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The deprotonation of the pusipull molecule 4-hydroxy-4nitroazobenzene leads to a substantial variation

in the charge distribution over the donor and acceptor moieties in theaBoesr-A system. The extra charge
stabilizes the excited state, leading to a drastic red shift of ca. 100 nm ithef the electronic transition

and consequently causes significant changes in the resonance Raman enhancement profiles. In the neutral
species the chromophore involves several modes;(@hl), v(NN), and v{(NO,), while in the anion the
selective enhancement of thgNO,) andv(CO~) modes indicates a greater geometric variation of the NO

and CO moieties in the resonant excited electronic state. The interpretation of the electronic transitions and
the vibrational assignment are supported by quantum-mechanical calculations, allowing a consistent analysis
of the enhancement patterns observed in the resonance Raman spectra.

1. Introduction involved in the charge-transfer process. In fact, resonance

. o Raman spectroscopy is the technique of choice to monitor the
~ Over the last two decades there has been an increasing interegtyen of the electronic delocalization in the chromophoric units
in the theoretical and experimental investigation of ptgtll of such molecules.

molecules, as is the case of substituted azobenzene derivafives. In the present work, UVvis and resonance Raman spec-

The main reason for such interest derives from their potential yqscopies, together with quantum-mechanical calculations, are
nonlinear optical properties, which in turn depend on appreciable employed to investigate the chromophore delocalization in
values of the first- or higher-order hyperpolarizabilitigg].”*? 4-hydroxy-4-nitroazobenzene as well as in its deprotonated
Particularly, the first-order hyperpolarizability, is related to  gpecies. In particular, the effect of the extra charge in the anion
frequency doubling, and it is now well-known that appreciable g assessed, comparing the enhancement pattern in the two
valugs of/a’.are achievgd in noncentrosymm(_atric structures species. In addition, to support the interpretation of the
bearing a highly delocalized framework to which electron- oy nerimental results, quantum-chemical calculations were per-
withdrawing and electron-donating groups are attached in formeq using the complete active space self-consistent field and
suitable position$?™*° As a consequence, such species display myticonfigurational second-order perturbation (CASSCF/
intense charge-transfer transitions in the visible near UV CASPT2) protocd26 that provides the calculated vertical

spectrum that in general present substantial solvatochromicgecironic transitions and the harmonic vibrational frequencies.
effect1”18 In particular, azobenzene derivatives have been

thoroughly investigated with views to a better understanding 2. Experimental Section
of their potential isomerization around the azo link&yjé! This

kind of study depends critically on detailed knowledge of the 4-Hydroxy-4-nitroazobenzene was prgpared in 72% yielq,
nature of the excited electronic states that are populated during2fter column chromatography, by a described procedure starting

the photoisomerization process. In particular, it is now acknowl- from 4-nitroaniline?” The latter was reacted with isoamy! nitrite

edged that the presence of paghull moieties in the azobenzene anql hydrochloric acid to yield the corresponding diaz.o.nium salt,
framework speeds up significantly the isomerization proéess. which was coupled with _phenol under basic CO'.‘d'“O"S- The
Moreover, in a recent publication it was shown that the compound was characterized #y NMR and UV-vis and IR
4-hydroxy-4-nitroazobenzene anion axially linked to a silieon spectroscopies. . . . -
phthalocyanine is a rather efficient molecular moiety for the The UV-vis spectra were obtained in methanolic acidic

fluorescence quenching modulated by the isomerization %tate. (pl-_i = 5) and basic (pH= 9) solutiqns (5x 107* M) in a .
. Shimadzu UVPC 3010. The respective Raman spectra, excited
However, as a consequence of the high asymmetry of the

charge distribution in the excited electronic state, it is to be by several lines (406:7647.1 nm) of Ar and Kr" lasers

expected that puskpull molecules display a particularly strong (Coherent INNOVA 90-6), were obtained in a Jobin-Yvon

! . . . U1000 double spectrometer, with photomultiplier detection
enhancement in their Raman spectra, showing the modes d'reCtly(Hamamatsu RCA-AO2 at20°C). The ca. 1038 crt Raman

