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a b s t r a c t

The DFT modeling of novel synthesized azoderivatives of �-diketones – 2-(2-(2-hydroxyphenyl)-
hydrazono)-1,3-diphenylpropane-1,3-dione (1), 2-(2-(2-hydroxy-4-nitrophenyl)hydrazono)-1,3-di-
phenylpropane-1,3-dione (2), 3-(2-(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazinyl)-2-hydroxy-5-
nitrobenzene sulfonic acid (3), 2-(2-(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazinyl)benzene-
sulfonic acid (4), 2-(2-(1,3-dioxo-1,3-diphenylpropan -2-ylidene)hydrazinyl)benzoic acid (5), 2-(2-
(2-hydroxy-4-nitrophenyl)hydrazono)-1-phenylbutane-1,3-dione (6) were performed. The collected
information confirms that 1–5 exist in hydrazo form, being stabilized by the intramolecular hydrogen
bonds in DMSO solution and solid phase, while 6 exists in mixed enol-azo and hydrazo tautomeric forms,
the latter dominating in more polar solvents. The relative stability of various tautomeric and izomeric

forms of the symmetric 1–5 and unsymmetric 6 azoderivatives of �-diketones is calculated based on
the density functional theory (DFT). Polarizable Continuum Model was used to simulate solvatochromic
effects. Solvents of different polarities were used to collect experimental spectra, and the same solvents
were chosen for the PCM calculations. The optical properties of 1–6 have been investigated by density

elec
T).
functional theory and its
functional theory (TD-DF

. Introduction

The search for new materials in which low-energy external
ffects can significantly change the overall behavior, for example
heir optical (including solvatochromic) properties, conductivity,
lectrochemical potentials etc. is a subject of the extensive theo-
etical and experimental investigations in the recent decades [1–3].
he strategy used to design the substances with the desired proper-
ies usually involves combination, within the same molecule, donor
nd acceptor groups at the terminal positions of a �-bridge to cre-
te polarized motif which is highly sensitive to the subtle external

nfluences and can also exhibit some nonlinear properties [4–7].

In the search of new motifs possessing such properties we have
ound that azoderivatives of �-diketones (ADB) are good poten-
ial candidates. Theoretically ADB can exist in three tautomeric

∗ Corresponding author. Tel.: +48 601 50 42 68; fax: +48 34 3250 821.
∗∗ Corresponding author. Tel.: +351 218419237; fax: +351 21846445.
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tronic absorption bands have been assigned by time-dependent density

© 2010 Elsevier B.V. All rights reserved.

forms (enol-azo, keto-azo and hydrazo) [8–13] with conjugated
donor–�–acceptor motif, which already made them promising can-
didates for such applications as bistate molecular switches [14–21],
optical recording media and spin-coating films [22,23] or photolu-
minescent [24] materials. In our recent work [11] we have found
that ADB containing a hydroxyl group in ortho-position to the
hydrazo group and formed from the unsymmetrical �-diketones,
exist in solution in two distinct tautomeric forms namely enol-azo
and hydrazo-, and that a ratio between these forms depends on the
solvent used as well as on temperature. On the other hand, it was
shown that in the solid state these ADB compounds are stabilized
only in hydrazo form [11]. It was assumed that the tautomers in
solution are stabilized by a strong intramolecular resonance assisted
hydrogen bond (RAHB), and that the tautomeric balance can play an
important role for many applications involving subtle transitions
[14–21].
Thus, we decided to extend this study towards detailed
investigation of solvatochromic properties of the other
newly synthesized ADB, namely 2-(2-(2-hydroxyphenyl)
hydrazono) -1,3-diphenylpropane-1,3-dione (1), 2-(2-(2-hydroxy-
4-nitrophenyl)hydrazono)-1,3-diphenyl propane-1,3-dione (2),

dx.doi.org/10.1016/j.saa.2010.12.080
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:ikityk@el.pcz.czest.pl
mailto:pombeiro@ist.utl.pt
dx.doi.org/10.1016/j.saa.2010.12.080
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Scheme 1. Azoderivatives of �

-(2-(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazinyl)-2-hy-
roxy-5-nitrobenzenesulfonic acid (3), 2-(2-(1,3-dioxo-1,
-diphenylpropan-2-ylidene)hydrazinyl) benzenesulfonic acid (4),
-(2-(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazinyl)
enzoic acid (5), 2-(2-(2-hydroxy-4-nitrophenyl)hydrazono)-
-phenylbutane-1,3-dione (6). As can be seen (Scheme 1), these
ompounds offer better �-electron delocalization across the
onor–acceptor links (enol-azo�hydrazo transition) in com-
arison to the ones studied by us before [11]. Substitutions at
he �-diketone fragment and aromatic part of molecule have
een made to ensure that the ADB indeed acts as a �-conjugated
ackbone. Various aromatic donors and acceptors have been used
o cover a wide representation of the ADB group.

