Ao 170,80 16.4319 —16.3392 —1.7415 0.0865
2B 158.76 10.8216 —10.7854 -0.8674 0.1719
2,Bson? 148.74 16.5379 —16.4639 —1.5391 0.2695
3A 174.16 10.5562 —10.4931 -1.1524 —0.0041
3Ason’ 168.31 16.5684 —16.4534 —1.9482 0.0410
3B 157.64 10.8867 -10.8613 —0.7415 0.0425
3,Bson? 146.96 16.5806 —16.5266 —1.3342 0.0968
4,A 166.70 10.2182 —-10.2114 -0.3725 —0.0172
4,As0n? 163.25 15.8272 —-15.8153 -0.5314 0.3047
4,B 151.11 10.4194 10.3898 0.7198 0.3112
4,Bson? 142.68 15.8599 15.8253 0.8391 0.6273
Der 1 269.40 12.9363 12.8918 1.0580 0.1739
Der 2 444.96 14.4426 14.3047 1.9719 0.2734

2 (B) estimated using the optimized in combination with the [IEFPCM model, simulating methanol as solvent.
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Fig. 5. Fluorescence and excitation spectra at 77 K: (a) fluorescence spectra of com-
pounds 2-4, and excitation spectrum of compound 3 (Aem =640 nm); (b) emission
(Aexc =593 nm) and excitation (Aem = 650 nm) spectra of compound 1; (¢) @r as func-
tion of the dye.

preferential route for the excited state deactivation of these com-
pounds [39,41]. This agrees with the values estimated for @|c in
ethanol at 77 K (around 0.99 for the non-substituted compound and
0.96 for the other three compounds), when the molecular mobil-
ity can be significantly reduced. The solute-solvent interactions,
mainly hydrogen bonds involving the diethylamino moiety, result
in the increase of the vibronic coupling [31,32,38,40,41] which
tends to suppress the fluorescence of such compounds by inter-
nal conversion, due to the increase in the density of states of such
solute-solvent complexes. The fluorescence intensity of compound

4 does not follow that pattern possibly due to the non-planarity of
the phenyl ring.

In a previous paper [15], the coexistence between the A and B
forms of compound 3 was evidenced by experimental and theoret-
ical data. NMR data show that at room temperature they coexist
in a 1:1 ratio but at 218K the A form is slightly favoured (55:45),
in agreement with results from theoretical calculation (60:40). So,
no experimental nor theoretical evidence support the existence of
the Z form as a stable specie in solution. This is also supported
by the several unsuccessful tentative to optimize this form using a
continuum dielectric (SCRF) model or considering the association
of this procedure with discrete solvent molecules. In fact, a com-
parison of the total energy for each set of studied forms show the Z
form is considerably less stable than the other conformers. An other
aspect that is worth mentioning is that the species optimized using
the SCRF methodology tend to be more stabilized than the isolated
ones, and that the A form is systematically the most stable.

A thermodynamic treatment of the theoretical data [15] has
suggested that the B form is less stable than the A one. Our
results based on the analysis of the DFT and TD-DFT data agree
with this. An additional stabilization for these conformers due to
solvation effects was also observed when these molecules were
optimized combined with certain discrete molecules. The AG; esti-
mated for A— B conversion under this condition was attributed to
solute-solventinteractions, mainly intermolecular hydrogen bond-
ing. In methanol and chloroform the energy barrier is significantly
lower than the calculated for the isolated form. Differently, for B
combined with DMSO, the value is 41% higher, indicating the for-
mation of intramolecular hydrogen bonding benefits this form in
this situation.

3.3. Solvatochromic shifts

The experimentally observed solvatochromic shifts for com-
pound 2 in protic and aprotic solvents are shown in Fig. 6, based on
the dependence between the absorption peak corresponding to the
So — Sq 1(ar,m*) (Table 1) electronic transition for this compound in
the E form and the E1(30) scale [42]. This behaviour is very similar
for the other compounds.

The observed bathochromic shift can be explained by assum-
ing polar interactions between these compounds in the excited
state and the solvent occur with the formation of charge transfer
complexes (electron donor-acceptor (EDA) complexes). This is in
agreement with the shape of these absorption bands and the sen-
sitivity of Amax on the solvent polarity [40]. For non-polar solvents,
the cause of the bathochromic shift may be the strong polarization
induced by these dyes, which present significant values of dipole
moment (Table 3) and polarizability (not shown).

