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Azo—Hydrazone Tautomerism in Protonated Aminoazobenzenes: Resonance Raman
Spectroscopy and Quantum-Chemical Calculations
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The protonation effect on the vibrational and electronic spectra of 4-aminoazobenzene and 4-(dimethylami-
no)azobenzene was investigated by resonance Raman spectroscopy, and the results were discussed on the
basis of quantum-chemical calculations. Although this class of molecular systems has been investigated in
the past concerning the azo—hydrazone tautomerism, the present work is the first to use CASSCF/CASPT2
calculations to unveil the structure of both tautomers as well the nature of the molecular orbitals involved in
chromophoric moieties responsible for the resonance Raman enhancement patterns. More specifically both
the resonance Raman and theoretical results show clearly that in the neutral species, the charge transfer transition
involves mainly the azo moiety, whereas in the protonated forms there is a great difference, depending on the
tautomer. In fact, for the azo tautomer the transition is similar to that observed in the corresponding neutral
species, whereas in the hydrazone tautomer such a transition is much more delocalized due to the contribution
of the quinoid structure. The characterization of protonated species and the understanding of the tautomerization
mechanism are crucial for controlling molecular properties depending on the polarity and pH of the medium.

Introduction

Azobenzene and its derivatives have been extensively inves-
tigated both experimentally and theoretically.!> One of the
reasons for such interest derives from their potential optically
switchable properties, with the interconversion dynamics be-
tween the photostable states being the key for their use as
molecular devices.®!3 Substituted azobenzenes bearing an amino
or dimethylamino group in the para position are well-known
acid—base indicators, with the acidic form dark red colored as
a consequence of the azo—hydrazone tautomerism in solution.'*20
Aiming to understand the different charge distribution in such
tautomers the present work was undertaken using resonance
Raman spectroscopy to unveil the chromophoric moieties
present, because each species absorbs in a rather distinct region
of the visible—UV spectrum. Such information is central for
the molecular design of aminoazobenzenes derivatives where
one of the tautomers is preferentially present, with the conse-
quent optimization of properties as optical nonlinearity, pho-
toswitchability, and other molecular properties, depending on
the chemical environment.

In fact, the azo—hydrazone (or ammonium—azonium) tau-
tomerism, observed in protonated species of substituted azoben-
zene derivatives, was systematically studied by Jaffé et al. in
1950’s on the basis of the UV—vis spectra,'* and the main
conclusion is that the high electronic delocalization can be
assigned to the formation of a quinoid strucure in the hydrazone
(azonium) tautomer. However, the characterization of both
tautomers is of considerable controversy and many approaches
are found in the literature, based on electronic absorption
spectroscopy,'1® nuclear magnetic resonance NMR,!” reso-
nance Raman,!8-20 including semiempirical and ab initio cal-
culations.?!
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SCHEME 1: Structures of the Neutral and Protonated
4-Amino (R = H) and 4-(Dimethylamino)azobenzene (R
= CH3), with the Corresponding Tautomeric
Azo—Hydrazone Equilibrium
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As a consequence of the substantial changes in the charge
distribution of the excited electronic states, it is to be expected
that azobenzene derivatives, as protonated amino- and (di-
methylamino)azobenzene, display a particularly strong enhance-
ment in their Raman spectra, showing the vibrational modes
directly involved in the electronic excitation process. In fact,
resonance Raman spectroscopy is the technique of choice to
monitor the extent of the electronic delocalization in the
chromophoric units of such molecules.

