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†Área de Química Física, Universidad de Extremadura, Avda de Elvas s/n, 06071 Badajoz, Spain
‡Department of ChemistryÅngström, The Theoretical Chemistry Programme, Uppsala University, P.O. Box 518, SE-751 20
Uppsala, Sweden

*S Supporting Information

ABSTRACT: The ground and low-lying excited free energy surfaces of 4-amino-4′-cyano
azobenzene, a molecule that has been proposed as building block for chiroptical switches, are
studied in gas phase and a variety of solvents (benzene, chloroform, acetone, and water).
Solvent effects on the absorption and emission spectra and on the cis−trans thermal and
photo isomerizations are analyzed using two levels of calculation: TD-DFT and CASPT2/
CASSCF. The solvent effects are introduced using a polarizable continuum model and a
QM/MM method, which permits one to highlight the role played by specific interactions.
We found that, in gas phase and in agreement with the results found for other azobenzenes,
the thermal cis−trans isomerization follows a rotation-assisted inversion mechanism where
the inversion angle must reach values close to 180° but where the rotation angle can take
almost any value. On the contrary, in polar solvents the mechanism is controlled by the
rotation of the CNNC angle. The change in the mechanism is mainly related to a better
solvation of the nitrogen atoms of the azo group in the rotational transition state. The
photoisomerization follows a rotational pathway both in gas phase and in polar and nonpolar solvents. The solvent introduces
only small modifications in the nπ* free energy surface (S1), but it has a larger effect on the ππ* surface (S2) that, in polar
solvents, gets closer to S1. In fact, the S2 band of the absorption spectrum is red-shifted 0.27 eV for the trans isomer and 0.17 eV
for the cis. In the emission spectrum the trend is similar: only S2 is appreciably affected by the solvent, but in this case a blue shift
is found.

I. INTRODUCTION

Molecular structures that can undergo controlled changes or
molecular switches are one of the pillars of nanotechnology. In
many technological applications, optical devices or data storage
for instance, it is convenient to have photoactive molecules with
large dipole moment that permits, in the presence of an
external electric field, to align the molecules in a particular
direction. 4-Amino-4′-cyano azobenzene (ACAB) combines
both characteristics and, consequently, it has been proposed as
building block for chiroptical switches. This molecule and its
derivatives are photoactive and they can suffer repeated trans−
cis−trans photoisomerization cycles.1 In addition, due to their
large dipole moment, they can reorientate their axis toward a
parallel alignment with the electric field of polarized light, an
important property that permits to control their chiroptical
behavior. Furthermore, ACAB derivatives exhibit trans−cis
photoisomerization and reverse cis−trans thermal isomerization
as amorphous films as well as in solution.2

Azobenzenes (AB) and derivatives such as ACAB have been
used in molecular machines3 due to the large geometrical
differences between the cis and trans isomers. The cis form is
significantly higher in energy than the trans form and the barrier
to interconversion can be surmounted thermally.4 Therefore, it
can isomerize from cis to the more stable trans form both in gas

or condensed phases. However, the isomerization from trans to
cis cannot be achieved thermally, since the barrier to reaction is
much higher.5 Indeed, a light stimulus is required. Thus, upon
photochemical excitation it is possible to achieve trans to cis
isomerization, as well as cis to trans.6 Several pathways have
been proposed in order to explain photo and thermal
isomerization in AB and derivatives. The first pathway is by
rotation around the azo group axis, which implies changing the
torsion angle CNNC labeled as ϕ in Figure 1. The second one
is by inversion of any of the in-plane NNC angles, labeled as ψ1

and ψ2 in Figure 1. These paths can be concerted in some way,
and changes in more than one angle can be significant along the
reaction path. So, concerted inversion, where the two NNC
angles suffer an inversion simultaneously, and inversion-assisted
rotation have also been suggested as possible pathways for
isomerization. Furthermore, the S1 state can be reached by
direct nπ* (S1) excitation, or by ππ* (S2) excitation followed by
a fast decay to the S1 state. AB photoisomerizes with a larger
quantum yield when excited to S1 than when excited to S2.

Received: July 10, 2014
Revised: October 6, 2014
Published: October 8, 2014

Article

pubs.acs.org/JPCB

© 2014 American Chemical Society 12518 dx.doi.org/10.1021/jp506876v | J. Phys. Chem. B 2014, 118, 12518−12530

pubs.acs.org/JPCB


The solvent and the nature of the substituent groups can
affect the isomerization mechanism both in the ground and
excited state. So, for instance, in low-viscosity solvents, the S1
state decays with a single time constant, and rotation seems to
dominate the relaxation process. In more viscous solvents, the
relaxation is bimodal, and the rotational pathway only
contributes minimally to deactivation. Dokic et al.7 have
theoretically analyzed this question in push−pull substituted
azobenzenes. They found that these compounds could undergo
thermal isomerization by an inversion mechanism in gas phase
and nonpolar solvents, while polar solvents seem to favor a
rotational pathway. The reaction rates show a strong increase
with the polarity of the solvent, besides the above-mentioned
change in the pathway from inversion to rotation. Thus, rates
increase by about 2 orders of magnitude when moving from
heptane (ε = 1.92) to DMSO (ε = 46.7). Crecca and Roitberg8

have theoretically studied the substituent effects on the
isomerization pathway. They found that electron-donating
substituents raise the ground state inversion barrier height, on
the contrary, electron-withdrawing groups lower this barrier.
The conversion from the more stable trans form to the cis

form can only take place by photoisomerization. This
mechanism, as mentioned above, can also isomerize from cis
to trans in azobenzene, but it seems not to be available on some
other species, such as the bulky 3,3′,5,5′-tetra-tert-butyl-
azobenzene on the Au(111) surface.9 Cusati et al.10 have
recently studied the dynamics of trans to cis photoisomerization
in gas phase and solution for the unsubstituted azobenzene and
its competition with excited state decay. They found that, in gas
phase, after excitation to the S1 state, the ϕ torsion angle
evolves from 0° (cis) or 180° (trans) to 90°, where the S1 and