. . g roud be add on band of CHOH was used as an internal standard. The laser

* Author to whom correspondence should be addressed. Phone: 55-11- 1 00

30913853. Fax: 55-11-30913890. E-mail: pssantos@iq.usp.br. beam was focused. on the samples with ca: mw of Ias.er .
t Universidade de @aPaulo. power, and to avoid local heating the sample was contained in

* Universidad Miguel Herfradez. a small NMR tube coupled to a rotator shaft.
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Figure 1. Structures of neutral 4-hydroxy-fitroazobenzene and its anion, with the corresponding atom numbering and some calculated interatomic

distances.

TABLE 1: Calculated Bond Lengths and Angles for

4-Hydroxy-4'-nitroazobenzene and Its Anion

neutral  anion neutral  anion
Bond Lengths (A)
N;—Oy 1.224  1.237 N3 1.257 1.305
N1—0O; 1.224 1.237 @03 1.357 1.241
C1—N; 1.477 1.442 @-H; 0.963
No,—C4 1.417 1.375 N-C; 1.405 1.346
C,—C, 1.395 1.404 cCs 1.402 1.432
C—Cs3 1.384 1.377 e Co 1.384 1.361
C:—C4 1.405 1.422 6Cipo 1.398 1.462
C4—Cs 1.400 1.418 @ Cu1 1.404 1.467
Cs—Cs 1.388 1.378 @—Ci2 1.383 1.359
C,—GCs 1.391 1.402 c-Cp, 1.405 1.437
Bond Angles (deg)

0O1—N;—0, 124.76 122.93 &N>—N3; 11461 113.89
C;—N;—0O; 117.63 11852 M-Ns—C; 115.71 117.12
C;—N;—0O, 117.61 118.55 ©—03—H; 109.73
N;—C;—C, 118.97 119.86 M-C,—Cg 115.98 116.83
N;—C,—Cs 118.98 119.79 p-C;—Ci,  124.77 125.53
N.—C,—Cs 115.53 116.56 G—Ci0—0; 12243 122.23
N,—C,—C; 124.60 125.80 e Cio—0; 117.44 122.83
C,—C,—C; 119.04 120.02 &Cg—Cy 120.93 121.96
C,—C3;—C, 119.98 120.94 €-Co—Cypo 11944 121.83
Cs;—C,—C5 119.87 117.64 & Cio—Cin 120.13 11494
C,—Cs—C6 12054 121.61 6—Ci1—Cy; 120.16 122.58
Cs—Cs—C; 11852 119.44 G—Ci»—C; 120.10 121.04
Ce—C1—C, 122.05 120.35 ¢&-C—Cp, 119.25 117.64

Theoretical Methods. The ground-state geometry of the
4-hydroxy-4-nitroazobenzene and its anion were fully optimized
employing the density functional theory (DFT) with the
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Figure 2. Electronic spectra of 4-hydroxy-fitroazobenzene in acidic
and basic methanolic solutions.

TABLE 2: Mulliken Charges for Individual Atoms in
4-Hydroxy-4'-nitroazobenzene and Its Anion in the Ground
(S0) and Excited (S) Electronic States

charge (Mulliken)

ground state (§ excited state (§

B3LYP28-30 hybrid functional (Becke’s gradient-corrected
exchange correlation in conjunction with the E€éang—Parr
correlation functional with three parameters) and the 6-311G-

(d,p) one-electron atomic basis sets. The nuclear framework was

assumed to be ofs symmetry. In a second step, frequency
analysis was carried out, and no imaginary frequencies were
found, indicating that the optimized geometries were in a
minimum of the potential energy surface. Geometry optimiza-
tions were performed with the aid of the Gaussian 03 soft-
ware3!