. Experimental

.1. Equipment and materials

The 1H and 13C NMR spectra were recorded at room temperature
n a Bruker Avance II + 300 (UltraShieldTM Magnet) spectrometer
perating at 300.130 and 75.468 MHz for proton, and carbon-
3, respectively. The chemical shifts are reported in ppm using
etramethylsilane as an internal reference. The infrared spectrum
4000–400 cm−1) was recorded on a Nicolet FT-IR Nexus spec-
rophotometer using KBr pellets. Carbon, hydrogen, and nitrogen
lemental analyses were carried out by the Microanalytical Service
f the Instituto Superior Técnico.

UV–vis spectra were recorded in methanol, acetonitrile,
ichloromethane and n-hexane (HPLC grade) solutions (concentra-
ions approximately 50 mg/L) in standard 1 cm path length quartz
ell using HP 8452A UV–vis Diode Array Spectrophotometer in the
ange 190–820 nm with spectral resolution 2 nm.

Cyclic voltammetry measurements were performed on
UTOLAB PGSTAT20 potentiostat–galvanostat (EcoChemie,
etherlands). Platinum wire (� = 1 mm) with a working area of
pproximately 0.10 cm2 was used as a working electrode. Silver
ire was used as a quasi-reference electrode, while platinum

oil served as an auxiliary one. Silver quasi-reference electrode’s
otential was calibrated using ferrocene as an internal standard.
he electrolyte solution used was 0.2 M Bu4NPF6 (Aldrich 98%
ure) in acetonitrile (POCh 99.8% HPLC grade). Prior to the mea-

urements the solution was purged with argon to remove residual
xygen. As the ferrocene redox pair potential with respect to
ree electron in vacuum at rest is known [25–27] oxidation and
eduction potentials with respect to the ferrocene redox pair were
ecalculated to HOMO and LUMO energy levels.
tones considered in this work.

2.2. Calculation procedure

All the DFT calculations were performed using GAUSSIAN09
[28]. GABEDIT 2.2.8 Graphical User Interface [29] was used to gen-
erate input files and to produce graphs from output files. The
calculations were performed at 6-31G (d) DFT B3LYP level with PCM
(Polarizable Continuum Model) [30–33] applied to simulate solva-
tochromism. Time-dependent density functional theory (TD-DFT)
was used to simulate UV–vis absorption spectra.

2.3. Synthesis of the azoderivatives of ˇ-diketones

The compounds were prepared via the Japp–Klingemann reac-
tion [34–36] involving diazotization of aromatic amines with
following azocoupling of thus formed diazonium salt and �-
diketones in water solution containing sodium hydroxide [12,37].

2.3.1. Diazotization
A 0.025 mol portion of substituted aniline was dissolved in

50 mL of water and then 1.00 g of crystalline NaOH was added.
The solution was cooled in an ice bath to 273 K and then 1.725 g
(0.025 mol) of NaNO2 was added; after that 5.00 mL (33%) HCl was
added in portions for 1 h. The temperature of the mixture should not
exceed 278 K. The resulting diazonium solution was used directly
in the following coupling procedure.

2.3.2. Azocoupling
1.00 g (0.025 mol) of NaOH was added to a mixture of 0.025 mol

of �-diketone with 50 mL of water–ethanol (1:1, v/v). The solu-
tion was cooled in an ice bath to ca. 273 K, and a suspension of
4-substituted diazonium (see above) was added in three portions
under vigorous stirring for 1 h.

The identity of 1–6 was demonstrated by element analysis,
IR and 1H and 13C NMR spectrometry (for details see Supporting
Information).