S0 surfaces meet. In this study they also show that solvent
viscosity and its influence on the vibrational energy
redistribution are important to understand the solvent effects
on the trans to cis photoisomerization.
Despite the enormous theoretical effort devoted to the study

of the thermal and photochemical isomerization in substituted
and unsubstituted azobenzenes in gas and condensed
phase,8,11−34 theoretical studies on the 4-amino-4′-cyanoazo-
benzene are rather scarce. To the best of our knowledge, there
exist only three works: the above-mentioned calculations by
Dokic et al.,5 the work by Makita et al.,33 who made use of
semiempirical calculations to explain their experimental
measurements, and, more recently, that of Wang and Wang,34

who compared AB, ACAB and ANAB (4-amino-4′-nitro-
azobenzene). These authors conclude that, in gas phase, the
influence of the push−pull substitution on the properties of the
S1 PES is small.
In this paper we study the ground and excited states of

ACAB in gas phase and in several solvents. We discuss solvent
effects both on the electronic absorption and emission spectra.
We also try to shed some light on the thermal and
photochemical isomerization pathways followed in different
media. With this goal in mind, we have determined the
potential energy surfaces of ACAB in gas phase and solvents of
very different polarity, ranging from benzene (ε = 2.27) to
water (ε = 78.35) using two calculation levels both for the
description of the wave function (DFT and CASPT2) and the
solvent effects (a polarizable continuum model, PCM, and a
QM/MM method, namely ASEP/MD). The less computa-
tional-demanding level (DFT and PCM) has been used to
describe in an approximate way the global free energy surface of

Figure 1. Mechanisms for cis−trans interconversion of 4-amino-4′-cyano-azobenzene (ACAB).
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the ground and excited states. The most accurate level
(CASPT2 and ASEP/MD) has been used to characterize the
critical points on the free-energy surfaces; furthermore, its
comparison with DFT-PCM results allows us to check the
soundness of these calculations.

II. METHODS AND COMPUTATIONAL DETAILS
In this paper, we report electronic structure calculations
performed using density-functional theory (DFT) for the
ground state and time-dependent density-functional theory
(TD-DFT) for the excited states, employing in both cases the
B3LYP hybrid funcional35−38 and the 6-31G* basis set,39−41

which has been shown to perform well for this system.42

The contour plots of the PESs were obtained by computing a
grid of 190 points with the ψ1 angle varying from 90 to 180 deg
and the ϕ angle changing from 0 to 180 deg, in steps of 10°.
The remaining parameters were optimized for each point. The
values of the energy for ψ1 angles in the range 180 to 270 were
obtained by symmetry. Therefore, a total of 361 energies were
used for each plot. The excited state PESs were obtained from
vertical excitation from the ground state and, therefore,
geometries were fixed to their optimized values in the ground
state, and nonequilibrium solvation was added. In any case,
solvent and geometry relaxation was included in selected
calculations, as well as scans of the ψ2 angle with the aim to
determine the second inversion pathway and to rule out a
concerted-inversion mechanism.43

In the most important points on the free energy surfaces
(minima, conical intersections, transition states, etc.) the solute
electronic transitions were recalculated using the CASPT2-
(14e,12o) method at the DFT or TD-DFT optimized
geometries. (For further details, see the Supporting Informa-
tion.)
Solvent effects were incorporated by means of the PCM

method44 using the standard values of the radii in defining the
solute cavity. For the sake of comparison, solvent effects were
also described using a mean field quantum mechanics/
molecular mechanics method developed in our laboratory and
named ASEP/MD.45 This method includes a detailed,
microscopic description of the solvent molecules, and hence

it permits one to elucidate whether specific interactions (such
as hydrogen bonding) could be relevant to the description of
the solvation. ASEP/MD is a QM/MM effective Hamiltonian
method that makes use of the mean field approximation, that is,
it introduces into the solute molecular Hamiltonian the
averaged perturbation generated by the solvent. The method
combines quantum mechanics (QM) and molecular mechanics
(MM) techniques, with the particularity that full QM and MM
calculations are alternated and not simultaneous. During the
MD simulations, the intramolecular geometry and charge
distribution of all the molecules are considered as fixed. From
the resulting data, the average electrostatic potential generated
by the solvent on the solute is obtained. This potential is
introduced as a perturbation into the solute’s quantum
mechanical Hamiltonian, and by solving the associated
Schrödinger equation, one gets a new charge distribution for
the solute, which is used in the next MD simulation. The
iterative process is repeated until the electron charge
distribution of the solute and the solvent structure around it
are mutually equilibrated. The main characteristics of the
method have been described elsewhere.46−49 (See the
Supporting Information for a brief description of ASEP/MD.)
It is worth noting that the solute geometry is optimized during
the quantum calculation at each ASEP/MD cycle. All the
calculations were performed using Gaussian 09,50 except
CASPT2 calculations that were performed using MOLCAS
7.4.51 The molecular dynamics simulations were performed
with MOLDY.52 The molecular dynamics simulations included
660 water molecules and one molecule of solute in a cubic box
of 27 Å side in order to reproduce the experimental solvent
density. All molecules had fixed intramolecular geometry. For
the solute, the Lennard-Jones parameters were taken from the
optimized potentials for liquid simulations, all atoms (OPLS-
AA) force field,53 and the atomic charges were obtained from
the quantum calculations using the CHELPG method.54,55 For
water molecules, the TIP3P model56 was employed. Periodic
boundary conditions were applied and a spherical cutoff was
used to truncate interatomic interactions at 11 Å. The
electrostatic interaction was calculated with the Ewald
method,57 and the temperature was fixed at 298 K with the

