
ORIGINAL PAPER

Density functional theory characterisation of 4-hydroxyazobenzene

Benoit Minisini & Guillaume Fayet &
François Tsobnang & Jean François Bardeau

Received: 20 April 2007 /Accepted: 13 September 2007 / Published online: 5 October 2007
# Springer-Verlag 2007

Abstract We report the structural properties, infrared (IR)
and Raman spectra, dipole moment, polarisability, hardness
and chemical potential of the trans and cis configurations of
4-hydroxyazobenzene calculated using the B3LYP func-
tionals. All calculations were performed with the following
basis sets: 6–31G, 6–31++G, 6–31G(d,p), 6–31++G(d,p),
6–31G(2d,2p), 6–31++G(2d,2p) and 6–311++G(2d,2p). We
observed that 6–31++G(d,p) gives similar results to 6–311++
G(2d,2p). Consequently, SVWN and PW91 methods were
also used in association with 6–31++G(d,p) to test the
influence of the different models of exchange and correlation
functionals. A planar structure was obtained for all the
optimised trans configuration structures. In both isomers, the
presence of the hydroxyl group leads to an asymmetry in
certain structural parameters. From these results, two IR or
Raman active frequencies can be used to easily distinguish
trans and cis configurations. The trans configuration was
found to be more stable than the cis configuration by 67±2 kJ
mol−1 at 0 K. The difference of the dipole moment between
trans and cis for 4-hydroxyazobenzene was found to be
lower than for trans and cis azobenzene.
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Introduction

Due to the difference in optical properties of the cis and
trans isomer states, the industrial applications of azoben-
zene and derivatives could be considerable [1]. Hence, the
number of theoretical studies has increased considerably
during the last decade. Among the properties of interest,
spectroscopic characterisation [2, 15] and cis-trans isomer-
isation mechanisms [16, 20] have been the most studied in
the framework of density functional theory (DFT) using
localised basis sets. The trans azobenzene (t-az) structure
has been most studied from the experimental as well as the
numerical point of view. The controversy about the planar
structure of t-az seems resolved since numerical results
[5, 13] were found to be in agreement with the most recent
gas electrons diffraction (GED) experiment dating from
2001 [21]. However, the contradictory results obtained with
and within the different methods serve to illustrate not only
the difficulties of characterisation of this type of compound,
but also the complementarities of numerical and experi-
mental investigations.

Among the azobenzene derivatives 4-hydroxyazobenzene
(OHaz), also known as phenlylazophenol, is of considerable
industrial interest. Indeed, it can be used alone as a dye
chromogen [22] or grafted by condensation to synthesise a
photoresponsive polymer [23]. However, the number of
experimental as well as numerical studies is limited. From
the experimental point of view, only the trans configuration
(t-OHaz) in its crystalline state has been characterised by X-
ray diffraction [24] and had its vibrational spectra measured
at different pH values [25]. The metastable nature of c-OHaz,
which leads to difficult characterisation, explains why, to our
knowledge, no data exist about this configuration. Theoret-
ical studies have also only focused on t-OHaz. Indeed,
Kurita et al. [27], using PW91/6–31+G**, studied the
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dimerisation of t-OHaz to explain its role in the photo-
isomerisation process. The absorption maximum of t-OHaz,
among 43 azobenzene derivatives, was then evaluated by
Chen et al. [3] using the ZINDO/S, CIS and TD methods
using the B3LYP/cc-pVDZ optimised structure.

For photoresponsive applications, correct characterisation
of both trans and cis configurations is required. This is the
reason why, in this work, we used DFT in combination with
different basis sets to characterise both t-OHaz and c-OHaz.
The structural properties are compared to experimental
results, where available, or to previous results obtained for
azobenzene. The vibrational frequencies, IR and Raman
intensities are discussed for the two configurations. Finally,
electronic properties, including the energy, dipole moment,
static polarisability, chemical potential and hardness, are
presented. These results will be used to evaluate, among the
tested basis sets, which is the most time-saving to describe
the influence of the hydroxyl group on the azo bond features.