The vertical electronic spectra were computed at the B3LYP-
optimized geometriesemployingthe CASSCF/CASPT2 proféc,
following a similar approach adopted by us recestlwith the
aid of the MOLCAS 6.4 softwarg® Carbon, nitrogen, and
oxygen atoms were described by doublsvith polarization
atomic natural orbital (ANO) basis setsthe shifted zero-order

atom neutral anion neutral anion
N1 0.2629 0.1962 0.2646 0.1722
N> —0.2700 —0.3987 —0.3350 —0.3056
N3 —0.2560 —0.3029 —0.3563 —0.2609
O, —0.3554 —0.3386 —0.3645 —0.4115
(0} —0.3539 —0.3352 —0.3638 —-0.4111
O3 —0.2902 —0.6276 -0.2717 —0.5923
Ci 0.3642 0.3206 0.3469 0.2831
C —0.0692 —0.0849 —0.0787 —0.0924
Cs —-0.1181 —0.1489 -0.1312 —0.1750
Cy 0.1953 0.2053 0.2020 0.1638
Cs —0.0507 —0.0689 —0.0633 —0.0694
Cs —0.0681 —0.0861 —0.0798 —0.1115
C; 0.1566 0.1013 0.2528 0.1849
Cs —0.0365 —0.0002 0.0359 —0.0211
Cy —-0.1024 —-0.1680 —0.1554 —0.1173
Cuo 0.3443 0.3790 0.3635 0.3640
Cu -0.1571 —0.1388 —0.0620 —-0.1272
Ci2 0.1081 —0.0945 —0.1493 —0.1138
Hi 0.1871 0.1912

0.25 hartree¥® Intruder states interacting weakly with the
reference functions were removed with an imaginary level shift

of 0.1 aus®

After a series of test calculations, the active space employed
for computing the excited states afr* character was built,
distributing 14 electrons in 13 molecular orbitals, denoted by
Hamiltonian was proposed by Ghigo et al. (shift parameter of CASSCF(14,13). Reference functions for the ground and excited
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TABLE 3: Experimental and Computed (CASPT2) Vertical Excitation Energies (E), Related Oscillator Strengths ), and
CASSCF Dipole Moments for the Ground and Excited States of 4-Hydroxy-4nitroazobenzene and Its Anion

neutral anion
state EexfleV EcadleV f u (D) EexfleV EcadleV f u (D)
ground (Q) 6.22 9.22
1'A (S)) 3.30 (376) 3.92 (316) 0.2594 11.22 2.58 (480) 2.25(551) 1.2815 1.02
2'A (Sy) 4.08 (304) 0.2859 14.11 3.60 (344) 0.0027 3.16
3A (Sy) 4.32 (287) 0.0100 4.88 3.87(321) 0.0141 2.74

aValues in parentheses are in nanometers.

TABLE 4: Approximate Description of the Most Relevant Raman Modes (Experimental and Calculated Frequencies) for
4-Hydroxy-4'-nitroazobenzene and Its Anion

neutral anion
exp/cnr?t calc/cnt? assignment exp/cm calc/cnt? assignment
550 550 é 554 554 )
802 806 ¢ 802 y(CH)
834 821 y(CH) 825 #(1)
861 877 O(NO) + ¢(1) 858 863 O0(NOy) + ¢(1)
925 942 O(NN) + ¢(1) 923 917 O(NN) + (1)
1009 1019 #(12) 1007 1009 #(12)
1024 0(CH) 1094 0(CH)
1109 1119 »(C—NOy) + 6(CH) 1106 1119 »(C—NOy) + 6(CH) + v(NOy)
1122 8(CH) 1129 1122 8(CH) + »(C—NOy)
1140 1158 »(CN) 1153 1152 8(CH)
1183 1198 6(OH) 1190 1182 5(CH)
1232 1210 O(CH) + 6(OH) 1237 1245 »(NN) + 6(CH)
1248 1265 »(C—NN) 1265 1257 o(Co
1292 1303 8(CH) +»(CO) 1294 1290 v4(NOy) + »(NN) + 5(CH)
1327 1307 S(CH)
1346 1373 v4{NOy) + »(CN) + 6(OH) 1342 1347 v{NO,) + »(CN)
1379 O(OH) 1385 1361 »(NN) + v(NO,) + 6(CH)
1407 »(NN) 1423 1454 »(CN) + 6(CH)
1438 1439 »(NN) + 6(CH)
1455 1470 v(NN) + 8(CH) -+ 6(OH) 1447 1469 »(CC)+ 6(CH)
1505 1501 O(CH) + »(NN) 1511 »(CN) + 6(CH)
1508 1531 vadNO,) + $(8a)
1544 S(CH) + »(NN) 1553 »(CC
1592 1594 #(8a)+ vadNOy) 1587 1602 #(8a)+ vadNOy)
1606 1638 #(8a 1626 »(CO)+ 1(CC)
1659 1651 »(CO)+ ¢(12) 1652 1667 »(CO)+ ¢(12)

