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We present a detailed theoretical study of the electronic absorption spectra and thermochemistry of
molecular photoswitches composed of one and two photochromic units of dihydroazulene (DHA)/vinyl-
heptafulvene (VHF) molecules. Six different isomers are considered depending on the ring opening/clo-
sure forms of the DHA units. The solvent effect of acetonitrile is investigated using a sequential
Molecular Mechanics/Quantum Mechanics approach. The thermochemical investigations of these pho-
tochromic molecules were performed using the Free Energy Perturbation method, and the simulations
were performed using Configurational Bias Monte Carlo. We show that to open the 5-member ring of
the DHA, there is no significant gain in thermal release of energy for the back reaction when a unit or
two DHA units are considered. Overall, we found agreement between the solvation free energy based
on Monte Carlo simulations and the continuum solvent model. However, the cavitation term in the con-
tinuum model is shown to be a source of disagreement when the non-electrostatic terms are compared.
The electronic absorption spectra are calculated using TDDFT CAM-B3LYP/cc-pVDZ. Agreement with
experiment is obtained within 0.1 eV, considering statistically uncorrelated configurations from the sim-
ulations. Inhomogeneous broadening is also considered and found to be well described in all cases.
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1. Introduction The thermochemical properties of the DHA/VHF molecules
Photochromic molecules have received much attention due to
their widespread applicability in different fields of science and
technology. The term photochromism is used to define the reversi-
ble changes in the physical or chemical properties of molecules or
materials when stimulated by light [1–3]. These molecules pre-
senting light-induced behavior are named photochromic com-
pounds. An exceptional example are the molecular switches [4],
a molecular scale electronic device capable of changing its proper-
ties when exposed to an external stimulus like radiation, tempera-
ture variations or environment effects. When they present light-
induced switching, those molecules are known also as photo-
switches. The possibility for practical applications as novel materi-
als in interdisciplinary fields like data storage, information
processing, molecular sensors and energy storage devices justifies
the large interest in understanding the properties of these mole-
cules. In particular the search for renewable energy sources is an
increasingly important subject that brings together efforts to cap-
ture, store and release energy after its conversion into another
form, like thermal energy [5]. Sunlight is a very abundant and clean
energy source and many compounds are able to perform a process
of absorption, photochemical conversion and storage of its energy,
i.e., working as a battery. But, the search for good candidates max-
imizing their efficiency in this process is still a challenging task for
both theoretical and experimental studies.

An interesting photochromic molecule is the dihydroazulene
(DHA) and its derivative vinylheptafulvene (VHF), both shown in
Fig. 1. The DHA undergoes a photoinduced ring-opening to the
VHF form and a reversible thermally assisted ring-closure back to
the DHA [6,7]. These opening/closure reactions enable these mole-
cules to work in capture, storage and delivery energy processes.
The incorporation of a variety of substituent groups covalently
bound into DHA/VHF provides the possibility to tune the electronic
properties of these molecules. Their absorption maximum is sensi-
tive to the nature of the substituent as well as the solvent [8–11] in
a domain of 350–490 nm.
Fig. 1. Molecular structures of DHA, VHF and the DHA-DHA, DHA-VHF two-units molecu
ring. The colored red bonds represent the rotatable bonds, which are flexible during the
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(Gibbs free energy, for example) are particularly important. The
Gibbs free energy is used to determine the barrier for the thermal
back-reaction in the conversion of VHF to DHA and it is related to
the energy storage capacity [10,11], which is a parameter guiding
the design of solar heat battery systems. The electronic absorption
spectra are also important because they allow the possibility of
monitoring the opening/closure ring process in these compounds
as their absorbance and wavelength change in time. Recently, a
two DHA units molecule was proposed [12] and also a more com-
plex group of molecules composed by two DHA units incorporating
a macrocyclic ring system or DHA confined in cucurbituril host
molecules were studied in experimental and theoretical works as
well [13–20].

The practical applications of these compounds in molecular
devices occur both in condensed phase and in polymeric matrix.
Understanding the solvent effects on the properties of these mole-
cules is hereby one of the important issues. The synthesis of pho-
tochromic molecules is normally solvent-assisted and the
electronic properties are sensitive to each solvent. The theoretical
procedure to treat the effect of solvents is not unique and an
approach often used is to represent the solvent as a continuum,
in which the main characteristic used is the dielectric constant.
Although suitable and successful in many cases, the continuum
approach presents some limitations with respect to local solvation
details.