Methods

The atom numbering used in this study for 4-hydroxyazo-
benzene is presented in Fig. 1. Calculations were carried
out using the GAUSSIAN98 [28] program with the DFT
method. In the exchange correlation zoo, we choose the
SVWN [29], PW91 [30, 32] and B3LYP [28, 33, 34]
functionals. The energies of the structures were calculated
with a SCF convergence on the density matrix of 10−8 a.u.
All structures were optimised using the Berny algorithm
[35] with the criteria for convergence being a maximum
force less than 45×10−5 a.u and an rms force less than
3×10−4 a.u. Dunning’s correlation consistent basis set
would have been the most suitable due to the fact that it
is a correlation consistent basis set. However, the cc-pVTZ
basis set generates 590 basis functions for 4-hydroxyazo-
benzene in comparison to 326 for 6–31++G(d,p) or 505 for
6–311++G(2d,2p). This increment of the basis functions
means an increment of the time of calculation but also of
the degrees of freedom during the self consistent field

resolution, which can lead to numerical instabilities. To
solve this, an improvement of numerical accuracy is some-
times required, consequently increasing the time of calcula-
tion and the memory space required. Fortunately, comparing
the MP2/cc-pVTZ results with DFT results in the 6–31G*,
Hättig et al. [5] observed that the differences for structural
data are small compared with experimental uncertainties.
Consequently, we tested the influence of diffusion and
polarisation functions at the 6–31G level: 6–31G++, 6–31G
(d,p), 6–31G(2d,2p), 6–31G++(d,p), 6–31G++(2d,2p) on the
different properties in association with the B3LYP function-
al. Calculations at B3LYP/6–311G++(2d,2p) level were then
performed and used to reference our results. For the two
other functionals, the calculations were performed at the
6–31++G(d,p) level. Moreover, semiempirical methods with
AM1 and PM3 models were also examined.

The IR absorption spectra were obtained with the
intensities evaluated by the double harmonic approximation
from dipole derivatives with respect to normal coordinates.
Moreover, a finite field of 0.0019 a.u. was used to evaluate
the Raman activities by differentiation of the polarisability
with respect to the nth normal mode. The elements of the
polarisability tensor are the second order response of the
total energy with respect to a variation in the electric field.
An analytic second derivative was obtained with the
coupled-perturbed Kohn-Sham (CPKS) equations [36].
The mean value and the anisotropic polarisability were
extracted from the polarisability tensor with the principal
axis given in Fig. 1.

The chemical potential (μ) and absolute hardness (η)
were evaluated by the finite-difference approximation from
the ionization potential (I) and electron affinity (A) of the
molecules. The last occupied Kohn-Sham orbital energy
can be equated with the energy of the highest occupied
molecular orbital (HOMO) associated to -I. Moreover, the
first unoccupied Kohn-Sham orbital energy is often [37, 38]
used as the value for the energy of the lowest unoccupied
molecular orbital (LUMO) and so can be equated with -A
even though it is a crude approximation since the DFT is a
ground state theory.

Fig. 1 Trans and cis configura-
tion of 4-hydroxyazobenzene.
Black atoms Nitrogen, dark grey
atoms carbon, white atoms
hydrogen, light grey atoms
oxygen. The axis reference is
used to evaluate the polarisability
tensor components
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Results and discussion

Structure

The characteristic geometric parameters of optimized t-OHaz
and c-OHaz configurations obtained with different methods
are given in Table 1. The X-ray measurements obtained for
the crystalline structure of 4-hydroxyazobenzene [24] and
the most recent GED and X-ray data concerning azobenzene
[21, 39, 40] have also been included. Semiempirical methods
have been extensively used to study azobenzene derivatives
[41, 44] in the last decade. The semiempirical data obtained
for t-OHaz are in good agreement with the experimental and
DFT results, while the discrepancies are important in the case
of c-OHaz. Our results are similar to those presented by