Figure 2. Stereo views of the stationary points on the ground-state surfaces.
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Nose-Hoover thermostat.58 Each simulation was run in the
NVT ensemble for 75 ps, with a time step of 0.5 fs, where the
first 25 ps were used for equilibration and the last 50 ps for
production. In solution, final results were obtained by averaging
the last five ASEP/MD cycles, and therefore they represent a
250 ps average.

III. RESULTS

A. Ground-State Potential Energy Surface in Gas
Phase. Thermal Isomerization. The first step in our study
was obtaining the stationary points on the gas-phase potential
energy surface for the ACAB isomerization. Thus, we optimized
the geometry of the cis and trans isomers as well as the saddle
points of the paths connecting them at DFT/6-31G* level.
Their structures are shown in Figure 2, and the most relevant
geometrical parameters are given in Table 1. Born−
Oppenheimer classical potential energies and free energies of
these stationary points are given in the first and second
columns of Table 2, respectively. Although we tried to obtain
the saddle point for the rotational pathway, we could not get a
stationary point along that path, and the geometry shown is
that optimized in water, for the sake of completeness. We will
analyze this path in deeper detail below.
First, we can see that, in agreement with X-ray data, trans-

ACAB is planar. As for the cis geometry, the dihedral angle ϕ is
not zero, but 11.2°. Moreover, the planes of the two benzene
rings are slightly tilted in order to minimize the repulsive
interactions between them. As the cis-to-trans isomerization
reaction proceeds through the inversion pathways, any one of
the ψ angles increases, reaching approximately 180° at the
transition state. The torsional CNNC angle ϕ also changes,
reaching values not far from 90° in the transition state.
Therefore, this transition state is somewhat a mixture between
rotational and inversion paths; we will return on this point later.
When the inversion pathway follows the linearization of the ψ1
angle, the barrier to isomerization is much lower (about 9 kcal·
mol−1) than when ψ2 is the driving reaction coordinate, in
agreement with the calculations of Dokic et al.5

As for the remaining geometrical parameters, the ψ angles in
the cis form are slightly larger to reduce the steric repulsions. It
is noticeable that during the isomerization the distance (Table

1) between the two nitrogens in the azo group decreases as well
as the C−N distance of the bond involved in the linearization,
while the other C−N bond is stretched.
The trans form is 15.9 kcal·mol−1 more stable than the cis

form on the potential energy surface. The cis-to-trans
isomerization takes place, as discussed above, by inversion of
the ψ1 angle, upon surmounting a barrier of 19.5 kcal·mol−1 on
the potential energy surface. In AB these values are 12 kcal·
mol−1 and 22 kcal·mol−1, respectively. So, this combination of
electron-donor and electron-withdrawing groups increases the
stability of the trans isomer and decreases the barrier height,
making the thermal cis to trans isomerization easier but the
trans-to-cis isomerization more difficult than in AB. Our results
reproduce the values in ref 7, which is not surprising since we
are using the same calculation level, and very close to those of
ref 34 obtained with B3LYP and a slightly larger basis set, and
to those from CASSCF/4-31G calculations on the same paper,
although the later predict a higher barrier (23.3 kcal·mol−1).
Note that the later results lack dynamical correlation, and the
basis set is also smaller. When thermal effects at 298 K are
included, while the reaction energy change is unaffected, the
free energy barrier is lowered to 18.1 kcal·mol−1. This is a result
of a drop in the vibrational frequencies in the transition state
(TS1), whose zero-point vibrational energy is about 1.0 kcal·
mol−1 lower than that of the cis form. As we will see later, this
TS1 is close in geometry to a conical intersection (CI). This
can lead to convergence problems specially when DFT
methods are used, due to the possible multiconfigurational
character of the wave function. In order to check this possibility
we calculated the S0/S1 gap at the CASPT2 level at the TS1
geometry, being 0.99 eV. The analysis of the wave function at
the minima and TS1 shows an S0 state dominated by a singlet
configuration with a weight of about 0.80, with a similar weight
for the dominant configuration in the S1 excited state and
without appreciable mixture of states.
Contour maps of the electronic ground-state potential energy

surface, S0, in gas phase are shown in the first panel of Figure 3.
The x axis is the dihedral angle ϕ, which defines the rotational
path. The y axis is the bending angle ψ1, which defines the
preferred inversion path (shown as a dotted line), consisting on
the linearization of the NNC angle of the benzene ring attached

Table 1. Selected Geometrical Parameters of the Stationary Points on the Gas Phase S0 Surface (in Angstroms and Degrees)

R(NN) R(C1−N)a R(C2−N)a ψ1 ψ2 ϕ

cis ACAB 1.254 1.426 1.420 125.0 125.0 11.2
trans ACAB 1.267 1.415 1.400 114.2 115.5 179.9
rotational TS n.a. n.a. n.a. n.a. n.a. n.a.
ψ1 inversion TS1 1.229 1.321 1.425 179.9 118.2 86.0
ψ2 inversion TS2 1.247 1.447 1.333 116.5 178.4 104.6

aC1 is the atom of the phenyl ring attached to the CN group and bonded to the azo group, while C2 is the atom of the phenyl ring attached to the
NH2 group and bonded to the azo group.