Here we intend to study the single units DHA and VHF, and also
two units of DHA covalently linked by a benzene ring in acetoni-
trile solution. The solvent effects on spectroscopic properties of
these molecules were studied by computational methods, but
restricted to the acetonitrile continuum solvent approach [10–
15]. Considering a discrete solvent approach, we study here the
DHA photochromes as a prototype, and therefore, not as complex
as the macrocyclic incorporated molecules [13–15]. To our knowl-
edge there is no theoretical study considering the solvent effects
explicitly with the aid of molecular mechanics approach on the
electronic properties or free energy of these photochromes. This
les bounded in para (p) and meta (m) positions with respect to the central benzene
simulations as discussed in the text.
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study is timely and necessary to validate the use of acetonitrile
continuum models for structural and electronic properties and
mostly for free energy variations. Most of the experimental mea-
surements of the photoswitch molecules are performed in acetoni-
trile solution, because organic nitrile-based solvents give high
efficiency in photo-devices [4]. The hybrid QM/MM (Quantum
Mechanics/Molecular Mechanics) approach is a good choice to
include statistical information of the disordered nature of the sol-
vent, at non-zero temperature, and also to consider the conforma-
tional changes caused by the solute–solvent interaction. In the case
of electronic absorption spectra this allows to include the inhomo-
geneous contribution to band broadening.

Hence, we investigate the electronic absorption spectra and sol-
vation free energies in a multiscale approach combining molecular
mechanics and quantum mechanical calculations using the
sequential method (S-QM/MM), successfully used in many cases
[21–27] of spectroscopic and free energy calculations [28,29]. In
the next section we present details of the methodology in Section 2
followed by the results in Section 3. Conclusions are presented in
Section 4.
2. Computational procedures

2.1. Gas phase and continuum model QM calculations

The minimum energy geometries of the solutes or pho-
tochromes were optimized using quantum mechanics (QM) calcu-
lation within density functional theory with the hybrid exchange–
correlation functional CAM-B3LYP functional [30] and correlation
consistent basis sets, cc-pVDZ [31] in vacuum and in solution using
the Polarizable Continuum Model (PCM) [32–34]. Besides the DHA
and VHF monomers, four other molecules were optimized: dimers
of the two photochromes, which we name DHA-DHAp, DHA-
DHAm, DHA-VHFp and DHA-VHFm. These two-unit molecules are
bounded by a benzene ring in the para (p) and meta (m) positions
as shown in Fig. 1.

The optimized geometries obtained in vacuum or gas phase
(Xgas) and in acetonitrile solution (Xsol) were compared and the dif-
ference in the electronic energy due to the geometry modification
was obtained with QM calculation, DEgeom = Egas(Xsol) – Egas(Xgas).
The vibrational frequencies were also calculated, providing the
Gibbs free energy for each molecule, in gas phase, Ggas(Xgas), and
in solution, Gsol(Xsol). Therefore, zero-point energy, enthalpic and
entropic corrections are taken into account in the Gibbs free
energy. Considering the reaction X?Y that opens the 5-member
ring changing X = DHA into Y = VHF, the difference of the free
energy in gas was obtained with QM calculation, DGgas(Xgas?
Ygas) = Ggas(Ygas) – Ggas(Xgas). In solution, this free energy difference
can be obtained directly as DGsol(Xsol?Ysol) = Gsol(Ysol) – Gsol(Xsol),
only when the geometries of Xsol and Ysol have similar volumes
leading to the neglect of the cavitation energy contribution. In
other words, the Gibbs free energy obtained with QM calculation
is incomplete, because it does not take into account the cavitation
free energy term, Gcav. Therefore, when Gcav(Xsol) ffi Gcav(Ysol), the
difference in the cavitation free energy is negligible, DGcav(Xsol?
Ysol) = Gcav(Ysol) – Gcav(Xsol) ffi 0. The correct procedure to calculate
the DGsol(Xsol?Ysol) using QM calculations is through the solvation
thermodynamic cycle discussed later on (Section 2.4) where the
solvation free energy of X and Y are calculated.

The dipole moment and the atomic charge distributions were
calculated for each solute with the geometry obtained in solution
using the fitting of the QM electrostatic potential in solution with
ChelpG (Charges from Electrostatic Potentials using a Grid based
method) [35]. Therefore, for each solute a set of polarized atomic
charges was obtained and the difference in the electronic energy
3

due to the polarization of the solute in the presence of the solvent,
DEpol(Xsol), was calculated as a difference of the solute electronic
energy with a polarized wavefunction in solution with PCM, Wpol,
and in gas phase,Wgas, DEpol(Xsol) = hWpoljHojWpoli � hWgasjHojWgasi,
where Ho is the Hamiltonian of the isolated solute.