Fig. 7 presents the plot between Amax(abs) and the empirical
parameter E1(30) [42] for compounds 1 (Fig. 7, inset) and 2.

The good sensitivity of these compounds to solvent polarity
should be directly related to the small energy gap between S; and
S, and the nature of these states [31,33]. The observed decrease in
the molar absorptivity as solvent polarity increases must be related
to the increasing mixture of states [38,40,41]. The observed small
changes in Amax observed for protic solvents should be associated
with small variance in the stability of the EDA complex as polarity
of such solvents varies, explaining the very small changes in the
energy gap between S; and S,. Particularly for protic solvents the
occurrence of hydrogen bonding must be responsible for the stabil-
ity of such complexes. Water and ethylene glycol (Fig. 7, points 14
and 15), able to form more than one hydrogen bond, do not follow
the observed tendency.

A direct relationship between the molar absorptivity and sol-
vent polarity is an important behaviour, very evident in protic
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Fig. 6. Solvatochromic shifts for compound 2, in protic and aprotic (inset) solvents: n-hexane (1), carbon tetrachloride (2), chloroform (3), acetone (4), dimethylsulfoxide (5),
2-butanol (6), 1-octanol (7), 2-propanol (8), 1-pentanol (9), 1-butanol (10), 1-propanol (11), ethanol (12), methanol (13), ethylene glycol (14), water (15).

solvents (excluding water and ethylene-glycol). This is an suggests
the solute-solvent interactions, mainly the strongly polar ones,
such as the hydrogen bonds, tend to favour electronic delocaliza-
tion and consequently the intramolecular charge transfer in such
compounds. An implication of this is the intensification of the NLO
properties.

Hutchings et al. [11] observed that plots of the transition
energies against single-parameter descriptors of solvent polar-
ity, such as the E1(30) scale [42], are unsatisfactory to describe
the solvatochromism of arylazo and heteroarylazo compounds
based on N,N-diethyl-m-acetylaminoaniline and N,N-diethyl-m-
toluidine, suggesting the use of multiparameter scales, such as the

Kamlet-Taft plot. However, the Et(30) scale describes in an ade-
quate manner the solvatochromic behaviour of the dyes studied in
this work.

The observation of a bathochromic shift as solvent polarity raises
suggests that the molecular hyperpolarizability of such compounds
tends to increase with the strength and specificity of the solute-
solvent interactions [5,11,12].

3.4. Dipole moments and first hyperpolarizability

The compounds under study present considerable planarity
in the ground state, suggesting good m-electron delocalization
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Fig. 7. Plot of Amax (abs) vs. Et(30) for compound 2 in different solvents: n-hexane (1), carbon tetrachloride (2), chloroform (3), acetone (4), dimethylsulfoxide (5), 2-butanol
(6), 1-octanol (7), 2-propanol (8), 1-pentanol (9), 1-butanol (10), 1-propanol (11), ethanol (12), methanol (13), ethylene glycol (14), water (15). Inset: plot of Anax (abs) vs.

Er(30) for compound 1.
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Table 4
First hyperpolarizability data measured by HRS in ethanol for the studied com-
pounds compared with the () values (see Eq. (2))

Compound Brrs (cm® esu~!) (B) (cm® esu~!)
1 1724 x 10-3° 193 x 1030
2 1030 x 10-3° 160 x 10-3°
3 1563 x 10730 158 x 10730
4 657 x 10-3° 152 x 10730

due to the ability to perform intramolecular charge transfer
[7,31,32,43], acting as push-pull compounds. The electron density
mapped with ESP (not shown) indicate positive charge density
over the diethylamino group and a negative density distributed
between the nitrogen from thiazolyl, azo and the oxygen atoms
from the nitro group, the highest negative density being cen-
tered on the later, suggesting a charge transmission across the
molecule. For the substituted compounds, the negative charge
density also involves the lateral group at the 2’ position of the
phenyl ring. For the species optimized in combination with a SCRF
methodology (IEFPCM), the electron delocalization is much more
pronounced corroborating with the discussion presented in Section
3.1.

The electronic structure of the low-lying excited states suggests
the possibility of technological application of such compounds,
since it is known that the lowest-lying charge-transfer excited
states of closed-shell systems are generally the responsible for the
second-order non-linearities [1]. The average values of first hyper-
polarizability, (8), for such compounds (see Table 3) suggest the
experimental data might present very expressive values, which is
confirmed by the data from HRS measurements (Table 4).