Table 2. Potential and Free Energies at 298 K of the Stationary Points on the S0 Surface with Respect to the cis Form (in kcal·
mol−1)

gas phase water

potential energy free energy benzene chloroform acetone PCM ASEP/MD

cis ACAB 0.0 0.0 0.0 0.0 0.0 0.0 0.0
trans ACAB −15.9 −15.9 −15.0 −14.7 −14.3 −14.2 −11.6
rotational TS n.a. n.a. n.a. n.a. 18.3 18.1 17.9
ψ1 inversion TS1 19.5 18.1 19.0 18.6 n.a. n.a. 19.1
ψ2 inversion TS2 28.8 27.6 29.4 29.5 n.a. n.a. n.a.
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to the CN group, which as we just discussed, is much lower in
energy (and therefore much more thermally available) than the
alternative inversion path, related to the linearization of ψ2.
Note that the saddle point energy is 35.4 kcal·mol−1 since the
energies are shown with respect to the energy of the most
stable form, the trans form. The dashed lines are the contours
corresponding to the 35.1 and 35.7 kcal·mol−1 values (which is
the energy of the saddle point ±1/2RT) to stress the flatness of
the surface. Although from a mathematical point of view we can
unquestionably locate a saddle point which predicts a rotation-
inversion pathway, in the real world thermal oscillations make
the paths connecting the cis and trans forms energetically
available for any value of the ϕ angle. Thus, a straight line
parallel to the y axis of the plots connecting the cis and trans
forms that maintains the ϕ angle below 30° has a maximum less
than 0.1 kcal·mol−1 higher in energy than the saddle point.
Therefore, a rotation of the ϕ angle can assist the process, so
that ψ1 does not have to reach 180°, although it always has to
reach a value near 180°. On the other hand, rotation around the

ϕ angle without significantly linearizing the ψ1 angle is a path
too high in energy to be significant for the thermal
isomerization. In sum, the thermal cis−trans isomerization
follows a rotation-assisted inversion mechanism where the ψ1
angle must reach values close to 180° but where the ϕ angle
can take any value.
Finally, note that along the ψ1 inversion reaction path in gas

phase, the dipole moment increases from 7.0 D (cis) to 12.3 D
(ψ1 inversion transition state, or TS1) then dropping to 9.2 D
in the trans form. Because of the large dipole moment and its
changes along the reaction path, this reaction is a good
candidate for studying solvent effects. For the sake of
completeness, note that the TS2 transition state has a dipole
moment of 8.1 D. The charge distribution, as given by the
Mulliken atomic charges, are displayed in Table 3. The charges
at the amino and cyano groups are very similar at the trans and
cis isomers and at the TS1. Larger differences are found in the
azo nitrogen atoms where the charges increase from about
−0.26 au in the cis isomer to −0.32 au at the trans isomer. As

Figure 3. Contour plots of the gas-phase PESs for the four lowest electronic singlet states. The dotted lines show the minimum energy path
connecting the trans and cis isomers for the S0, S1, and S2 states. Note that the cis form is not a minimum on the S1 PES and the path connects two
trans forms that can interconvert. The irregular shape of the contours in the upper right corner of the plot is due to the fact that the geometry
corresponding to these angles is so constrained that the geometry optimization leads to a breaking of the phenyl rings. One therefore should consider
this region as unreachable because of its high energy.
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we will see in the next section, this fact will have effect on the
relative stability of cis and trans isomers in polar solvents.
B. Solvent Effects on the Thermal Isomerization.

Contour maps of the electronic ground-state potential energy
surface, S0, in chloroform and water calculated using PCM are
shown in the first panels of Figures 4 and 5, respectively
(similar plots for benzene and acetone are given in the
Supporting Information). Energetics and selected geometrical
parameters are shown in Tables 2, 4, and 5. The main criticism

that can be done to dielectric continuum models as PCM is that
they completely neglect the contribution of specific inter-
actions, which can be important when the solvent is water or
other associated liquids. In order to assess the soundness of
PCM calculations, Table 2 also includes free-energy differences
calculated with ASEP/MD and the free energy perturbation
method.
First, it is interesting to note that although there are small

differences between gas-phase and solution-phase, especially in
the values of the ψ1 and ψ2 angles, the geometries of the
minima on the ground-state surfaces show an almost negligible
dependency on the solvent. On the other hand, as the polarity
of the solvent increases, the trans form loses stability (with
respect to the cis form), being the gas phase-water solvent shift
about 1.7 kcal·mol−1. Given that the dipole moment for the
trans form is slightly higher than for the cis form, one can
conclude that the solvation of ACAB is controlled by
multipoles of higher order. It is worthy of note that the relative
stability of the trans form with respect to the cis isomer
decreases additionally by 2.6 kcal·mol−1 when specific

Table 3. Mulliken Atomic Charges (in a.u.) for the cis, trans,
and TS1 Species in Gas Phase

cyano group azo group amino group

C N N1
a N2

a N H

cis ACAB 0.26 −0.44 −0.25 −0.26 −0.92 0.37
trans ACAB 0.26 −0.44 −0.33 −0.31 −0.92 0.37
ψ1 inversion TS1 0.26 −0.45 −0.27 −0.27 −0.92 0.38

aN1 is the N atom of the azo group bonded to the phenyl ring
attached to the CN group, while N2 is the N atom of the azo group
bonded to the phenyl ring attached to the NH2 group.