All the QM calculations were performed using the Gaussian 09
code [36].
2.2. Gas phase simulations

The gas phase simulations were performed with classical
molecular mechanics using the Configurational Bias Monte Carlo
(CBMC) method based on fragments [37] as implemented in the
DICE program [38]. In CBMC, the molecule is divided in parts called
fragments, and at each CBMC step the fragments are removed and
reinserted with a different dihedral angle selected from a set of
randomly selected trial angles, producing a new conformation
which may be accepted or not according to the CBMC criterion.
The molecule is treated in a semi-flexible model, i.e, the rotatable
bonds defined by the torsional angles shown in red in Fig. 1 are
flexible and change during the simulation, but the other degrees
of freedom are kept rigid. More details on the CBMC implementa-
tion are given elsewhere [38,39].

We performed 1.5 � 107 CBMC production steps, simulations in
the NVT ensemble, considering a single molecule in a cubic box
with side of 70 Å at 298.15 K. We used 16 trial insertion angles
at each CMBC step, obtaining an acceptance ratio of 60%. The
Lennard-Jones parameters, e and r, were taken from the OPLS-
AA [40] force field. The atomic charges were calculated at the
CAM-B3LYP/cc-pVDZ level in vacuum fitting the QM electrostatic
potential with the ChelpG method. The torsional potential around
each rotatable bond was also taken from the OPLS-AA force field.
The parametrization of the classical force field of each solute
(X = DHA, VHF, DHA-DHAp, DHA-DHAm, DHA-VHFp and DHA-
VHFm, shown in Fig. 1) is presented in the Supporting Information
(SI) and was used for the gas phase and solute–solvent simulations.
2.3. Solute-solvent simulations

We keep the solvent molecules rigid and the solute is treated
either rigid or semi-flexible as in the gas phase simulations. Prefer-
ential sampling [41] was used to select the solute and the sur-
rounding solvent molecules more often in each simulation step.
When the solute molecule is selected, 80% of the trials attempt
intramolecular deformation changing the dihedral angles around
the rotatable bonds, while 20% of the trials attempt translation of
the center of mass and rotation around a randomly selected axis.
We used 16 trial insertion angles were generated for each trial
insertion, resulting in a CBMC acceptance ratio from 15% to 25%,
depending on the solute molecule.

The simulations were performed on the isothermic-isobaric
(NPT) ensemble. A cubic box composed of 1 solute X surrounded
by 1000 acetonitrile molecules. Periodic boundary conditions and
image method are used for the simulation box. The maximum dis-
placement and rotation angle are adjusted to obtain an overall
acceptance rate of 50%. We used the same force field that was
employed in the gas phase simulation, but now with polarized
atomic charges that were calculated at the CAM-B3LYP/cc-pVDZ
level in acetonitrile solution (dielectric constant of 35.7 in PCM) fit-
ting the QM electrostatic potential in solution with the ChelpG
method. Therefore, the solute molecules considered in solution
simulations were polarized by the solvent as described in previous
successful studies [42,43]. The force filed used for acetonitrile
molecules is the six-site model developed by Jorgensen and co-
authors [44].



Marcelo Hidalgo Cardenuto, H.M. Cezar, K.V. Mikkelsen et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 251 (2021) 119434
We started the simulation box in a random configuration and
performed 1.0 � 108 CBMC steps for the thermalization stage.
For production, 5.0 � 108 steps were performed. The temperature
and pressure were 298.15 K and 1 atm, respectively. During the
simulations the cubic box length fluctuates giving an average den-
sity of 0.758 ± 0.006 g/cm3 in agreement with the experimental
values of is 0.777 g/cm3 [45]. The box length is ~ 45 Å and the
cut-off-radius is ~ 22 Å for intermolecular interactions.

2.4. Free energy difference in solution

The stabilities of the isomers in acetonitrile solution were inves-
tigated using the solvation thermodynamic cycle to obtain the dif-
ference of the Gibbs free energy DGsol(DHA?VHF) between the
isomers DHA and VHF as

DGsol DHA ! VHFð Þ ¼ DGgas DHA ! VHFð Þ
þ DGsolv VHFð Þ � DGsolv DHAð Þ ð1Þ

as well as their two DHA units molecules, DHA-DHA and DHA-
VHF. In Equation (1) DGgas(DHA?VHF) = Ggas(VHF) – Ggas(DHA) is
the difference of the Gibbs free energy of the molecules in gas
phase obtained with QM calculations (see Section 2.1) and the
DGsolv(DHA) and DGsolv(VHF) are the solvation free energy of each
molecule.