As suggest the data in Table 3, the use of a SCRF methodology to
describe solute-solvent interactions shows a significant increase
in the dipole moment, with the systematic increase of the uy
component value, as well as in the components of the octapole
moment (see Supplementary Data), which reflects positively in the
estimated value for (8). This show the most effective interactions
must occur on nitro and diethylamino groups. Despite these pos-
itive results, the continuum dielectric models are not capable to
consider specific interactions between solute and solvent. In view
of this, simulations were done using the combination of IEFPCM
and the interaction between compound 1 and discrete molecules
of methanol (unpublished results).

Expressive increases in the dipole moment, mainly the @y com-
ponent, were estimated for the species optimized in combination
with IEFPCM, or by the combination between the inclusion of
discrete solvent molecules performing hydrogen bonding with
the diethylamino and nitro groups, with positive consequences
on the estimative of (8) and other electronic properties (unpub-
lished results). In all situations, So remains with a planar geometry,
whereas S; presents a expressive torsion between the 4’-N,N-
diethylaminophenyl and the 5-nitrothiazole groups.

The preference to apply the semi-empirical calculation to esti-
mate (8) and other NLO parameters, is based on the fact that certain
semi-empirical methods have been adequately parametrized to
describe NLO properties [37,44,45]. The use of more accurate theo-
retical descriptions for the studied compounds tend to improve the
estimated value for (8), approximating the theoretical values to the
experimental ones. Otherwise, simulations exclusively based on ab
initio and DFT methods are, in principle, capable to furnish better
results. However, this requires more expensive computation time,
each more complex and elaborated calculation, involving flexible,
large and rich in diffuse functions basis sets and a suitable descrip-
tion of the environmental conditions surrounding the molecules
[1,25,46,47].

All these compounds present expressive values of dipole
moment, with a large contribution of the x component (Table 3).
Due to the influence of the amide group at the 2’ position of the
phenyl ring, the resultant dipole moments for compounds 2, 3 and
4 are lower than for compound 1.

Itis well known that non-linear optical properties of “push-pull”
compounds can be improved extending the conjugation of the -
bridge and/or by modifications in the relative electron affinities of
the donor and acceptor groups and in the dipole moment [9]. It has
been reported that the first hyperpolarizability increases with the
number of double bonds in a polyenic bridge [45]. A number of 10
conjugated double bonds have been suggested as a critical number
for the saturation of this trend [45]. However, this “magic num-
ber” needs to be taken with care. Experimental studies involving
cyanine dyes indicate that the maximum corresponds to only four
double bonds, and that the limit number of double bonds is related
to questions of conformational nature [48]. These considerations
points indirectly to a problem: the synthesis of push—pull systems
containing a substantial number of conjugated double bonds often
tends to become difficult [49,50]. To evaluate this, the effect of
the increase of the m-bridge including additional double bonds
between the 5-nitrothiazolyl and the azo group on (8) was studied
for two optimized compounds based on the structure of compound
1 (Fig. 8).

Based on the analysis of (), an expressive increase in the aver-
age value of the first hyperpolarizability (Table 3) when compared
to the value estimated for compound 1,E was observed for these
optimized structures. For Der 1, containing one C=C double bond
the estimated increase in (8) was about 60%. For Der 2, contain-
ing three conjugated C=C double bonds, the increase compared to
compound 1,E was of 164%. An increase in the dipole moment could
be observed. The observed effect is mainly related to ux, the higher
magnitude component.

The size of the conjugated system is not the only variable to
be adjusted aiming the increment in the NLO properties. As evalu-
ated in this work, the kind of interactions between the electro-optic
molecules and the solvent (or the surrounding medium) might
be an important parameter for the development of organic-based
electro-optic devices. Modifications in the relative electron affinity
of the donor and acceptor groups or the substitution of the 1 bridge
by mesoionic groups [45] can be interesting alternatives. Hence, the
combination of these parameters should warrant significant values
for the first hyperpolarizability of the class of compounds under
study. For these compounds, the increase in the size of the 7 bridge
has only a small influence on the dipole moment.

3.5. First hyperpolarizability measurements

To perform the HRS measurements the external reference
method (ERM) [51] was employed, using p-nitroaniline (p-NA) in
ethanol as standard, with Bror value for p-NA of 26.2cm? esu~!
[52]. Typical quadratic HRS signals are shown in Fig. 9 for compound
4 in ethanol.