Kurita et al. [12] for t-OHaz. However, for c-OHaz, the
discrepancies with DFT results are larger than those observed
for c-az, mainly for bending and dihedral angles. Conse-
quently, the results seem to confirm that a semiempirical
optimised geometry has to be studied carefully, especially for
the cis configuration. Concerning the basis set dependence of
the structural parameters, we noted that, as expected, the in-
clusion of diffuse and polarisation functions leads to a large
change in the optimised structures. Addition of diffuse func-
tions slightly increases both bond lengths and angles whereas
polarisation functions drastically decrease these values.

Indeed, for both trans and cis configurations, we noted
that 6–31G++ yields a N1–N2 bond length 1.4% shorter
than 6–31++G(d,p). However, the most important effect
concerns the C2–N1–N2–C3 and N2–N1–C2–C1 angles of

Table 1 Optimised geometrical parameters for trans and cis configurations obtained from semiempirical and density functional theory (DFT)
calculations.GED Gas electrons diffraction

N1–C2 N1–N2 N2–C3 N2–N1–C2 N1– N2– C3 C2–N1–N2–C3 N1–N2–C3–C4 N2–N1–C2–C1

Trans
Semiempirical
AM1 1.436 1.231 1.433 119.7 119.7 180 180 180
PM3 1.447 1.232 1.444 119.8 119.9 180 180 180

B3LYP
6–31G 1.424 1.276 1.418 115.7 115.9 180 180 180
6–31G++ 1.426 1.276 1.420 116 116.3 180 180 180
6–31G(d,p) 1.418 1.262 1.411 114.7 115.0 180 180 180
6–31G++(d,p) 1.419 1.259 1.412 115.1 115.5 180 180 180
6–31G(2d,2p) 1.416 1.257 1.410 114.7 115.1 180 180 180
6–31G++(2d,2p) 1.417 1.256 1.410 115.2 115.5 180 180 180
6–311G++(2d,2p) 1.418 1.252 1.411 115.3 115.6 180 180 180

6–31G++(d,p)
SVWN 1.397 1.262 1.390 114.8 115.1 180 180 180
PW91 1.417 1.275 1.410 114.6 114.9 180 180 180
X-ray [24] 1.43–1.51 1.15–1.50 1.43–1.51 98–111 98–111 180 167–168 167–168
B3LYP/cc-pvDZ [4]a 1.420 1.257 1.420 114.9 114.9 180 180 180
X-ray [39]a 1.431 1.25–1.26 1.431 113–114 113–114 – 163–169 163–169
GED [21]a 1.428 1.260 1.427 113.7 113.7 – 180 180

Cis
AM1 1.443 1.203 1.439 129.4 129.6 1.2 29.5 78.0
PM3 1.452 1.216 1.450 127.33 127.5 −0.2 −50.8 99.9

B3LYP
6–31G 1.445 1.267 1.441 125.25 125.4 10.9 37.8 51.8
6–31G++ 1.446 1.268 1.442 125.04 125.3 10.7 38.4 52.1
6–31G(d,p) 1.435 1.251 1.431 124.22 124.5 10.1 41.2 54.8
6–31G++(d,p) 1.435 1.250 1.432 124.18 124.4 9.9 41.8 55.2
6–31G(2d,2p) 1.433 1.247 1.429 124.02 124.2 9.8 42.0 55.6
6–31G++(2d,2p) 1.433 1.247 1.430 124.20 124.4 9.6 42.2 56.1
6–311G++(2d,2p) 1.434 1.243 1.431 124.19 124.5 9.7 42.3 56.1