The solvation free energy DGsolv was calculated using Monte
Carlo (MC) simulations with the Free Energy Perturbation method
(FEP) [46,47] implemented in the DICE program. During these sim-
ulations both the solute and solvent molecule are kept rigid. We
follow the Ben-Naim’s definition [48] of the solvation free energy
as the variation in the Gibbs free energy to bring a solute molecule
from the gas phase to the solution. Here we considered the non-
polarized solute in gas phase with Xgas geometry at the standard
concentration condition of 1 M, used in most experimental data,
and the polarized solute in acetonitrile solution with Xsol geometry
at normal conditions of temperature and pressure (T = 298.15 K
and P = 1 atm). Therefore the DGsolv was calculated adding four
terms: (i) the free energy variation due to the change in the pres-
sure of the gas phase from the standard concentration of 1 M
(Pg = 24.46 atm) to the condition in equilibrium with the pressure
of the solution (Ps = 1 atm), DGp(Pg?Ps); (ii) the variation of the
solute energy due to the geometry change going from the gas
phase to the solution, DEgeom obtained with QM calculations; (iii)
the solute polarization energy due to the polarization process of
the solute going from the gas phase to the solution, DEpol obtained
with QM calculations; and (iv) the solvation free energy due to the
insertion of the polarized solute molecule in solution, DGsol(0?
DHA), that is equal to the negative of the solute annihilation free
energy in solution [28,29], DGsol(0?DHA) = -DGsol(DHA?0)
obtained with FEP-MC simulations but also for comparison with
QM calculation using the solvent as PCM. Then, in the case of the
DHA molecule, we have

DGsolv DHAð Þ ¼ DGpðPg ! PsÞ þ DEgeom DHAð Þ
þ DEpol DHAð Þ � DGsolðDHA ! 0Þ ð2Þ

where thefirst termhas the samevalue for all solutes,DGp(Pg?Ps) =
�RT ln(Ps/Pg) = �1.9 kcal/mol; the second and the third terms
were calculated as discussed in Section 2.1; and for the fourth term
were calculated using the annihilation process in eleven FEP-MC
simulations to make the polarized solute disappear slowly from
the solution in three stages: first, 4 simulations with double-wide
sampling to annihilate the Coulomb potential; next, 2 simulations
with double-wide sampling to annihilate the attractive term of the
LJ potential; and finally, 5 simulations with single-wide sampling
to annihilate the repulsive term of the LJ potential. The procedure
of the double-wide sampling and FEP-MC simulations are detailed
4

in Refs. [28,29]. The sum of the results of the first stage, named
DG{q}withDEpol,provides the electrostatic contribution to the solva-
tion free energy, that is, DGsolv-ele = DG{q} + DEpol. The remaining
termsproducedby thesecondand third stages (DG{LJ}) summedwith
DGp and DEgeom are the non-electrostatic contribution to the
solvation free energy DGsolv-nonele = DG{LJ} + DGp(Pg?Ps) + DEgeom.
The separation of the solvation free energy in these two terms
(DGsolv-ele andDGsolv-nonele) is interestingbecause it canbe compared
with those obtained using PCMmodel in QM calculations, although
they are obtained based in different principles and approaches
[34,49–51].

2.5. Theoretical spectroscopy in solution

The CBMC simulations generate a large number of configura-
tions (or snapshots) which represents the solute conformer and
the solution environment. We calculate the autocorrelation func-
tion of energy [21] and from it we define the interval between each
snapshot necessary to produce statistically uncorrelated configura-
tions. A reduced number of these configurations are sampled and
submitted to quantum mechanical calculations of electronic spec-
tra. The selected configurations are composed by one photochrome
surrounded by the acetonitrile molecules. The number of acetoni-
trile molecules is chosen based on the solvation shells defined by
the minimum-distance distribution function (MDDF) [52,53] that
is more adequate for elongated solute than the radial distribution
function (RDF). In the MDDF of the DHA-DHA and DHA-VHF
dimers, the normalization used a parallelogram shape of the solute
with the dimensions 24 � 12 � 6 Å3.

The quantum mechanical calculations were performed on these
statistically uncorrelated configurations (a total of 100). The results
of the excitation energies are given by simple numerical averages
as well as by the convoluted spectra for the individual Lorentz dis-
tributions with line-width of 0.3 eV. These configurations repre-
sent many conformations of the solutes produced by the CBMC
simulation and also the disordered solution environment. There-
fore, the convolution of the spectra allows observing the inhomo-
geneous contribution to the band broadening caused by both
liquid environment and flexibility of solute molecules.