1(w,r*) electronic states were obtained from average CASSCF  In Table 2 are displayed the Mulliken charges for individual
calculations, including in the averaging the first four lowest- atoms in both neutral 4-hydroxy-fiitroazobenzene and its
lying 1(m,7t*) electronic states, except for the ground state that anion. The deprotonation of the hydroxy group leads to a
was computed with the same active space in a state-specificsubstantial redistribution of negative charge to theabdm of
calculation. Core orbitals were kept frozen in the form deter- the Ny=N, moiety and to the @atom of the CO moiety. In
mined by the ground-state closed-shell HartrBeck wave addition, in the anion there is a considerable negative charge at
function, at both CASSCF and CASPT2 steps. Oscillator the oxygen atoms of the NOgroup, thus pointing out the
strengthsf) were computed by combining the transition dipole significant effect of the powerful electron acceptor Ngpoup
moments from the ground to the excited states, computed fromin the stabilization of the anionic structure. Such charge
the CASSCF wave functions obtained as described above withredistribution is in line with the observed red shift of thgax

the aid of the CASSCF state interaction metB6éf and the from the neutral to the anionic species, because bethind

vertical transition energies obtained at the CASPT2 level. CO moieties become much better donors in the anionic species.
) ) Figure 2 shows the electronic (UWis) spectra of 4-hydroxy-
3. Results and Discussion 4'-nitroazobenzene and its respective anion inGH solution.

Figure 1 displays schematically the structures of the inves- The dramatic red shiftA4dmax ~ 100 nm) and the increase of
tigated species in neutral and anionic forms, with the corre- the integrated intensity of the low-energy electronic transition
sponding atom numbering and the calculated interatomic With deprotonation are noticeable.
distances. The calculated (vacuum) values of interatomic The experimental excitation energies and the values of the
distances and angles are shown in Table 1. The variation of thecalculated vertical transition energies are reported in Table 3,
geometric parameters with the deprotonation suggests that, intogether with the dipole moments for the ground and excited
the case of the anion, a quinoid structure should be consideredstates for the neutral and anionic species. It is worth mentioning
even in the ground electronic stdfebecause there is a that the quantum-chemical calculations were performed in
shortening of G—Nj, C,—Cs, Cg—Cs, and Go—Os bonds as vacuum (gas phase) and the discrepancies with experimental
shown in Figure 1. In addition, there is an increase of theON  values (solution) are quite acceptable, because -ppsth
bond lengths, with a concomitant increase in the charge densitychromophores generally have a pronounced solvatochromic
at the oxygen atoms of the N@noiety with deprotonation. It ~ effect. The most relevant molecular orbitals involved in the
is also worth mentioning the significant increase in the aze (N lowest-energy electronic transitions are plotted in Figure 3.