6–31G++(d,p)
SVWN 1.407 1.225 1.404 123.3 123.4 13.2 36.4 50.5
PW91 1.432 1.263 1.428 123.9 124.1 12.1 38.8 53.1
B3LYP/cc-pvDZ [4]a 1.4378 1.246 1.437 124.2 124.2 9.7 50.7 50.7
X-ray [40]a 1.449 1.253 1.449 121.9 121.9 – 53 53

a Results obtained for azobenzene
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the cis configuration, with a relative difference of 8%
between the two methods. From 6–31++G(d,p) to 6–311++
G(2d,2p) the numerical uncertainty is in general around
0.2 pm for the bond lengths and less than 1° for the angle.
Consequently, from 6–31++G(d,p) experimental and nu-
merical uncertainty is similar [11]. Thermal effects are one
of the main causes for the discrepancy between numerical
and experimental results. Indeed, DFT calculations are
performed at 0 K whereas experimental measurements are
performed at higher temperatures. This effect is important
since, by X-ray measurement [39], N=N bond lengths were
measured at 1.259 Å and 1.249 Å at 82 K and 296 K,
respectively. The same effect was observed for the C–N=N
angle, with values of 114.1° and 113.5° for 82 K and
296 K, respectively.

The calculated bond distances, as well as bond angles,
using local (SVWN) and nonlocal (PW91) functionals
show some differences from the results obtained with a
hybrid functional (B3LYP). In general, the local functionals
tend to favour the area of high electron density, resulting in
short bond distances, whereas non-local functionals tend to
overcorrect this effect. This effect is noticeable on both the
t-OHaz and c-OHaz optimised geometries since, in general,
the N=N distance is shorter and longer compared to
B3LYP/6–31G++(d,p), respectively, for SVWN/6–31G++
(d,p) and PW91/6–31G++(d,p). Only N=N of t-OHaz
obtained for B3LYP/6–31G++(d,p) and SVWN/6–31G++
(d,p) are of the same order, otherwise the results deviate by
2 pm. Concerning the angles, the choice of the functional
does not drastically affect the bond angles, whereas the
deviations are larger for the dihedral angles. Indeed both
SVWN and PW91 overestimate the C2–N1–N2–C3 dihedral
angle, whereas N1–N2–C3–C4 and N2–N1–C2–C1 are
underestimated in comparison with B3LYP results. These
conclusions about the functionals are in agreement with
previous results of Biswas et al. [2] on azobenzene.

Compared with previous results obtained for azoben-
zene, we noted that the presence of the hydroxyl group
induces an asymmetry of the two configurations. Indeed,
the N1–C2 bond length is slightly higher than the N2–C3

bond lengths. This asymmetry was observed by Kurita and
al. [14] using PW91/6–31+G(d), but only on the trans
configuration and it was absent from X-ray measurements
[24]. The asymmetries were also observed in the N–N–C–C
torsion angles in the cis configuration, since the N1–N2–
C3–C4 torsion angle was systematically lower than that of
N2–N1–C2–C1. These asymmetries are independent of the
method of calculation and can be attributed to a physical
effect due to the presence of the activating hydroxyl group.

It is also worth noting that, compared to previous
numerical results obtained for t-az, we obtained a planar
structure for all the optimised trans structures. Consequent-
ly, these results illustrate the fact that, in addition to model
dependent parameters such as method, functionals or basis
set, the numerical parameters such as convergence criteria
or numerical integrations precision are also crucial for the
accuracy of the calculated properties.

Frequency

The Raman and infrared (IR) spectra of trans and cis 4-
hydroxyazobenzene obtained with 6–311++G(2d,2p) are
presented in Figs. 2 and 3. The harmonic frequencies,
without scaling factor, of selected modes will be compared
to available experimental data obtained for t-OHaz [25].
Moreover, the vibrational properties of azobenzene were
numerically [2, 8, 9, 12] extensively studied and compared
with experimental data [45–47]. In general, from 6–31G(d,p)
and beyond, the wavenumbers are known with an error not
exceeding 15 cm−1 for 67 modes out of 69. However, the
choice of the basis set affects the activity of the modes.
Moreover, compared to the B3LYP/6–31G++(d,p) method,

Fig. 2 6–311++G(2d,2p)
Raman (a) and infrared
(IR) (b) spectra of trans 4-
hydroxyazobenzene. The
calculated harmonic frequencies
without scaling factor are
represented with a Gaussian
bandwith of 10 cm−1
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the calculated modes at PW91/6–31G++(d,p) and SVWN/6–
31G++(d,p) levels are overestimated. The IR activities
evaluated by the three functionals are qualitatively compa-
rable, but this is not the case for the Raman activities.