2.6. Clustering analysis

To investigate the most stable conformers at room temperature
and verify the solvent effects on the conformations of each solute,
we obtained the distribution of the dihedral angles and also per-
formed clustering analysis on the solute conformations obtained
from the CBMC simulations in gas phase and acetonitrile solution.
The clustering was performed using Clustering-Traj code [54],
which uses the minimum RMSD found with the Kabsch algorithm
[55] as the metric to evaluate the similarity of two structures. The
clustering is performed with the average linkage method as imple-
mented in SciPy [56]. A cutoff of 1.6 Å and 1.0 Å was used for the
solute conformations in gas phase and in solution, respectively.
These cutoffs showed a good compromise between the number
of different clusters and the similarity of the structures. The anal-
ysis was performed on a set of 1000 statistically uncorrelated con-
figurations of the solute extracted from the simulation.
3. Results

For the two units photochromic molecules, DHA-DHA and DHA-
VHF, the nitrile groups can have two different orientations related
to each other: in the same side or in the opposite side (up-down).
We performed the geometry optimization in both rotamers for
each molecule in gas phase and in acetonitrile with the PCMmodel.
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The dihedral angles, the dipole moments and the differences of
electronic energies due to the solvent effects in the geometry and
in the polarization, DEgeom and DEpol respectively, are shown in SI.

It was observed experimentally [13] by X-ray crystallographic
the DHA-DHAp isomer with the nitrile groups in the opposite site
(as illustrated in Fig. 1). Therefore, the further QM calculations pre-
sented in this work with optimized geometries were performed
with the nitrile groups in opposite side.
3.1. Free energy of solvation

We summarize our results for the free energy of solvation in
Table 1. The electrostatic and non-electrostatic terms are shown
separately. Alongside each term, we give in parenthesis the results
of calculations using the PCM model.

The electrostatic term, DGsolv-ele, calculated with the FEP-MC
simulations and PCM are in agreement, showing differences smal-
ler than 1.0 kcal/mol. For the molecule DHA-DHAp, we obtained
DGsolv-ele = �9.7 kcal/mol with FEP-MC and �9.4 kcal/mol with
PCM. For its open form DHA-VHFp, DGsolv-ele = �12.9 kcal/mol
was obtained with FEP-MC and �12.6 kcal/mol with PCM. In the
MC simulations the electrostatic interactions between the mole-
cules are described by the Coulomb potential. The atomic charges
of solutes used in those simulations were calculated considering
the polarization due to the PCM solvent model. Therefore, a good
agreement between the electrostatic terms of the free energy of
solvation DGsolv-ele is expected and observed in both models, as
can be seen in Table 1. The agreement is not observed for
DGsolv-nonele, the non-electrostatic term. For the molecule DHA-
DHAp, DGsolv-nonele = �36.4 kcal/mol was obtained with FEP-MC
and 17.0 kcal/mol with PCM. For its open form DHA-VHFp,
DGsolv-nonele = �35.3 kcal/mol with FEP-MC and 17.8 kcal/mol with
PCM. The results for the non-electrostatic terms calculated using
the continuum model are all positive. While in the PCM model this
term corresponds to a parametrized contribution of the dispersion,
repulsion and cavitation terms, in FEP-MC approach it is repre-
sented mostly by the Lennard-Jones potential in the simulations
(see details in Computational procedure). The sum of the electro-
static and non-electrostatic terms is the total free energy of solva-
tion DGsolv = DGsolv-ele + DGsolv-nonele in the last column of Table 1.
In the case of DHA-DHAp, DGsolv = �46.1 kcal/mol was obtained
with FEP-MC and 7.6 kcal/mol with PCM. For its open form DHA-
VHFp, the FEP-MC and PCM provided DGsolv = �48.2 kcal/mol
and 5.2 kcal/mol, respectively. For the PCM model all values of free
energy of solvation are positive, contrary to the FEP-MC approach,
which provides negative DGsolv. Therefore, only the theoretical
results calculated with the FEP-MC (DGsolv < 0) provides the right
qualitative behavior for the free energy of solvation, as the PCM
positive values would correspond to a non-solubility in acetoni-
trile. As we shall see below, all the experimental spectroscopic
results to which we refer in this work are obtained in acetonitrile
Table 1
Free energy of solvation DGsolv and its electrostatic and non-electrostatic terms (in
kcal/mol) calculated with FEP-MC simulations and in parenthesis calculated with
PCM/HF/6-31G(d)/UAHF. The differences between the solvation free energy to open
the five member ring from DHA to VHF, DDG(VHF-DHA), are also shown.

Solute DGsolv-ele DGsolv-nonele DGsolv

DHA �4.9 (�5.5) �16.3 (+9.7) �21.2 (+4.2)
VHF �8.2 (�8.7) �16.0 (+10.3) �24.2 (+1.6)
DDG(VHF-DHA) �3.3 (�3.2) +0.3 (+0.6) �3.0 (�2.6)
DHA-DHAp �9.7 (�9.4) �36.4 (+17.0) �46.1 (+7.6)
DHA-VHFp �12.9 (�12.6) �35.3 (+17.8) �48.2 (+5.2)
DDG(VHF-DHA) �3.2 (�3.2) +1.1 (+0.8) �2.1 (�2.4)
DHA-DHAm �10.8 (�10.6) �35.3 (+18.1) �46.1 (+7.5)
DHA-VHFm �13.7 (�14.3) �35.0 (+18.6) �48.7 (+4.3)
DDG(VHF-DHA) �2.9 (�3.7) +0.3 (+0.5) �2.6 (�3.2)
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solvent. Therefore, they are soluble in acetonitrile and PCM fails
in the calculations of DGsolv in acetonitrile.