Although the hydrazone tautomer is well characterized,
spectroscopic data of the azo (ammonium) tautomer are rare in
the literature. To the best of our knowledge, there is not a
systematic comparison between the tautomeric species, which
motivated us to clarify several aspects of the subject. The present
work provides a straightforward characterization of the tauto-
meric azo—hydrazone equilibrium employing UV—vis, reso-
nance Raman spectroscopy and quantum-chemical calculations
(CASSCF and CASPT?2).2? Particularly, the effect of the extra
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TABLE 1: Calculated Interatomic Distances and Angles of Neutral 4-Aminoazobenzene and Respective Protonated Tautomeric

Azo and Hydrazone Forms

bond neutral azo hydrazone bond neutral azo hydrazone
Distance/A
N;—H, 1.008 1.026 1.008 N>—N; 1.257 1.258 1.276
N;—H» 1.008 1.024 1.008 N;—C 1.417 1.403 1.413
Ci—N; 1.384 1.496 1.341 C;—Cs 1.399 1.402 1.399
N,—Cy 1.406 1.416 1.351 Cs—Cy 1.391 1.389 1.389
C—C, 1.411 1.391 1.430 Co—Cio 1.393 1.393 1.394
C,—Cs 1.380 1.385 1.365 Cio—Cni 1.398 1.401 1.397
C3—Cy 1.406 1.406 1.427 Ci—Cpn 1.387 1.384 1.387
C4—Cs 1.400 1.399 1.424 C—Cp 1.403 1.407 1.398
Cs—Cs 1.385 1.391 1.367 N;—H3 1.026
C1—Cs 1.406 1.386 1.420 N;—H;3 1.002
Angle/deg

Hi,—N,—H, 113.59 107.32 117.18 C4—No—Nj 115.68 113.75 121.98
C,—N,—H; 116.85 111.86 121.53 N,—N;—C; 115.02 116.23 123.38
Ci—N,—H, 116.85 110.61 121.29 N3;—C7—Cs 115.66 115.22 117.21
N—C,—C, 120.46 118.40 120.10 N;—C;—Ci» 124.75 124.54 121.36
N;—C,—Cs 120.92 118.61 120.97 C7—Cs—Cy 120.37 120.01 119.19
N,—C4—Cs 116.24 115.66 114.68 Cs—Cy—Cyo 119.92 119.64 119.99
N,—C4—C; 125.06 124.54 127.00 Cy—Cio—Cni 119.85 120.49 120.19
Ci—C—C; 120.86 118.35 120.74 Cio—Ci1i—Ci2 120.48 120.29 120.63
Co—C3—Cy 120.49 120.23 120.53 Cii—Cin—C 119.77 119.33 118.57
C3—C4—Cs 118.69 119.80 118.32 Cs—C7—Cp2 119.59 120.24 121.20
C4—Cs—Cs 121.11 120.56 121.45 H,—N;—H; 107.61
Cs—Ce—C; 120.29 118.07 120.03 H,—N;—Hj; 107.32
Ce—C1—C, 118.56 122.99 118.93 N,—N3;—Hj3; 121.20

charge in the cations is discussed, comparing the resonance
Raman enhancement patterns alongside with the calculated
charge distribution in ground and excited electronic states.

Experimental Section

4-Aminoazobenzene (CoH; N3 Aldrich, 98%) and 4-(di-
methylamino)azobenzene (Ci,H;sN3, Sigma, 99%) were pur-
chased from Aldrich and used without further purification. The
solutions of the neutral species were obtained by direct
dissolution in acetonitrile (CH3CN Merck, 99.5%) and the
protonated species were obtained by the addition of minute
amounts of hydrochloric acid (HCI, Merck, 37%) in the
respective CH3CN solutions. The protonation process was
monitored by UV —vis spectroscopy, as to reach a condition
where only the monoprotonated species were present.!* The
UV—vis spectra of 107* M solutions were obtained in a
Shimadzu UVPC 3010 using quartz cuvette cells of 1 mm of
optical path. The respective Raman spectra, excited by several
lines (351.1—514.5 nm) of an Ar" laser (Coherent INNOVA
90-6), were obtained in a Jobin-Yvon U1000 double spectrom-
eter, with photomultiplier detection (Hamamatsu, RCA-A02 at
—20 °C) using 90° signal collection configuration. The ca. 920
cm™~! Raman band of CH3CN was used as the internal standard
(spectral resolution 4 cm™!). The laser beam was focused on
the samples with ca. 25-50 mW of laser power and, to avoid
local heating, the sample was contained in a small NMR tube
coupled to a rotator shaft.