The inclusion of diffuse functions particularly affects the
modes evaluated, independent of the configuration, at
351 cm−1 and 1,282 cm−1 with 6–311++G(2d,2p). The
reduction of the basis set at 6–31G(2d,2p) caused a blue
shift of 20 and 27 cm−1, respectively, for these two modes.
The same results were obtained for 6–31G(d,p). The mode
at 351 cm−1 is assigned to the OH out-of-plane bending,
and the mode at 1,282 cm−1 to CO stretching and CC and
CH in-plane bending. These modes are among the most IR
active and are clearly visible in the spectra in Figs. 2b
and 3b. This is also the case for the modes at 1,644 cm−1

(CC stretching and CH in-plane bending), and the mode at
1,196 cm−1 (OH in-plane bending). All these modes are
independent of the configuration. The N=N stretching
modes of trans azobenzene derivatives were in general
measured between 1,380 cm−1 and 1,460 cm−1, and
precisely at 1,442 cm−1 for t-OHaz. From the present 6–
311++G(2d,2p) results, N=N stretching is implied in five
modes calculated at 1,467 cm−1, 1,483 cm−1, 1,506 cm−1,
1,526 cm−1 and 1,544 cm−1. The values of the modes are
relatively basis-set-independent, with a general shift of
±10 cm−1 as a function of the modes studied and the basis
set used. However, this is not the case with activity, since
the mode at 1,467±10 cm−1 or at 1,541±10 cm−1 is very
sensitive to the choice of the basis set and of the
functionals. This can explain why for azobenzene the value
of N=N stretching mode was obtained over the range from
1,420 cm−1 to 1,556 cm−1 by different authors [2, 8, 9, 12].
From the B3LYP/6–311+G(2d,2p) calculation, the N=N
stretching mode with the highest activity is evaluated at
1,591 cm−1 for c-OHaz. This mode corresponds to the

mode evaluated at 1,544 cm−1 for t-OHaz. Consequently, a
blue shift of 46 cm−1 appears between t-OHaz and c-OHaz.
This shift ranges from 38 to 57 cm−1 as a function of the
basis set from the 6–31G(d,p) model, whereas it was
evaluated at 64 and 73 cm−1, respectively, for 6–31++G and
6–31G. For azobenzene, the experimental value is 68 cm−1

and was numerically evaluated at 50 cm−1 using MP2/cc-
pVTZ [11], 43 cm−1 using B3LYP/6–31+G(d,p) [8] and
92 cm−1 using BP86/6–31G* [2] and BP86/TZVP [11].
Consequently, our results are similar to previous results
obtained for azobenzene with the same functional indicating
that the hydroxyl group does not affect this mode. Concerning
the effect of the functional, the blue shift is reproduced by the
three functionals, but with PW91/6–31G++(d,p) it is only of
15 cm−1 compare to 38 cm−1 and 44 cm−1, respectively, ob-
tained for B3LYP/6–31G++(d,p) and SVWN/6–31G++(d,p).