To obtain the free energy difference to open the five carbon ring
and convert DHA into VHF, using the solvation thermodynamic
cycle (see Eq. (1)), it is necessary to calculate the difference of
the free energy of solvation, DDG(VHF-DHA) = DGsolv(VHF) –
DGsolv(DHA). These values are also in Table 1 in boldface. In the
case of opening DHA-DHAp into DHA-VHFp, we obtained a DDG(-
VHF-DHA) of �2.0 kcal/mol with FEP-MC and �2.4 kcal/mol with
PCM. These values are influenced mostly by the electrostatic con-
tribution of �3.2 kcal/mol obtained from both models than those
originated from non-electrostatic contribution. For the DDG(VHF-
DHA), both models presented an agreement with differences smal-
ler than 0.5 kcal/mol. Therefore, the good results of theDDG in ace-
tonitrile obtained with PCM is due to an error cancellation since
both isomers have similar volumes. Indeed, DGsolv-nonele = 17.0 kca
l/mol for DHA-DHAp and 17.8 kcal/mol for DHA-VHFp.

Therefore, apart from the separated contributions (electrostatic/
non-electrostatic), the overall agreement in the calculations of rel-
ative free energy of solvation shows an error cancellation in the
PCM model. The calculated non-electrostatic terms in the open/-
closed forms have similar values and when the difference is taken,
it has no significant influence on the theoretical result of DDG(-
VHF-DHA), providing the agreement in the two models for this dif-
ference but not for DGsolv of each molecule separately. We
attribute the discrepancy between the non-electrostatic terms to
the cavitation term obtained with the continuum and discrete
models. The value provided by the PCM is significantly large in
all molecules studied here and would be caused by the
parametrization of the cavitation term for the acetonitrile solvent.

Table 2 presents the difference of free energy to open the five-
membered ring in vacuum and in solution (see Eq. (1)). In solution
both models agree and the values calculated for the free energy to
convert DHA to VHF does not present a significant difference
between the monomers (one unit DHA, DGsol(DHA?VHF) = 4.1 kc
al/mol with FEP-MC and 4.8 kcal/mol for PCM) and the dimers
(two-units DHA, in the case of para isomer DGsol(DHA ? VHF) =
6.9 kcal/mol with FEP-MC and 6.4 kcal/mol for PCM). Table 2 also
presents an alternative to calculate the DGsol(DHA?VHF) in the
PCMmodel which does not use the solvation thermodynamic cycle
(values presented in bracket). In this method the DGsol(DHA?VHF)
is calculate using the direct value of the free energy of each com-
ponent, Gsol(DHA) and Gsol(VHF), obtained in the vibrational fre-
quencies calculation after the geometry optimization. Therefore,
in this calculation only the electrostatic term is considered in the
QM calculation and parametrized contributions are not used for
dispersion, repulsion and cavitation. These values in bracket are
also in good agreement with the FEP-MC values in parenthesis
(see Table 2). For opening the 5-member ring of the DHA solute,
we conclude that there is no significant gain in thermal release
of energy for the back reaction when the monomers or dimers
are considered, as only one ring is opened. The numerical results
show that in solvent the release of energy is smaller than in gas
phase by approximately 2.5 kcal/mol.
Table 2
Difference of free energy (in kcal/mol) to open the five member ring from DHA to VHF
in gas phase, DGgas(DHA?VHF), and in solution, DGsol(DHA?VHF), calculated using
the solvation thermodynamic cycle with FEP-MC and PCM/HF/6-31G(d)/UAHF in
parenthesis. In brackets the values calculated directly asDGsol(DHA?VHF) = Gsol(VHF)
– Gsol(DHA) with PCM/CAM-B3LYP/cc-pVDZ.