Theoretical Methods

The ground state geometries of the neutral species and of
both tautomers of the protonated species (azo—hydrazone) were
fully optimized employing the density functional theory (DFT)
with the B3LYP? hybrid functional (Becke’s gradient-corrected
exchange correlation in conjunction with the Lee—Yang—Parr
correlation functional with three parameters) and the 6-311G(d,p)
one-electron atomic basis sets, without imposing geometric

TABLE 2: Experimental and Computed (CASPT2) Vertical
Excitation Energies (E,.;), Related Oscillator Strengths (f),
and CASSCF Dipole Moments (u) for the Ground and
Excited States of 4-Aminoazobenzene and Its Cation in the
Azo and Hydrazone Tautomeric Forms

Eye: (eV)* f u (D) exp™®

ground (Sp) 2.17
Si (Mnr®))  3.56(349) 0.0034  3.30
S, (M(zr®))  3.83(323) 0.9569  6.23 3.25(382)
S; (M(zr®))  4.85(255) 0.1087  6.11 4.96 (250)
Sy (M(zr®))  5.04 (246) 0.0314  0.95
azo ground (So) 17.10
Si ({nr®))  3.20(388) 0.0016 14.74
S, (Mzr®))  3.92(316) 0.6651  3.62 3.91(317)
Sy (Mzr®))  4.03(307) 0.2164  5.37
Sy (M(zmr®))  4.63(268) 0.0097 17.97
hydrazone ground (So) 5.92
S; (\@m®) 276 (450) 13715 6.41 2.48 (500)
S, (Mzr®))  3.93(315) 0.0150  6.02
Sy (M(zr®))  4.03(307) 0.0151  9.98
Sy (\m®)) 447 (277) 0.0029  2.56

molecule state

neutral

@Values in parenthesis are in nanometers. » Experimental values
obtained in acetonitrile solution.

restrictions to the nuclear framework. Frequency analyses were
carried out and no imaginary frequencies were found, indicating
that the optimized geometries were in a minimum of the
potential energy surface. Geometry optimizations were per-
formed with the aid of the GAUSSIAN 03 software.?*

The vertical absorption electronic spectra were computed at
the B3LYP optimized geometries employing the CASSCF/
CASPT2 protocol (Complete Active Space (CAS) Self-
Consistent Field (SCF) and Multiconfigurational Second-Order
Perturbation (CASPT2),%? which has been successfully employed
for describing spectroscopic properties of different kinds of
compounds.?>~2?? Following a similar procedure adopted by us
previously,?®? double-{ with polarization ANO basis sets
(atomic natural orbital (ANO)*® were employed for describing
the carbon, nitrogen, and oxygen atoms. The shifted zero-order
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Figure 1. Electronic spectra of 4-amino- (AAZ) and 4-(dimethylamino)azobenzene (DAZ) in neutral and acidic (AAZH and DAZH) acetonitrile
solutions.
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Figure 2. Contours of the molecular orbitals involved in the electronic transitions of the neutral 4-aminoazobenzene and protonated tautomeric azo

and hydrazone species.

Hamiltonian proposed by Ghigo, Roos, and Malmqvist’! (shift
parameter of 0.25 Hartree) was used for the CASPT2 calcula-
tions. Intruder states interacting weakly with the reference
functions were removed with an imaginary level shift of 0.1
au.’> The CASSCF/CASPT? calculations were carried out with
the MOLCAS 6.4 software.??

The active spaces were built on the basis of the analysis of
a series of test calculations, from which we concluded that for
computing the low-lying excited states of 7—x* and n—asa*
character a CASSCF (12, 12), that is distributing 12 electrons
in 12 molecular orbitals comprising the most relevant n, 77, and
% molecular orbitals, is sufficient. The reference functions for
the ground and excited '(7z7z*) and !(nsr*) electronic states were
obtained from average CASSCF calculations, including in the
averaging the ground, the first three lowest-lying !(;z7r*) plus
one '(n7r*) electronic state (five roots in total). Core orbitals
were kept frozen in the form determined by the ground state
closed-shell Hartree-Fock wave function, at both CASSCF and
CASPT?2 steps. Oscillator strengths (f) were computed by
combining the transition dipole moments (TDM) from the
ground to the excited states, computed from the CASSCF wave
functions obtained as described above with the aid of the

CASSCEF state interaction (CASSI) method,?* and the vertical
transition energies obtained at the CASPT2 level.