Figure 4. Contour plots of the free energy in chloroform solution for the four lowest electronic singlet states.
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Figure 5. Contour plots of the free energy in aqueous solution for the four lowest electronic singlet states.

Table 4. Selected Geometrical Parameters of the Stationary Points on the S0 Surface in Chloroform (in Angstroms and Degrees)

R(NN) R(C1−N)a R(C2−N)a ψ1 ψ2 ϕ

cis ACAB 1.258 1.425 1.415 125.1 125.4 11.6
trans ACAB 1.270 1.414 1.396 114.2 115.9 179.8
rotational TS n.a. n.a. n.a. n.a. n.a. n.a.
ψ1 inversion TS1 1.232 1.314 1.414 179.3 119.0 96.8
ψ2 inversion TS2 1.255 1.445 1.333 116.5 178.1 108.0

aC1 is the atom of the phenyl ring attached to the CN group and bonded to the azo group, while C2 is the atom of the phenyl ring attached to the
NH2 group and bonded to the azo group.

Table 5. Selected Geometrical Parameters of the Stationary Points on the S0 Surface in Water (in Angstroms and Degrees)

R(NN) R(C1−N)a R(C2−N)a ψ1 ψ2 ϕ

cis ACAB 1.259 1.425 1.412 125.1 125.6 11.8
trans ACAB 1.272 1.413 1.393 114.2 116.1 180.0
rotational TS 1.274 1.324 1.367 140.4 119.6 90.7
ψ1 inversion TS1 n.a. n.a. n.a. n.a. n.a. n.a.
ψ2 inversion TS2 n.a. n.a. n.a. n.a. n.a. n.a.

aC1 is the atom of the phenyl ring attached to the CN group and bonded to the azo group, while C2 is the atom of the phenyl ring attached to the
NH2 group and bonded to the azo group.
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interactions are included. So, the total solvent effect on the cis/
trans equilibrium is 4.3 kcal·mol−1.
As for the transition state, it switches from requiring a

significant linearization of the ψ1 angle (gas phase and nonpolar
and slightly polar solvents) to a rotational path with smaller
changes in the ψ1 angle (strongly polar solvents). However, this
is not a consequence of a dramatic change in the potential
energy surface, it is caused by the smooth and subtle backdraw
of the “tongue” around ϕ = 90° and ψ1 = 140° as we move
from gas phase to nonpolar solvents and to polar solvents. This
“tongue” does not allow the rotational path to have a saddle
point in the gas phase. Thus, the minimum energy path along
the rotational pathway has to pass through an angle ψ1 = 180°.
As this “tongue” disappears, the minimum energy path passes
through lower values of ψ1 and eventually a transition state
along this path appears, which is lower in energy than the
inversion transition state. Thus, the value of ψ1 at its maximum
diminishes as the polarity of the solvent increases passing from
179.8° in gas phase to 140.4° in water solution. As a
consequence, the thermal isomerization mechanism passes
from a rotation-assisted inversion in gas phase and nonpolar
solvents to an inversion-assisted rotation in polar solvents. This
mechanism implies an increase of the ψ1 of only 15° (from
125° in the cis isomer to 140.4° in the TSR). An important
point to remark is that in water solution and due to the change
in the isomerization pathway, the geometry of the TSR
becomes close to a CI. In fact, the S0/S1 gap at the TSR
geometry is only 0.63 eV at TD-DFT. When recalculated at
CASPT2, the gap decreases to 0.56 eV. The analysis of the
wave function along the reaction path displays similar results to
those found in gas phase: the S0 and S1 wave functions are
dominated by single configurations with a weight of 0.80 and
there is no appreciable state mixing.
Figure 6 displays the radial distribution functions (rdf)

between the nitrogen atoms of the cyano (panel a) and amino
(panel b) groups and the oxygen atom of the water molecules,
while Figure 7 displays the rdfs between the nitrogen atoms of
the azo group and the oxygen atom of the water molecules (the
rdf for the nitrogen atom bonded to the phenyl ring with the
cyano group is shown in panel a, while panel b shows the rdf
for the nitrogen atom bonded to the phenyl ring with the
amino group). From these rdfs it becomes clear that the
solvation of amino and cyano groups is very similar in the two
transition states; however, the azo group is better solvated in
TSR than in the inversion TS1. As a consequence the rotational
state TSR is stabilized with respect to the inversion TS1 and
the barrier to reaction in solution diminishes as the polarity of
the solvent increases. In any case, the effect of the solvent on
the cis-to-trans barrier height is rather small (1.4 kcal·mol−1