Solute DGgas(DHA?VHF) DGsol(DHA?VHF)
DHA VHF 7.1 4.1 (4.8) [4.5]

DHA-DHAp DHA- VHFp 9.0 6.9 (6.4) [6.0]
DHA-DHAm DHA-VHFm 7.3 4.9 (4.7) [4.8]
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3.2. Conformational analysis

We performed a clustering analysis of the DHA-DHA and DHA-
VHF solutes in gas phase and in acetonitrile solution. For DHA-
DHA (para and meta) two conformational clusters were identified
showing the major conformation change in the relative orientation
of the nitrile groups: in opposite side (up-down is themost frequent
cluster) and in the same side (down-down is the less frequent clus-
ter). In Fig. 2 themost representative conformations of the dominant
cluster of each solute obtained in gas phase and in acetonitrile sim-
ulations are shown. In the SI all clusters are shown. For DHA-DHAm
the nitrile groups in the opposite side appear 99.2% in gas phase and
91.5% in acetonitrile solution and for DHA-DHAp 97.4% in gas and
100% in solution. Although the solvent effects change thepercentage
of the conformational clusters, the geometries of the DHA-DHA iso-
mers are similar and clearly one cluster is dominantwithmore than
90% of the conformation presenting the nitrile groups in opposite
side (up-down), one DHA group almost planar with the aromatic
link-ring (less than 5� on the dihedral angle) and the other DHA
group rotated out-of-plane by maximum of ± 35�. This result is in
agreement with the X-ray crystallographic data [13].

The additional degree of freedom of the DHA-VHF, introduced
by the ring opening, reflects on a larger variability of conforma-
tional clusters for the DHA-VHFp and DHA-VHFm in gas phase
and in solution. Five conformational clusters were identified for
Fig. 2. Illustration of the most representative conformation of the dominant cluster and it
simulations.
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DHA-VHFm and four clusters for DHA-VHFp. For DHA-VHFm the
nitrile groups in the opposite site (front-back) appear 40.9% in
gas phase and 47.5% in acetonitrile solution and for DHA-VHFp
57.5% in gas and 44.2% in solution. The solvent effects in the
geometries of the DHA-VHF isomers are much more complex, but
a dominant trend can be observed in the conformations: the nitrile
groups in opposite side (front-back), the DHA and the VHF groups
are rotated out-of-plane in the gauche orientation in relation to the
aromatic link-ring (around 60� or 120� on the dihedral angle) and
nitrile groups in relation with the 7 member-ring present cis or
trans forms, as shown in Fig. 2 for the DHA-VHFm in gas and ace-
tonitrile, respectively. In acetonitrile solution the geometry of
DHA-VHF (para and meta) presents a tendency to be in a more
compact conformation than in gas phase.

The configurations selected for the further electronic structure
calculations reflect this variability of conformers. However, we
did not find any major effects of the solute conformer on the
absorption spectra of the studied systems except for the band
broadening.

3.3. Absorption spectroscopy

Our description of the electronic absorption spectra of the pho-
tochromes includes: (i) conformational effects, (ii) solvent effects,
included by the electrostatic embedding (EE) of point charges on
s occurrence (in percentage) for each solute obtained in gas phase and in acetonitrile
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the positions of the solvent molecules and explicit solvent mole-
cules plus the electrostatic embedding (ac + EE).

The analysis of the MDDF functions of each photochrome shows
an equivalent distribution of solvent molecules around the solutes
during the simulations. The graphics are presented in SI. The first
solvation shell, up to ~ 4.25 Å, comprises a total of around 38 ace-
tonitrile molecules. To consider all these solvent molecules explic-
itly in the QM calculations for the absorption spectra is
computationally very demanding even using DFT, considering the
amount of atoms (total of 280, being 52 of the solute) and basis
functions (total of 2732, being 566 of the solute and 57 for each
acetonitrile). We represent thus the model used for the calcula-
tions of the electronic absorption spectra of the photochrome in
acetonitrile by including only a few nearest explicit solvent mole-
cules (total of 8 acetonitrile molecules, 100 atoms and 1022 basis
function), embedded in the electrostatic field of the remaining sol-
vent molecules which corresponds to 500 acetonitrile molecules,
corresponding to all solvent molecules until the edge of the simu-
lation box. This is illustrated in Fig. 3. Therefore a set of 100 statis-
tically uncorrelated configurations with 1 solute plus the
electrostatic embedding of 500 acetonitrile molecules (S + EE) were
also used to calculate the spectra and obtain a final average value.
Fig. 3. Illustration of one configuration (S+8ac+EE) used in the QM calculation to
obtain the excitation wavelengths. This configuration is composed by one solute
DHA-DHAm surrounded by eight nearest explicit acetonitrile molecules (in red)
embedded in the electrostatic field of the remaining solvent molecules (in black).

Table 3
Electronic absorption excitation (in nm) and oscillator strengths (in parenthesis) of the pho
effects are included with the electrostatic embedding (S+EE) and with 8 explicit acetoni
configurations obtained from the simulation. All the calculations were performed wit
experimental data [12] are shown for comparison.