Results and Discussion

In Scheme 1 are shown the structures of the investigated
species in neutral (4-aminoazobenzene, AAZ and 4-(dimethyl-
amino)azobenzene, DAZ) and cationic forms (AAZH and
DAZH, respectively), and the corresponding tautomeric equi-
libria (azo—hydrazone) for the protonated species. In the
hydrazone tautomer (Scheme 1) the proton is located in N3 on
the basis of X-ray investigation® and quantum-chemical cal-
culations.?! In Table 1 are displayed the calculated interatomic
distances and angles for the respective structures of 4-amino-
azobenzene.

The bond length changes (Table 1) show a clear agreement
with the structures proposed in Scheme 1, because there are
modest variations comparing the neutral AAZ structure with
the azo form of AAZH, whereas for the hydrazone tautomer
there is a substantial shortening of the N,—C4 and C,—C3
(Cs—Cs) bonds, concomitantly with the elongation of the No—Nj
bond, indicating clearly the quinoid structure on the amino
substituted ring.



4440 J. Phys. Chem. A, Vol. 112, No. 19, 2008

Matazo et al.

TABLE 3: Mulliken Charges for Individual Atoms in 4-Aminoazobenzene and in Tautomeric Forms (Azo—Hydrazone) of the
Protonated Species in Ground (Sy) and Most Relevant Excited Electronic States

electronic states

atom neutral S¢/S, azo So/S» hydrazone S¢/S;
H; 0.8691/0.1315 0.1140/0.1117 0.1582/0.1586
H, 0.8689/0.1318 0.1117/0.1093 0.1567/0.1572
H; 0.2117/0.2117 0.1621/0.1578
N, —0.2861/—0.2649 0.1184/0.1155 —0.1878/—0.1644
C 0.3440/0.3824 0.2883/0.2062 0.3931/0.4020
C, —0.1569/—0.1287 —0.1451/—0.1693 —0.1008/—0.0979
Cs —0.1067/—0.1044 —0.0694/—0.1353 —0.1168/—0.1357
Cy 0.1200/0.3006 0.2192/0.1888 0.1053/0.1528
Cs —0.0302/—0.0114 —0.0017/—0.0353 0.0372/0.0035
Cs —0.1684/—0.1328 —0.1195/—0.1820 —0.1267/—0.1003
N, —0.2364/—0.4169 —0.2800/—0.3896 —0.1831/—0.2283
N; —0.2361/—0.4629 —0.2023/—0.3519 —0.0465/—0.1346
C, 0.1607/0.2317 0.1275/0.3269 0.2406/0.3120
Cg —0.0696/—0.0717 —0.0638/—0.0359 —0.1130/—0.1081
Cy —0.0291/—0.0272 —0.0241/0.0572 —0.0111/—0.0039
Cio —0.0318/—0.0441 —0.0109/0.0536 —0.0085/—0.0020
Cn —0.0254/—0.0240 —0.0188/—0.0016 —0.0063/—0.0085
Cpy —0.1567/—0.1622 —0.1535/0.0203 —0.1622/—0.1688

The UV—vis spectra of AAZ and DAZ dissolved in neat
CH3CN and in CH3CN containing HCI are shown in Figure 1,
making obvious the substantial shifts in the A,y after proto-
nation. In fact, Figure 1 reveals that a tautomeric equilibrium
is present, with the band at ca. 320 nm being assigned to the
azo form, and the band at ca. 500 nm being assigned to the
hydrazone form of AAZH. For DAZH the corresponding values
are red shifted by ca. 30 and 20 nm, respectively. In both cases,
the displacement of the electronic transitions to the red in the
hydrazone tautomer, comparatively to the azo tautomer, can be
rationalized by the quinoid structure of the former, which is a
more 7t delocalized structure. On the other hand the slight red
shift observed in the hydrazone tautomer of DAZH compared
to AAZH, can be understood in terms of the stronger electron
donor properties of the N(CH3); substituent, given the induction
effect of the methyl groups.