when PCM is used and 1.6 kcal·mol−1 when specific
interactions are included), but they are significant, 5.9 kcal·
mol−1, for the trans-to-cis isomerization. Figure 8 compares the
barrier height for the later calculated with the PCM and ASEP/
MD methods. The barrier heights provided by the two
solvation methods differ by about 3 kcal·mol−1, the barrier
height passing from 35.4 kcal·mol−1 in gas phase to 32.3 in
water solution according to the PCM calculations or 29.5 kcal·
mol−1 according to the ASEP/MD calculations. Therefore, the
solvent effect on the barrier for the trans-to-cis isomerization
predicted by the ASEP/MD method is almost twice that given
by the PCM method. However, this is not enough to make the
trans-to-cis thermal isomerization pathway accessible. As for the
solvation of cis and trans conformers, there are important

differences in the solvent structure around the azo nitrogen
atoms (Figure 7b). These differences are due to the different
accessibility of the electron lone pairs in each conformer. So,
while in the cis isomer the electron lone pair point outward of
the molecule and it can easily form hydrogen bonds with the
solvent, in the trans isomer the lone pairs are buried inside the
molecule and they cannot form hydrogen bonds due to steric
hindrance.
In order to clarify the origin of the relative stability of the

different structures in solution, Table 6 displays the ASEP/MD
solute−solvent interaction energy and its decomposition in five
group contributions: cyano, amino, azo, and the two phenyl
groups. The largest solute−solvent interaction energy corre-
sponds to the TSR, then to the cis isomer and, finally, to the
trans. Both substituents, cyano and nitro groups, can form
hydrogen bonds with water, but the strength of these hydrogen
bonds is only slightly modified by the conformation, cis or trans,
of the ACAB molecule. The nitrogen atoms of the azo group
have more influence on the differential solvation of the two
isomers, as these atoms form hydrogen bonds only when they
are in the cis conformation. Note that the interaction energy of
the azo nitrogen atoms with water is 19 kcal·mol−1 larger in the
cis isomer than in the trans. In the transition state, the
interaction of azo nitrogen atoms with the solvent is
intermediate between the cis and trans results, but cyano and
amino groups are better solvated that in the minima. The
increase of the stability of the TSR with respect to the cis
isomer is mainly due to a better solvation of the cyano group

Figure 6. Radial distribution functions between the nitrogen atoms of
the cyano (NAC, panel a) and amino (NAN, panel b) groups and the
oxygen atom of the water molecules (Ow). TS1 indicates the inversion
TS, while TSR is the rotational TS.
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and also of both phenyl rings. During the isomerization
reaction, there is a transfer of water molecules from the azo
group in the cis conformer to the neighborhood of the cyano

group when the molecule is in the TSR, finally some of these
hydrogen bonds are lost during the formation of the trans
isomer. The cis-to-trans thermal isomerization implies a strong
reorganization of the solvent.
Therefore, the change in the mechanism with the solvent

polarity is related to (1) the larger solute−solvent interaction
energy in TSR when compared with inversion TS1 and (2) the
fact that the NN distance in the rotational saddle point can
reach higher values in polar solvents. As a consequence of these
two factors, the area around ϕ = 90° and ψ1 = 140° is less
repulsive than in nonpolar solvents and gas-phase. In water, the
NN bond length at the TSR has a value closer to that found
in the trans form. Thus, a longer NN bond distance implies
that the increase in the ψ1 is not required for the
interconversion of the cis to trans forms. In other words, if
the NN bond must retain its double-bond character, the ψ1
angle has to be almost linear, and the NN bond is shorter at
the saddle point than in the minima. However, when the NN
bond elongates, the rotation become easier. Therefore, it is the
solvation of the two nitrogens in the NN bond that is
responsible for the change in the mechanism. The better
solvated, the more flexible it is, and the easier it is to elongate.
Thus, in polar solvents, the NN bond can rotate more easily
than in nonpolar solvents, and the role of the ψ1 angle is less
important.

C. Solvent Effects on the S1 Excited State. The potential
energy profiles of the ground and low-lying excited states in gas
phase and the free-energy profiles in solution are displayed in
Figures 9 and 10, respectively. The main points of interest are
the Franck−Condon (FC) points, which provide the
absorption energy, the S1 minima that determine the emission
spectrum and the S1 transition state and S0/S1 conical
intersection that control the nonradiative desexcitation.
We start by analyzing the nature of the low-lying excited

states. In gas phase the first excited state corresponds to an nπ*
transition. The next two states have a ππ* nature. In the cis
isomer the S2 state displays also a certain nπ* character, which
increases in water solution, where the nπ* character vanishes.
The nature of the remaining low lying excites states is not
modified by the solvent.
In gas phase and at TD-DFT level, the transitions from the

trans ground state to the first and second excited states appear
at 2.53 and 3.20 eV, respectively; while at CASPT2 they are at
2.48 and 3.56 eV. The most probable transition is to S2, the
transition probability to S1 being 1 order of magnitude lower.
For the cis isomer the two transitions have similar probabilities,
being the transition to S2 slightly more probable, both at the
TD-DFT and CASPT2 levels of calculation. In this isomer the
transitions appear at 2.51 and 3.60 eV at TD-DFT level and
2.44 and 3.82 eV at CASPT2 level. TD-DFT provides similar
values for the first transition but show a trend to underestimate
the transition energy to upper states in about 0.2−0.3 eV. S2 is a

Figure 7. Radial distribution functions between the nitrogen atoms of
the azo group and the oxygen atom of the water molecule (Ow). NAC
(panel a) stands for the nitrogen atom bonded to the phenyl ring with
the cyano group, while NAN (panel b) stands for the nitrogen atom
bonded to the phenyl ring with the amino group. TS1 indicates the
inversion TS, while TSR is the rotational TS.