Fig. 9, inset presents the HRS signal as function of the molecular
density for compound 4, after the corrections previously mentioned
were applied. The slope of each line is to be compared with the slope
of the standard, as prescribed by the ERM [51].

The comparison between HRS experimental values
(Btor=Burs) and (B) estimated for each different conforma-
tion assumed for each of these compounds cannot be considered
a trivial task. The experimental first hyperpolarizability should be
probably the resultant of the first hyperpolarizabilities due to the
different conformers assumed by these compounds in solution. It
is possible that (8) that correlates with Sror involves the vector
sum of (B)x;, in which (8;) is the average value estimated for the
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conformer i, and x; is the corresponding molar fraction:

,BTOTOJZ(ﬁi)Xi (2)

Considering the A and B forms are present in solution in an
approximately 1:1 proportion, the () values estimated for the sol-
vated species are presented in Table 4. Despite the quantitative
discrepancy between (8) and Bygs the same kind of behaviour
is observed for compounds 1, 2 and 3. A somewhat different
behaviour is presented by compound 4 in the comparison between
(B) and Bgs.

The compounds under study exhibit large signals, easy to detect,
except for the high concentrations, in which the signal is strongly
absorbed. Although all the measurements were performed with
absorbance lower than unity to guarantee the validity of Lambert
& Beer’s law, some data deviated from the line. The experimental
first hyperpolarizabilities are shown in Table 4, and compared with
the (B) values (see Eq. (2)).

The discrepancies of value between theoretical and experi-
mental data are well explained by a set of factors that were not
completely considered in this manuscript. The prediction of quanti-
tative NLO data for medium and large molecules using DFT, ab initio
or even semi-empirical methods is still a methodological challenge
[1]. The theoretical reproduction of experimental conditions to give
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Fig.9. HRS signals measured for solutions of compound 4 in ethanol, for six different
molecular densities, as a function of the reference signal, in arbitrary units. The full
lines are the corresponding quadratic fits. Inset: HRS signal as a function of molecular
density of compound 4. The straight line corresponds to the linear fit.

quantitative data of NLO properties is a difficult, but not impossible,
task.

4. Conclusions

The analysis of the absorption spectra of the compounds under
study with the aid of TD-DFT data discards the existence of the
Z conformer in solution, as a stable conformer. The band in the
450-700 nm spectral interval is related to the E conformer, being,
for the substituted dyes, the superposition of the absorption peaks
corresponding to the A and B forms, very close in energy, principally
for the solvated species. The quantum mechanical data suggest that
the absorption band of the E conformers involve at least two closely
related electronic states, being, for the isolated molecule, the low-
lying excited state attributed to a !(n,m*) transition, whereas the
adjacent state is related to a !(m,m*) one. The theoretical data
suggests a state inversion for the substituted compounds in solu-
tion, most probably a direct consequence of the solute-solvent
interactions. The occurrence of internal charge transfer in such
compounds is directly influenced by these interactions, with very
positive implications on NLO properties. The partial lack of pla-
narity for these molecules in the excited state results in changes in
the electronic conjugation, and appreciable dipole moment incre-
ment.

The forms A and B are sensitive to changes in solvent polarity,
presenting positive solvatochromism, which is more pronounced in
aprotic solvents, probably due to the formation of solute-solvent
complexes. For protic solvents, as only small variations in the
strength of the solute-solvent interactions must occur as increases
solvent polarity, small bathochromic shifts are observed. These
compounds do not fluoresce at 298 K, deactivating the excited state
mainly by internal conversion, influenced principally by formation
of solute-solvent complexes, and to a minor extent by their inter-
nal mobility. At 77K they tend to present a small but perceptible
fluorescence whose quantum yield is affected by the nature of the
group at the 2’-position of the phenyl ring. The fluorescence band at
about 612 nm corresponds to the emission of the B form. The band
centered at about 660 nm was attributed to the A form.

The expressive values for the first hyperpolarizability estimated
for these compounds and confirmed by HRS measurements, suggest
they are good candidates for photonic technological applications.
Despite the quantitative discrepancy between (8) and Bygs, a sim-
ilar behaviour is observed for compounds 1, 2 and 3.

Despite the observed limitations to express systems like the
studied ones, the use of a combination of DFT and semi-empirical
methodologies showed to be able to furnish complimentary infor-
mation about the behaviour of these systems.
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