The C–N symmetrical stretch mode was experimentally
assigned to a strong band at 1,147 cm−1. From B3LYP/6–
311++G(d,p) results, this mode is assigned at 1,156 cm−1

and 1,140 cm−1, respectively, for t-OHaz and c-OHaz. This
shift of 16 cm−1 is consistent with that of 20 cm−1

calculated by Biswas et al. [2] for azobenzene. At the
B3LYP/6–31++G(d,p) and PW91/6–31++G(d,p) level, this
shift is 14 cm−1, but at the SVWN/6–31++G(d,p) level we
note an inversion, with the modes assigned at 1,114 cm−1

and 1,128 cm−1, respectively, for t-OHaz and c-OHaz.
Moreover, the Raman activity of this mode predicted by the
SVWN/6–31++G(d,p) method is abnormally weak com-
pared to the other methods. The phenyl CH bending modes
measured at 1,187 cm−1 and 1,318 cm−1, and the CC
stretching modes measured at 1,467 cm−1 and 1,602 cm−1

are also characteristic of the experimental Raman spectrum.
Three out of four of these modes are clearly visible as
single peaks in Fig. 2a at 1,208 cm1, 1,339 cm−1 and
1,644 cm−1 whereas the last one is calculated at 1,282 cm−1

Fig. 3 6–311++G(2d,2p)
Raman (a) and IR (b) spectra of
cis 4-hydroxyazobenzene. The
calculated harmonic frequencies
without scaling factor are
represented with a Gaussian
bandwith of 10 cm−1
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with a very low activity. The SVWN/6–31++G(d,p) method
overestimates these modes this is particularly true for the
second mode evaluated at 1,424 cm−1. On the contrary, these
modes are well reproduced by the PW91/6–31+G(d,p)
method, with the values calculated as 1,184 cm−1,
1,269 cm−1 1,369 cm−1 and 1,611 cm−1.

Consequently, compared to measured characteristic
bands of azobenzene, the precision of the results are
approximately the same using 6–31++G or 6–311++G
(2d,2p). From the first to the last tested model, a blue shift
of 30 cm−1 can be observed for certain modes. The relative
intensities of these shifted modes being extremely low, the
spectrums are not much affected. However, the improve-
ment in Raman relative intensities induced by polarisation
functions allows the visualisation of bands characteristic of

4-hydroxyazobenzene for trans configuration. Concerning
the choice of functionals, the IR spectra obtained for the
three functionals are qualitatively comparable both for the
cis and the trans configuration. However, the difference of
the N=N stretching mode between t-OHaz and c-OHaz
calculated at PW91/6–31+G(d,p) seems underestimated.

Electronic properties

The total energy, zero point energy and entropy of both
trans and cis configurations are given in Table 2. As
expected, t-OHaz is always determined as the most stable
configuration. From 6–31G(d,p) and beyond, t-OHaz is
more stable than c-OHaz by 67±2 kJ mol−1, whereas the
relative stability is more important for poorer basis sets.

Table 2 Calculated energy (kJ mol−1) and entropy (J/mol K) of trans and cis configurations obtained from DFT calculations
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The values obtained for SVWN/6–31G++(d,p) and PW91/
6–31G++(d,p) models are lower with 61 kJ mol−1 and 63 kJ
mol−1, respectively. For azobenzene, the theoretical values
are in the range of 43–66 kJ mol−1, whereas both
combustion [48] and photocalorimetry [49] experiments
measured a value of 50.16 kJ mol−1. Thus, we can assume
that polarisation functions correct the overestimation of the
relative stability. Contrary to the entropy, the relative
difference of the zero point energy is not basis-set-
dependent. The shift of the frequencies induced by the
inclusion of the polarisation functions affects mainly the low
frequencies modes of the t-OHaz. Consequently, the entropy
of t-OHaz evaluated by 6–31G is 8 J/mol K higher than with
6–311++G(d,p). For c-OHaz, the low frequency modes are
less affected and the difference in entropy evaluated from the
two extreme basis sets is only 4 J/mol K. Consequently, the
entropy evaluated by 6–31G and 6–31++G calculations on
c-OHaz is about 3 J/mol K greater than t-OHaz, whereas
from 6–31G(d,p) and beyond, the entropy of t-OHaz is
higher than for c-OHaz.