The experimental excitation energies obtained in acetonitrile
solution and the values of the calculated vertical transition
energies are reported in Table 2, together with the dipole
moments for ground (Sp) and excited states (S,, where n = 1-4)
for the neutral and cationic species. It must be remembered that
the quantum chemical calculations were performed in vacuum
(gas phase) and the discrepancies with experimental values
(CH3CN solution) are acceptable. The most relevant molecular
orbitals involved in the lowest energy electronic transitions are
plotted in Figure 2.

For the neutral species, the CASSCF/CASPT?2 results (Table
2) predict the lowest excited electronic state (S;) as a !(nz*),
located at 3.56 eV (349 nm), with dipole moment of u(S;) =
3.30 D, and u(Sp) = 2.17 D for the ground state. As expected,
the electronic transition from the ground (Sp) to the S; state is
weak, with a computed oscillator strength of f(S; ~— Sp) =

AAZH o
A, =5l4nm
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Figure 3. Raman spectra of neutral and cationic species of 4-amino- (AAZ/AAZH) and 4-(dimethylamino)azobenzene (DAZ/DAZH) in acetonitrile
solutions at different excitation energies. Internal standard is at 920 cm™!' (CH;CN).



Azo—Hydrazone Tautomerism in Aminoazobenzenes

J. Phys. Chem. A, Vol. 112, No. 19, 2008 4441

TABLE 4: Experimental and Calculated Raman Frequencies with Corresponding Assignments for the Main Vibrational Modes
of 4-Aminoazobenzene in Neutral Form and Protonated Tautomers (Azo and Hydrazone)

4-aminoazobenzene

azo tautomer

hydrazone tautomer

exp calc assignment exp calc assignment exp calc assignment
896 906 O(N—N), ¢(1)
1001 1015 ¢(12) 1000 1015 o(12) 1000 1014 ¢(12)
1143 1145 Y(C—Nazo), 6(C—H) 1148 1157 (C—Nazo), 6(C—H)
1171 o(C—H)
1189 o(C—H) 1185 o(C—H) 1177 o(C—H)
1276 1226 ¥(C—Nazo), (C—H)
1312 1321 O0(C—H), »(C—NH,) 1314 1328 o(C—H) 1328 1314 O(C—H), v(N—N)
1383 1390 y(NH,), ¢(18b)
1421 v(N=N) 1428 v(N=N)
1449 1449 v(N=N), 6(C—H)
1467 1468 v(N=N), 6(C—H) 1471 1479 0(C—H), v(N=N)
1487 1492 1489 o(C—H)
1596 1595 1617 o(8a) 1594 1594 ¢(8a), v(N—N)

1603 1609 #(8a)