3. Results and discussion

3.1. Synthesis of 1–6 and spectroscopic study

Usually ADB are synthesized by diazotization of aromatic
amines and coupling of thus formed diazonium salt with �-

diketone in the presence of sodium acetate (synthetic procedure
commonly known as a Japp–Klingemann reaction). However, in
our case this method gives a low yield of a highly impure prod-
uct. Therefore, we have modified the synthesis and used sodium
hydroxide instead of sodium acetate to get �-diketone carboan-
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Scheme 2. Possible t

on [12,37], that allowed us to get good yields of considerably pure
ompounds.

The 1H NMR spectra of 1–5 prepared from symmetrical 1,3-
iphenylpropane-1,3-dione show only one set of signals for each
ompound in DMSO, where the broad signal at � ca. 13.2–14.1 can
e assigned to N–NH adjacent to the aryl unit similarly to the
eported analogs [8–13,37–42]. Moreover, the presence of two C O
esonances in 13C{1H} NMR spectra in the range of 185.36–195.72
nd a single C N resonance at ca. 133.4–136.5 indicates that 1–5
xist in solution in the hydrazo form. In the solid state their IR spec-
ra reveal the presence of NH, C O, C O· · ·H and C N vibration at
a. 2927–3448, 1684–1635, 1596–1623 and 1501–1596 cm−1, cor-
espondingly, indicating that 1–5 are stabilized in the H-bonded
ydrazone forms.

On the other hand, 1H NMR spectrum of 6 formed from unsym-
etric 1-phenylbutane-1,3-dione in MeOD-d4 and DMSO-d6 at
oom temperature consists of two sets of signals, indicating that
n these solvents the compound exists as a mixture of two tau-
omeric forms – enol-azo and hydrazo (Scheme 2) [11]. With an
ncrease in the polarity of solvents (MeOD < DMSO) the tautomeric
alance shifts to the hydrazo form (86% enol-azo, 14% hydrazo in
eric equilibria for 6.

MeOD and 78% enol-azo, 22% hydrazo in DMSO). The third tau-
tomeric form, viz. keto-azo, was not detected in solution under any
experimental conditions, presumably due to its lower stability in
comparison with the others. Hence, using those data, one can pre-
dict and tune the tautomeric equilibrium in the appropriate solvent.
Although 6 was proved to exist in solution as a mixture of two tau-
tomeric forms, IR spectrum (�(NH) and �(C N) vibrations at 3184
and 1527 cm−1, respectively) shows that in the solid state it is sta-
bilized in the hydrazo form (Scheme 2) similarly to the reported
analog [11].

3.2. Cyclic voltammetry

HOMO and LUMO levels are summarized in Table 1. As oxida-
tion is a withdrawal of an electron from the studied molecule, it
informs one about the energy level of the electron, which is the

most easily available, that is the one described by HOMO orbital.
The oxidation potential is read from the graph and translated into
an absolute scale by multiplying by (−1) and adding 5.064 [43,44]
to yield HOMO energy level with respect to vacuum. LUMO level is
determined from the reduction peak using analogous procedure.
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Table 1
HOMO and LUMO levels and energy gaps determined by the cyclic voltammetry.

1–6 HOMO [V] LUMO [V] Energy gap [eV] Energy gap [nm]

1 3.5 5.5 2.0 628
2 3.1 5.7 2.6 472

3

r
f
b
s
e

F
o

3 3.2 5.4
4 3.1 5.7
5 3.1 5.5
6 3.5 5.2

.3. DFT calculations

All the geometry optimization jobs converged to hydrazo form
egardless the polarity of solvent simulated by PCM, even if enolazo

orm was used as an initial geometry (Fig. 1). A clear correlation
etween molecules’ dipole moment and solvent polarity can be
een in the calculation results (Table 2). The dipole moment gen-
rally increases with increasing solvent polarity, 2 being the only

ig. 1. Initial, final and one of the intermediate geometries of 1 in a DFT geometry
ptimization. The final, energetically preferable geometry is the hydrazo form.
2.2 584
2.6 475
2.4 522
1.7 715

exception. The procedure to generate the absorption spectra was
as follows: first the geometry was optimized by the DFT method
with or without PCM, and then a TDDFT calculation was performed
using the previously obtained geometries.

Table 2 presents the static dipole moments of the DFT optimized
molecules. As can be seen, the functional groups included into the
�-diketone fragment and aromatic part of the molecules influences
the LUMO levels and energy gap. Besides, the energy gap of sym-
metrical ADB (1–5) is higher than that for the unsymmetrical one
(6).