The dipole moment (D), mean(<α>) and anisotropic
([α]a) polarisability, HOMO, LUMO, chemical potential
(μ) and hardness (η) are of considerable interest for the
design of light-driven molecular switches [50]. The values
evaluated with different basis sets are given in Table 3. As
expected, the molecular dipole moment is basis set- and
functionals-dependent. In general, the value of the dipole
moment decreases with the size of the basis set, whereas the
values evaluated with the PW91/6–31G++(d,p) and
SVWN/6–31G++(d,p) methods are slightly higher than
those obtained with the B3LYP/6–31G++(d,p) method.
However, these shifts are similar in c-OHaz and t-OHaz.
Consequently, the difference in dipole moment between
the two configurations is around 2.5±0.2 D except for the
B3LYP/6–31G and B3LYP/6–31G++ methods, where the
values are around 3 D. For azobenzene, this difference was
measured at 3 D [51] and calculated at 3.2 D and 3.3 D
with the RPBE/DNP [52] and B3LYP/6–31+G(d,p) [8]
methods, respectively. With the B3LYP/6–31G++(d,p)
method, the value found was 3.36 D. In comparison with

Table 3 Influence of the basis set on dipole moment (D), mean (<α>) and anisotropic([α]a) polarisabilities, HOMO (highest occupied molecular
orbital), LUMO (lowest unoccupied molecular orbital), chemical potential (μ) and hardness (η). D is given in Debye, <α> and [α]a are given in a.
u. and HOMO, LUMO, μ, η are given in eV

D <α> [α]a HOMO LUMO μ η

Trans
Semiempirical
AM1 1.12 – – – – – –
PM3 1.07 – – – – – –

B3LYP
6–31G 1.55 168 242 −5.90 −2.16 −4.03 1.87
6–31G++ 1.53 192 228 −6.22 −2.51 −4.37 1.86
6–31G(d,p) 1.50 171 239 −5.78 −2.02 −3.90 1.88
6–31G++(d,p) 1.43 195 227 −6.11 −2.40 −4.28 1.86
6–31G(2d,2p) 1.46 177 234 −5.75 −1.98 −3.87 1.89
6–31G++(2d,2p) 1.41 198 228 −6.09 −2.37 −4.23 1.86
6–311G++(2d,2p) 1.39 197 225 −6.15 −2.39 −4.27 1.87

6–31G++(d,p)
SVWN 1.70 207 258 −5.68 −3.73 −4.71 0.97
PW91 1.57 210 261 −5.18 −3.13 −4.16 1.03

Cis
AM1 3.64 – – – – – –
PM3 2.71 – – – – – –

B3LYP
6–31G 4.61 145 26 −5.50 −2.06 −3.78 1.72
6–31G++ 4.61 167 19 −5.85 −2.40 −4.13 1.73
6–31G(d,p) 4.11 145 18 −5.51 −1.84 −3.67 1.84
6–31G++(d,p) 4.17 168 13 −5.86 −2.20 −4.03 1.83
6–31G(2d,2p) 3.94 150 14 −5.50 −1.78 −3.64 1.86
6–31G++(2d,2p) 4.03 170 12 −5.84 −2.16 −4.00 1.84
6–311G++(2d,2p) 4.01 171 12 −5.88 −2.20 −4.04 1.84

6–31G++(d,p)
SVWN 4.52 177 12 −5.42 −3.69 −4.56 0.86
PW91 4.29 179 14 −4.96 −3.07 −4.02 0.95