0.0034. The next singlet excited state (S;), located at 3.83 eV
(323 nm), is a '(;sr*) state with a dipole moment of u(S,;) =
6.23 D. The S, state carries most of the intensity, with oscillator
strength of f(S2 < Sp) = 0.9569. Therefore, the strongest
electronic absorption band observed experimentally at 3.25 eV
(382 nm) can be assigned to the S, <— Sy (7z7r*) electronic
transition. On the basis of the population analysis of the natural
orbitals (NO) of the CASSCF wave function, the S; state derives
from the ground (Sp) state by a one-electron excitation from
the highest-lying occupied NO (HOMO-like) to the lowest-lying
unoccupied NO (LUMO-like), being the CASSCF wave func-
tion dominated by one single configuration (weight in paren-
thesis): HOMO-like — LUMO-like (77%). The vertical S, —
So (str*) electronic transition is associated with a transfer of
electron density to the azo moiety (Figure 2, 4-aminoazoben-
zene). This charge reorganization correlates nicely with the
variation of the corresponding Mulliken atomic charges (Table
3), which for the azo moiety N atoms go from —0.2364 and
—0.2631 (N, and N3, respectively) in the ground state to
—0.4169 and —0.4629 (N, and N3, respectively) in the excited
(S») state. It can be observed the presence of other two !(77*)
excited states (Table 2). The S; electronic state is located at
4.85 eV (255 nm) and is dominated by the HOMO—1-like —
LUMO (81%) excited configuration, with a dipole moment of
u(S3) = 6.11 D, and oscillator strength of f{S3 <— Sp) = 0.1087.
It is worth mentioning that a weak band is observed experi-
mentally at 4.96 eV (250 nm), which can be assigned to the
S3 = Sy vertical electronic transition computed by us. Finally,
the S4 excited state is located 5.04 eV (246 nm), with a dipole
moment of u(S4) = 0.95 D, and being described by the
HOMO—2-like — LUMO (46%) electronic configuration. The
S4 = So vertical electronic transition is very weak, with
computed oscillator strength of f(S4 < Sp) = 0.0314.
Considering now the protonated species, the lowest-lying
electronic state (S;) of the azo tautomer is located at 3.20 eV
(388 nm) and the largest contribution to the wavefunction stems
from the single promotion n — LUMO-like (76%) (Figure 2,
azo), characterizing it as a '(nst*) electronic state. The dipole
moment of the azo S; electronic state is u(S;) = 14.74 D, in
comparison to u(Sp) = 17.10 D for the ground state; the
corresponding S; <— Sy vertical electronic transition is weak (f(S;
— Sp) = 0.0016). The S, electronic state carries most of the
intensity, f{S, — Sp) = 0.6651, and it is located at 3.92 eV
(316 nm), with a dipole moment of u(S;) = 3.62 D, and the
wavefunction dominated by a single electronic configuration,
best represented by the promotion HOMO-like — LUMO-like

1624 1630 #(8)

(64%); therefore, the S, state is a !(;z7r*) valence electronic state.
The S, < Sy vertical electronic transition involves charge
reorganization, with electrons being transferred to the azo
moiety, for which the Mulliken atomic charges go from —0.2800
and —0.2023 (N, and N3, respectively) in the ground state to
—0.3896 and —0.3519 (N, and N3, respectively) in the S, state
(Table 3). This behavior is similar to that for the analogous
electronic transition in the neutral 4-aminoazobenzene species.
The next !(;z7r*) excited state (S3) is located at 4.03 eV (307
nm), with a dipole moment of u(S3;) = 5.37 D, with an
associated Sz <— Sy oscillator strength of f{Ssz < Sp) = 0.2164,
with the electronic wavefunction dominated by the configuration
HOMO-—1-like — LUMO-like (66%). The highest !(zz*)
excited state (S4) computed by us is located at 4.63 eV (268
nm), with a dipole moment of p(S4) = 17.97 D, and an oscillator
strength associated to the Sy <— Sy transition, very small f{S4 <~
So) = 0.0097.

The CASSCF/CASPT?2 results for the hydrazone tautomer
(Table 2), show a very strong electronic transition (S; ~— So, f
= 1.3715). The S; excited state, !(zz7r*) is located at 2.76 eV
(450 nm), with a dipole moment of x(S;) = 6.41 D, compared
to u(Sp) = 5.92 D for the ground state. The wavefunction for
the S; excited state is dominated by a single configuration,
derived from the ground state by the HOMO-like — LUMO-
like (73%) single excitation (Figure 2, hydrazone). As before,
the S; — Sy vertical excitation is followed by a charge transfer
to the azo moiety, with the corresponding Mulliken atomic
charges for the corresponding N atoms varying from —0.1831
and —0.0465 (N and N3, respectively) in the Sy state to —0.2283
and —0.1346 (N, and N3, respectively) in the S; excited state.