Figure 8. Schematic plot of the free energy barrier to interconversion
in gas phase and aqueous solution computed using the ASEP/MD and
PCM models.

Table 6. Solute−Solvent Interaction Energy (in kcal·mol−1)
Split up in Five Functional Groups: Cyano, Phenyl 1,a Azo,
Phenyl 2,a and Amino

cyano phenyl 1 azo phenyl 2 amino total

cis ACAB −17.7 5.4 −27.0 −2.8 −13.1 −55.1
trans ACAB −16.9 1.6 −8.0 −2.9 −14.1 −40.2
rotational TSR −27.5 −2.8 −10.0 −11.5 −14.9 −66.8
aPhenyl 1 is the phenyl ring attached to the CN group, while phenyl 2
is the ring attached to the NH2.
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state with a multiconfigurational character, the weights of their
two main configurations are 0.28 and 0.15; consequently, it is
difficult to describe S2 using TD-DFT methods. It is worth
noting that the transition energy to the first excited state is
almost the same in the cis and trans isomers, allowing for
repeated trans-cis-trans photoisomerization cycles at a single
wavelength. The calculated nπ* transition energy agrees very

well with the experimental values of related compounds that
place this band between 2.5 and 2.8 eV. In AB, this transition
appears at 2.7 eV, so there is a red shift of 0.2 eV due to the
effect of the two functional groups. In gas phase the dipole
moments of the S0, S1 and S2 states are 9.2, 10.2, and 14.3 D for
the trans isomer and 7.1, 6.5, and 13.5 D for the cis,
respectively. These large dipole moments are not related with

Figure 9. Schematic plot of the three lowest electronic singlet states of ACAB in gas-phase as a function of the dihedral angle ϕ. Emission values are
shown in italic text while absorptions are shown in upright text. The values of the ϕ and ψ1 angles are shown for the stationary points optimized on
each electronic state.

Figure 10. Schematic plot of the three lowest electronic singlet states of ACAB in aqueous solution as a function of the dihedral angle ϕ. Emission
values are shown in italic text while absorptions are shown in upright text. In parentheses are shown the values obtained after solvent relaxation (for
the S1 state only). The values of the ϕ and ψ1 angles are shown for the stationary points optimized on each electronic state assuming equilibrium
solvation.
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a strong asymmetry in the charge distribution of the molecule
but they are the result of small charges separated by very long
distances. During the transition to S1, changes in the charge
distribution are very small. The flux of charge is larger in S2,
where electrons move from the azo nitrogen atoms and amino-
phenyl group toward the cyano end of the molecule.
Due to the small differences in the charge distribution, the

vertical transition energy to S1 from the trans form shows a
negligible change (<0.01 eV) upon solvation, but the transition
energy to the S2 state diminishes in solution. As expected, the
shift in S2 is a function of the polarity of the solvent (3.20 eV in
gas phase, 2.97 eV in benzene, 2.95 eV in chloroform, and 2.93
eV in water). The gas phase/water shift is 0.27 eV that is hardly
modified when specific interactions are accounted. As for the
vertical excitations from the cis form, the findings are similar to
those discussed for the trans form: the gap between S0 and S1 is
only marginally affected by solvation while the gap between S1
and S2 diminishes in about 0.3 eV when going from gas phase
to aqueous solution, as depicted in Figures 9 and 10.
It is well-known that the S1 state of both trans and cis-AB are

weakly emissive,59 with lifetimes of 3 ps and 100 fs, respectively.
A similar behavior is expected for ACAB. In fact, in gas phase,
we locate a planar minimum on the S1 excited state of trans-
ACAB but not on the cis side; this could explain the differences
in the S1 lifetime of the two isomers. At TD-DFT, the emission
energy from the S1 trans minimum was 1.15 eV in gas phase
and 1.23 eV in aqueous solution. So, the solvent now induces a
small blue shift.
Once the molecules are in one of the excited states, most of

them de-excite nonradiatively through a conical intersection. In
gas phase, the CI (Figure 3) was located in the area near ϕ =
90° and ψ1 = 130°. We located a transition state connecting the
trans isomer and the CI. This TS is only 1.5 kcal·mol−1 above
the planar minimum, which is 0.61 eV under the FC point;
consequently, the TS can be easily surmounted, and the CI is
accessible. Therefore, our calculations support the conclusions
from other authors that there is a conical intersection at this
point and, upon excitation, the system will move along the first
excited state surface until it reaches this conical intersection.
Then, it will fall to the ground-state surface where it will
stabilize by relaxing its geometry to the cis or trans minima. In
agreement with the conclusion obtained for azobenzene,60 the
rotational path would also be the preferred photoisomerization
pathway for ACAB.
The shape of the S1 PES also supports the experimental

findings. Since the path from the cis isomer to the CI is much
steeper than the path from trans to cis and the path from the CI
to the trans form in the S0 PES is also steeper than the path
from the CI to the cis form, it is expected for the photochemical
cis-to-trans interconversion to be faster than the trans-to-cis.
Moreover, the trans-to-trans path is also possible, i.e., excitation
of the trans form and deexcitation back to the trans upon
rotation around the ϕ angle.
We mentioned before that when we solvate the ACAB