3.4. UV–vis absorption spectra

The experimental and theoretical UV–vis absorption spectra are
depicted in Figs. 2–7. All the plots are charted according to the same
scheme: top panel: DFT-derived spectra, bottom panel: experi-
ments, grey line: no PCM used, black solid, dashed and dotted line:
data in acetonitrile, dichloromethane and n-hexane, respectively.
As it is a considerable amount of data (over forty curves altogether),
it will be commented in two separate sections: first focusing on
TDDFT alone, and second on solvatochromism and performance of
PCM model in properly addressing it.

3.4.1. Experimental data and the TDDFT simulations
In general, time-dependent DFT prediction (grey line, top panel)

is a good approximation of the absorption spectra of the studied
azo compounds. Even though the first peak is shifted approxi-
mately 40 nm to the red, which is a well known drawback of the
DFT method, all the main peaks are correctly simulated. In most
of the studied cases the relative peak intensities were adequately
described by the theoretical prediction, and correspondence with
experimental data is especially good for 4 (Fig. 5).

3.4.2. Solvatochromism and the CPM model performance
All the theoretical simulations show strong dependence on the

solvent chosen for the PCM calculation, except from 4, which is only
weakly correlated with solvent type used. Generally, the more polar
the solvent, the stronger batochromic shift which is clearly visible
especially in the violet to green range of the spectra. As this area is of
the greatest interest to practical applications, we will concentrate
on this part of the spectrum and only shortly comment on the ultra-
violet range. Theoretical prediction of the UV part of the spectrum
is highly satisfactory and accurate and it proves TDDFT potential
to be used in optically active material research. The absence of any
peak below 230 nm in dichloromethane solutions is merely a result
of light absorption by the solvent itself.

The visible region of the spectra, on the other hand, is more inter-
esting and posed quite a challenge to the DFT methods to predict. It
is probably due to the ability of these compounds to be present in
many different forms (Scheme 2). Also, the electrons can be highly
delocalized in these conjugated systems. For all the cases except

from 4 the peak lowest in energy is highly dependent upon the
solvent used in calculation, and the difference between n-hexane
(the least polar) and acetonitrile (the most polar) is approximately
30 nm. When looking at the 1 and 3 plots (Figs. 2 and 4) it would
seem that all the PCM-including calculations failed to compare the
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Table 2
Static dipole moments of DFT optimized molecules.

Dipole moment [Debye] 1 2 3 4 5 6

Acetonitrile 6.77 3.31 5.69 4.59 5.79 9.19

“
c
a
p

F
–

F
–

Ethanol 6.76 3.32
Dichloromethane 6.41 3.33
n-Hexane 5.28 4.86
No PCM used 4.01 4.49
ordinary” TDDFT – they show very strong solvatochromism, which
annot be seen in the experimental spectra. However, a closer look
t 2, 5 and 6 reveals an interesting result. When the substance is in
olar solvent, a new peak emerges about 40 nm to the red from the
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ig. 2. UV–vis absorption spectra of 1. Top panel: spectra predicted by 6-31G(d) BLYP DF
acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.
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ig. 3. UV–vis absorption spectra of 2. Top panel: spectra predicted by 6-31G(d) BLYP DF
acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.
5.69 4.57 5.78 9.18
5.17 4.17 5.4 8.9
5.09 2.91 4.27 7.84
4.45 2.45 3.66 7.05
next peak, and the peaks relative intensity rises with solvent polar-
ity – it is higher in acetonitrile than in dichloromethane, and the
peak is absent from spectra measured in n-hexane. We believe it is
precisely the peak TDDFT simulation with PCM model predicted. It
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Fig. 4. UV–vis absorption spectra of 3. Top panel: spectra predicted by 6-31G(d) BLYP DFT with or without PCM; bottom panel: experimental spectra, approx. 50 mg/L. ACN
– acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.
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Fig. 5. UV–vis absorption spectra of 4. Top panel: spectra predicted by 6-31G(d) BLYP DFT with or without PCM; bottom panel: experimental spectra, approx. 50 mg/L. ACN
– acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.

Table 3
Excited states of 2, 5 and 6.