After presenting the results for both tautomeric forms
individually, it is worth comparing the computed to the
experimental UV—vis spectra. Experimentally, two bands are
observed, a strong one at 2.48 eV (500 nm) followed by a
weaker band at 3.91 eV (317 nm). According to our CASSCF/
CASPT?2 results (Table 2) the strongest electronic band can be
assigned to the S| — Sy electronic transition in the hydrazone
tautomer, which is theoretically predicted at 2.76 eV (450 nm),
compared to the experimental value of 2.48 eV (500 nm). The
weaker one can be assigned to the S, <— Sy electronic transition
of the azo tautomer, predicted theoretically at 3.92 eV (316 nm),
compared to the experimental value of 3.91 eV (317 nm). The
S3 — Sy transition, located theoretically at 4.03 eV (307 nm)
with a smaller oscillator strength f{Sz ~— Sp) = 0.2164 than that
corresponding to the S| < Sy one, f(S; < Sp) = 0.6651, can
also contribute to the experimentally observed band centered
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at 3.91 eV (317 nm). Furthermore, the experimental gap between
the two bands is about 1.4 eV, and the computed gap amounts
to 1.2 eV. By the analysis carried out above, one can conclude
that the bands observed experimentally are due to the simulta-
neous presence of both tautomers in the acidic solution, because
the computed results suggest that such species have strong
transition at rather different energies of the spectra.

The Raman spectra of neutral, AAZ and DAZ, and the
protonated species, AAZH and DAZH, for different excitation
energies are shown in Figure 3, and Table 4 displays the
experimental and calculated Raman frequencies for the more
relevant vibrational modes, with the corresponding assignments.
In Figure 3 (AAZ and DAZ) are displayed the well studied
neutral species resonance Raman spectra (AAZ and DAZ), with
the strong enhancement of ¥(N=N) and v»(C—N) at ca. 1421
and 1143 cm™!, respectively. Such results are in line with the
calculated Mulliken charges for individual atoms shown in Table
3, because there is a significant variation in the charge of N,
and N3 atoms between ground (Sop) and excited (S,) state.

The quantum-chemical calculations indicate that in acidic
solutions both tautomers are present and are experimentally
observed with the right choice of the wavelength by their
resonance Raman enhancement patterns as seen in Figure 3
(AAZH and DAZH). The Raman spectrum of AAZH excited
at Ao = 514 nm, reveals the selective enhancement of modes at
ca. 1171, 1276, 1594 and 1624 cm™!, easily assigned to 6(C—H),
V(C—N), ¢(8a)venzenoid and ¢(8a)quinoid, respectively, revealing
the hydrazone tautomer. On the other hand, the spectrum excited
at 4o = 351 nm reveals the azo tautomer, in a rather selective
way, whereas the enhancement of modes with great participation
of ¥(N=N) and v(C—N,,,) are observed at ca. 1450 and 1148
cm™!, respectively. The resonance Raman profile of DAZH
reveals the same kind of behavior, although in this case, excited
at Ao = 514 nm; the vibrational modes at ca. 1595 and 1623
cm™~! assigned to ring modes are even more enhanced compared
to the other modes, which evidences the greater participation
of the quinoid ring in the chromophore, a consequence of the
stronger electron donor character of the dimethyl-amino
substituent.

Conclusion

Resonance Raman spectroscopy and quantum chemical
calculations of 4-aminoazobenzene and 4-(dimethylamino)-
azobenzene and the respective cations have proved in a definite
way the presence of the tautomeric (azo—hydrazone) equilibria
in the protonated species. The quantum-chemical calculations
reveal rather interesting features of the different tautomers; more
specifically, a huge difference in the electronic dipole moments
in the ground and excited states. In addition, such calculations
also reveal a much greater extent of charge transfer to the N=N
group in the case of the azo tautomer, because in the case of
the hydrazone tautomer the electronic structure is much more
delocalized, which is in line with observed electronic and
resonance Raman spectra. It is worth mentioning that the
azo—hydrazone tautomerism present in the investigated species
can be selectively displaced toward one of the forms by the
solvent polarity and pH of the medium, which opens an
interesting possibility for the use of such systems in molecular
systems that present several microdomains of different polarities
and local pHs, as is the case of ionic liquids, zeolites, layered
materials, etc.
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