N) bond distance in going from the neutral to the anionic species, For the neutral species, the strongest electronic absorption
as a consequence of the higher electronic delocalization. band recorded experimentally in methanolic solutions is located
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Figure 3. Contours of the molecular orbitals involved in the low-
energy electronic transitions for 4-hydrox{+#itroazobenzene and its
anion.

at 376 nm, which correlates with the first excited state computed
at the 316 nm at CASPT2 level, corresponding to the-SS,
(7tr*) electronic transition. On the basis of the population of
the natural orbitals (NOs) of the CASSCF wave function, the
S, excited state is derived from the ground statg (& a two
one-electron promotions to the NO equivalent to the lowest-
lying unoccupied molecular orbital (LUMO-like), being one
from the NO equivalent to the highest occupied molecular orbital
(HOMO-like — LUMO-like) and the other from the HOMO-
1-like molecular orbital (HOMO-1-like—~ LUMO-like). The
CASSCF wave function for Sis, thus, described by two
configurations (weights in parentheses): (HOMO-likd UMO-

like) (30%), (HOMO-1-like — LUMO-like) (17%). Upon
excitation, the dipole moment varies from 6.22 [y §fate) to
11.22 D (S state). As can be seen in Figure 3 (natural orbitals),
during the vertical transition from they$o the § states the
main contribution to the electron reorganization comes from a
transfer of electron density from the “phenol-like” moiety to
the N\—N_ bond region. This pattern correlates with the variation
in the corresponding Mulliken charges, which for thedtom
goes from—0.26e (ground state) to-0.36e (excited state) and
for the N, atom from—0.27e to —0.33, respectively.

A similar discussion can be performed for the anion.
Experimentally, the strongest electronic absorption band is
located at 480 nm, which correlates nicely with the CASPT2
transition computed at 551 nm; it corresponds to the-SSy
(7t*) electronic transition. In terms of the NO occupation
numbers, the Sexcited state of the anion is obtained by single-
electron promotion from the HOMO-like to LUMO-like mo-
lecular orbitals, with a CASSCF wave function dominated by
the single HOMO-like— LUMO-like electronic configuration.
The CASSCF gdipole moment is 1.02 D, while the corre-
sponding value for the ground state is 9.22 D. Unlike the neutral

species, upon vertical excitation (Figure 3) one observes a

transfer of charge density to the N@oiety, especially to its

oxygen atoms, which can also be observed by analyzing the
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Figure 4. Normal and resonance spectra of neutral and anionic species
of 4-hydroxy-4-nitroazobenzene in methanolic solutions. The asterisks
indicate the internal standard at 1038 ¢niCH;OH).

Figure 4 shows the normal and resonance Raman spectra of
the neutral and anionic species, while Table 4 displays the
experimental and calculated Raman frequencies for the more
relevant vibrational modes, with the corresponding assignments.

In the resonance Raman spectrum of the neutral species there
is a very substantial enhancement of several modes, as the
symmetric stretching of the NOmode, v¢(NO,) at ca. 1346
cmt, the »(C—NN) at ca. 1140 cm!, azo group stretching,
v(N=N) at ca. 1438 and 1407 crh and ring modes at ca. 1592
and 1183 cm?, andv(C—NO,) at ca. 1109 cmt. This reveals
the great electronic delocalization of the lower-energy electronic
transition (9 — S;) with the participation of several molecular
moieties in the chromophoric unit, as observed in CASPT2
calculations.

In the case of the anionic species the resonance Raman
spectrum shows that the(NO,) mode is the most enhanced
one at ca. 1342 cm, alongside several ring modes at ca. 1587,
1385, and 1106 cni. The lower enhancement of the modes
associated with the azo moiety a&C—NN) at ca. 1129 cm!
andv(NN) at ca. 1447 and 1423 crhsuggests that the lowest
electronic transition (&— S;) involves mainly the N@moiety,
corroborating the patterns observed in quantum-chemical cal-
culation results.

4., Conclusion

changes in the Mulliken charge densities of the corresponding Resonance Raman spectroscopy and quantum-chemical cal-
atoms at the ground and excited states (values in parentheses;ulations for 4-hydroxy-4nitroazobenzene and its anion have

respectively): N (+0.2C, 0.1%), O; (—0.3%, —0.41e), and
0, (—0.34e, —0.4%).

shown a considerable charge redistribution in the parent
molecule after deprotonation, as indicated by the substantial red
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shift of the electronic transition and the change in the extension
of the chromophore delocalization revealed by resonance Ramal

patterns.
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