molecule and increase the polarity of the solvent, the “tongue”
in the rotational transition state area disappears and the purely
rotational transition state gets stabilized. For the excited states
the situation is similar, and the CI in the neighborhood of the ϕ
= 90° is shifted toward lower values of the ψ1 angle, as shown in
Figure 5. Thus, for example, for aqueous ACAB a CI is located
around ϕ = 90° and ψ1 = 110°. It is important to remark that,
in solution, free energy surfaces have been calculated assuming
frozen solvent conditions, i.e., the solvent is in equilibrium with

the ground state solute charge distribution; consequently, the
CI structure found is not a true minimum-energy conical
intersection (MECI). In Figure 10, on the contrary, the CI
geometry has been calculated assuming the opposite limit, that
is, that the solvent is always in equilibrium with the current S1
charge distribution. The real MECI must be between these
limits. In any case, and independently of the limit considered
(frozen or equilibrium), we found that the solvent introduces
only small changes on the topology of S1. Furthermore, the
small changes in the CI geometry do not have any effect on its
energy. So, for instance, the energy difference between the
groun-state of the trans isomer and the CI is almost the same in
gas phase (0.61 eV) and in solution (0.58 eV). The same is
valid for the position of the planar minimum. So, in agreement
with the results found in AB, one cannot expect a significant
effect of the solvent polarity on the mechanism of ACAB
photochemical interconversion.
The largest solvent effects are on the S2 surface that gets

closer to the S1 surface both at TD-DFT and CASPT2 levels.
The S2 and S3 PESs show minima for the trans form, but on the
S3 PES the cis form is not stable (see Figures 2, 4, and 5). The
trans minimum on the S2 surface was fully optimized at the TD-
DFT level in gas-phase. Its geometry is very similar to that of
the ground-state minimum, although with the NN bond
length larger (1.319 in the S2 surface vs 1.267 Å in S0) and the
C1−N bond length shorter (1.368 vs 1.415 Å in S2 and S0,
respectively). The ψ1 and ψ2 angles (114.3 and 110.6 degrees,
respectively) are also smaller in the S2 minima than in S0. Note
that the excitation to the S2 state induces more significant
changes in the trans geometry than solvation (see Tables 4 and
5), although the changes are in the same direction (the NN
bond is stretched, the C1−N bond is shortened, and the ψ1 and
ψ2 angles are smaller).
In AB the S2 state can decay directly to S0, which is a

violation of Kasha’s rule. If we assume the same behavior in
ACAB, then an emission band must appear at 2.88 eV. From
the minimum, it may also decay to the S1 state, through an
internal conversion. The gap between the S2 minimum and S1
decreases as the solvent polarity increases, passing form 0.36 eV
in gas phase to 0.14 eV in benzene and almost 0.0 eV in water.
During this photophysical process, the ϕ dihedral angle remains
close to 180°, i.e., the solute is still planar. After falling to the S1
state, the solute relaxes to the minimum on this state by
rotating around the ϕ dihedral angle. When this angle is around
90°, an S0/S1 CI region is found, so it would relax by falling to
the ground state near the transition state for the thermal
interconversion. From there, it can either fall back to the trans
form or to the cis form. Given that polar solvents bring S2 closer
to S1, the kinetic energy available for the system on S1 will be
lower in polar solvents that in gas phase and nonpolar solvents,
and this can affect the kinetics of the photoisomerization. It is
expected that the quantum yield of the two paths, direct
excitation to S1 or excitation to S2 followed by a fast decay to S1,
become similar in polar solvent.
Another possibility is that the system could thermally

transform from trans to cis while in the S2 state. It is interesting
to note that the most probable mechanism for this excited-state
interconversion would be by rotation around the ϕ angle, with
a minimum in the midway, in a region near the S0/S1 CI and
the transition state of the S0 surface. The barrier height for the
trans-to-cis interconversion would be 32.3 kcal·mol−1, about 3
kcal·mol−1 lower than in the ground state. Moreover, the
internal energy gained by relaxing from the FC geometry would
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also help to this mechanism. However, the barrier height would
still be too high to take this mechanism into consideration, in
agreement with experiments.61

IV. CONCLUSIONS

In the present work we have studied the thermal and
photochemical interconversion of 4-amino-4′-cyano-azoben-
zene in gas phase and solution. The ground-state potential
energy surface is quite flat in the transition state zone, which
means that the differentiation between inversion and rotational
pathways for the isomerization is rather artificial, since from a
dynamical point of view the two paths are thermally available.
Thus, the mechanism can be defined as a rotation around the
azo bond assisted by a linearization of the angle of the ring
attached to the electron-withdrawing substituent. The extent of
the assistance depends on the polarity of the solvent, being less
important as the polarity increases. Thus, the transition state in
water shows a change of only 20° in the ψ1 angle with respect
to the 120° equilibrium value, while in gas phase it becomes
linear at the transition state.
TD-DFT provides a good description for the ground and S1

states but fails to describe S2 due to the multiconfigurational
character of this state. The larger solvent effects are on S2 that
becomes close to the S1 surface. Finally, specific interactions,
although they might be significant, especially in the cis-to-trans
relative stability, do not change the proposed mechanism of
isomerization and, therefore, a good description of the process
can be achieved using PCM.
Regarding the photochemistry of the system, although the

excited-state surfaces become more stable as the solvent
polarity increases, it does not seem that solvent has a strong
effect either. Unfortunately, with the methods employed in the
present paper, we cannot establish the impact of the solvent
viscosity on the dynamics of the system, which seems to be a
factor required for its proper description.
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