First excited
states

Acetonitrile Dichloromethane n-Hexane

Energy [eV] Energy [nm] Oscillator
strength

Energy [eV] Energy [nm] Oscillator
strength

Energy [eV] Energy [nm] Oscillator
strength

2
2.654 467 0.8776 2.688 462 0.7593
2.853 435 0.1171 2.852 435 0.2007 2.876 431 0.8742

5
2.989 415 0.708 3.019 411 0.5778 3.034 409 0.0212
3.091 401 0.0935 3.087 402 0.1928 3.17 391 0.6286

6
2.64 470 0.9734 2.6788 463 0.9207 2.797 443 0.4901
2.932 432 0.0717 2.93 423 0.0985 2.9534 420 0.0024
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Fig. 6. UV–vis absorption spectra of 5. Top panel: spectra predicted by 6-31G(d) BLYP DFT with or without PCM; bottom panel: experimental spectra, approx. 50 mg/L. ACN
– acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.
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ig. 7. UV–vis absorption spectra of 6. Top panel: spectra predicted by 6-31G(d) BL
acetonitrile, DCM – dichloromethane, and nHEX – n-hexane.

eems that the excited states are affected by polar solvents and the
CM model predicted it in all the cases, but in reality it took place
nly in 2, 5 and 6. The first excited states in the predicted spectra
re strongest in polar solvents (Table 3), in n-hexane they are either
eak (6), negligibly small (5) or completely absent (2). Apparently

hese molecules, when placed in polar solvents, can absorb photons
f two different energies: one predicted by the PCM model, and the

ther one by TDDFT with no PCM used. Thus, to properly predict
hose spectra both these calculations must be taken into account.
either of the two calculation procedures was able to predict the
hole spectrum (namely both peaks in the visible range), probably

ecause calculations are limited to only one molecule conforma-
[nm]

T with or without PCM; bottom panel: experimental spectra, approx. 50 mg/L. ACN

tion/excitation, while numerous different conformations coexist in
real solutions.

4. Conclusions

In this work we present time-dependent density func-
tional theory approach to investigate the UV–vis spectra of

new organic compounds: azoderivatives of �-diketones – 2-(2-
(2-hydroxyphenyl)hydrazono)-1,3-diphenylpropane-1,3-dione
(1), 2-(2-(2-hydroxy-4-nitrophenyl)hydrazono)-1,3-dipheny-
lpropane-1,3-dione (2), 3-(2-(1,3–dioxo-1,3-diphenylpropan
-2-ylidene)hydrazinyl)-2-hydroxy-5-nitrobenzenesulfonic acid



1 ca Act

(
b
-
n
z
e

m
c
s
m
t
d
c
t
r
“
t
s
t
s
d
s
a
t
w
m
s

A

S
f
g
t
N
b
p
t
c

A

t

R

[

[

[

[

[
[

[

[

[
[
[
[

[
[
[

[
[

[
[

[

[
[
[

[

[
[
[
[

[

[

294 W. Kuznik et al. / Spectrochimi

3), 2-(2-(1,3-dioxo-1,3-diphenylpropan-2-ylidene)hydrazinyl)
enzenesulfonic acid (4), 2-(2-(1,3–dioxo-1,3-diphenylpropan
2-ylidene)hydrazinyl)benzoic acid (5), 2-(2-(2-hydroxy-4-
itrophenyl)hydrazono)-1-phenylbutane-1,3-dione (6). Polari-
able Continuum Model was used to simulate solvatochromic
ffects.

Solvents of different polarities were used to collect experi-
ental spectra, and the same solvents were chosen for the PCM

alculations. It was found that the dipole moment and absorption
pectra are both dependent on solvent type and PCM calculations
ay predict those changes, however for most of these compounds

hey must be compared with “ordinary” TDDFT to obtain proper
escription. Incorporation of the solvent influence model into the
alculations significantly changed the resultant theoretical absorp-
ion spectra. The spectral peak positions were shifted towards
ed wavelength in solvent-related calculations with respect to
solvent-free” TDDFT, and the shift was found to be proportional
o solvent polarity. In the case of acetonitrile (the most polar of the
olvents studied) this shift was as large as 40 nm. Additionally, in
he experimental spectra there were some peaks present in polar
olvents that were absent for non-polar solutions’ spectra. These
ifferences could be analyzed by comparison with the theoretical
pectra. It was shown that certain excited states (represented by the
bove mentioned peaks) had vanishingly low or even zero oscilla-
ion strength when non-polar solvents were used in the calculation
ith respect to polar ones. It is thus recommended to employ PCM
odel to absorption spectra simulation of azoderivatives in various

olvents.
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