Table 3 Influence of the basis set on dipole moment (D), mean (<α>)
and anisotropic([α]a) polarisabilities, HOMO (highest occupied mo-
lecular orbital), LUMO (lowest unoccupied molecular orbital),

chemical potential (μ) and hardness (η). D is given in Debye, <α>
and [α]a are given in a.u. and HOMO, LUMO, μ, η are given in eV
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the results obtained for B3LYP/6–31++G(d,p) we can see
that the hydroxyl group increases the dipole moment of t-
OHaz by 1.34 D and by only 0.83 D for c-OHaz.
Consequently, the difference in dipole moment between
the trans and cis configurations of 4-hydroxyazobenzene is
far lower than in the case of azobenzene. We noted that
AM1 results are in correct agreement with those calculated
with DFT despite discrepancies concerning the structural
parameters of the cis configuration. The same result is
obtained for static polarisability. The difference of mean
polarisability calculated with the B3LYP method between
c-OHaz and t-OHaz is converged around 26±2 a.u.,
whereas the net values are basis-set-dependent. This value
is around 5 a.u lower than those evaluated with the SVWN/
6–31G++(d,p) and PW91/6–31G++(d,p) methods. For t-az,
the value has been evaluated at 183 a.u by the B3LYP/6–
31G++(d,p) method in agreement with the value obtained
by Hinchliffe et al. [54] and at 160 a.u. for c-az. It is
commonly stated that, at equilibrium geometry, a molecule
possesses a maximum hardness and a minimum polar-
isability in comparison with other configurations. These
principles are known as the maximum hardness principle
(MHP) [54] and minimum polarisability principle (MPP)
[54]. Although extensively used, these principles are still
debated [37]. From our results, t-OHaz is the stable
structure for all the basis sets, and its hardness is always
higher than that of c-OHaz, hence the MHP is verified.
However, higher polarisability is obtained for t-OHaz
independently of the basis set and of the functionals used,
hence MPP is not valid. Several factors can lead to this
result. The first could be due to the fact that different
isomers exist as a function of hydroxyl group configuration,
and that the configuration used in this work was not the
most stable. Secondly, the reason could be the numerical
parameters used in the calculation of the polarisability
tensor, including the functional, the intensity of the electric
field and the others parameters used in the determination of
the derivative of the density matrix with respect to the
electric field. Another reason could be the inability of the
DFT method to well predict the polarisability of the system.
Finally, a breakdown of the MPP principle in π-conjugated
molecules could be involved, as already observed by
Torrent-Sucarrat [38, 56]. Consequently, a more complete
study would be necessary before a global conclusion can be
made about the application of MPP and MHP to 4-
hydroxyazobenzene.

Conclusions

From these results it appears that the optimised structural
parameters predicted by semiempirical methods are in
correct agreement with DFT results concerning the trans

configuration, whereas the optimised geometry of the cis
configuration must be analysed carefully. Concerning the
DFT results, the structural parameters are determined within
acceptable precision for the 6–31G(d,p) basis set and
beyond. Looking at the frequencies of the characteristic
modes of the azobenzene group, the precision of the results
are approximately the same using the 6–31++G or 6–31++
G(2d,2p) sets compared to experimental results. Compared
to Raman experimental data, the main characteristic modes
of the trans configuration were well described by the
B3LYP/6–311++G(2d,2p) method. However, the Raman
activities of these modes are very basis set- and functional-
sensitive. The PW91 functional underestimates the shift of
the N=N stretching mode between the trans and cis
configuration. Concerning electronic properties, the accu-
racy obtained with the 6–31++G(d,p) basis set is correct
compared to 6–311++G(2d,2p) for polarisation, HOMO
and LUMO energies. Nevertheless, this is not the case for
the dipole moment, with a discrepancy of 3% between the
two methods.

Concerning the properties of 4-hydroxyazobenzene,
planar trans optimised structures were obtained with all
the basis sets and functionals. An asymmetry in the
structural parameters was observed on both structures.
The presence of the hydroxyl group does not shift the
characteristic modes of the azo group. The trans configu-
ration was found to be more stable than the cis configura-
tion by 67±2 kJ mol−1. The relative difference of the dipole
moment between the trans and cis configurations was found
to be lower for 4-hydroxyazobenzene than for azobenzene.
However, a more complete study is necessary to obtain the
statistical properties of 4-hydroxyazobenzene since the
presence of the hydroxyl group induces more degrees of
freedom than in azobenzene.
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