Solute Exc. k(S) hkðSþ EEÞ
DHA-DHAp S1 383 (1.29) 387 (1.31

S2 334 (0.00) 336 (0.00
S3 274 (0.00) 276 (0.33

DHA-VHFp S1 411 (0.14) 423 (0.69
S2 400 (0.61) 407 (0.08
S3 351 (0.57) 354 (0.57

DHA-DHAm S1 355 (0.71) 358 (0.71
S2 339 (0.25) 342 (0.26
S3 286 (0.00) 288 (0.00

DHA-VHFm S1 411 (0.10) 427 (0.58
S2 396 (0.49) 407 (0.10
S3 335 (0.42) 338 (0.43
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These 100 configurations represent the different conformers sam-
pled during the CBMC simulation and reflect the conformational
clusters as discussed above.

The intense transition of DHA-DHAp in its optimized geometry
(gas phase) is calculated at 383 nm (Table 3). This excitation is well
characterized as a HOMO-LUMO (Highest Occupied Molecular
Orbital – Lowest Unoccupied Molecular Orbital) transition. In the
isolated condition, the S3 transition is well characterized as a
HOMO-LUMO + 1 orbital promotion. All transitions shown can
essentially be characterized by a four-orbital model comprising
the two highest occupied and the two lowest unoccupied orbitals.
The next two transitions are dipole forbidden and appear with zero
intensity. A red shift is obtained when we consider the solvent
effects of the electrostatic embedding plus the flexibility, both orig-
inated from the CBMC simulations. The low-lying transition in sol-
vent is at 394 nm (red shifted by 11 nm (0.09 eV) compared to gas
phase), and the next two transitions present a minor displacement,
but the S3 state becomes a weak intensity band at 280 nm when
the solvent is included. The shift is in the correct direction towards
the experimental result [12] (Table 3). The results for the DHA-
VHFp molecule also in Table 3 show three low-lying states with
some intensity in the gas phase calculation. In solvent, two sepa-
rated bands are discernible with the S1 being lowest in energy
and the most intense located at 422 nm. The same shift of 11 nm
is observed for this open form molecule. In fact, analyzing the val-
ues of the oscillator strengths, we noticed a reversal in the S1 and
S2 states in solution. When DHA-VHFp is isolated, S2 is the most
intense transition with the large contribution provided from the
HOMO to LUMO + 1 orbitals and some part of the HOMO to LUMO
orbitals. However, in the solvent environment this is reversed and
the S1 state is the most intense transition characterizing the
observed spectrum with the inversion also occurring for the orbi-
tals, and now the HOMO to LUMO provides the major contribution.
Thus, the red shift of the intense band, i.e. the shift between the
calculate S2 state in vacuum and the S1 state in solvent, is actually
larger, being 22 nm (or 0.17 eV). Contrary to DHA-DHAp, the DHA-
VHFp changes its dipole moment from 6.5 D to 10.3 D upon solva-
tion. Hence a larger solvatochromic shift is expected as indeed is
obtained. The experimental absorption maximum [12] is difficult
to ascertain in this case because it is composed of overlapping
bands of the para isomers of DHA-DHA, DHA-VHF and VHF-VHF.
Hence the experimental value is not provided in the Table 3.

Next we discuss the results obtained for the meta isomers. The
calculated dipole moment for DHA-VHFm changes from 8.2 D in
the isolated condition to value of 14.1 D in solvent, leading to a
considerable electronic polarization due to the electrostatic
embedding of the solvent. In the case of DHA-DHAm the dipole
moment is calculated to increase from 4.7 D to 7.8 D from gas
tochrome optimized geometries and flexible conformations (in brackets). The solvent
trile plus the electrostatic embedding (S+8ac+EE) over 100 statistically uncorrelated
h TD-DFT using CAM-B3LYP/cc-pVDZ. Uncertainty is the standard deviation. The

i hkðSþ 8acþ EEÞi kmax (Exp.)

) [394 ± 5 (1.28)] 391 ± 3 (1.30) 408
) [340 ± 2 (0.02)] 339 ± 3 (0.01) –
) [280 ± 2 (0.13)] 279 ± 3 (0.22) –
6) [422 ± 5 (0.52)] 428 ± 3 (0.65) –
0) [403 ± 7 (0.14)] 408 ± 7 (0.11) –
3) [352 ± 13 (0.48)] 358 ± 4 (0.56) –
) [356 ± 5 (0.73)] 361 ± 3 (0.70) 365
) [340 ± 6 (0.22)] 345 ± 3 (0.26) –
) [290 ± 3 (0.00)] 291 ± 3 (0.00) –
) [427 ± 5 (0.47)] 431 ± 3 (0.55) 476
) [405 ± 6 (0.11)] 407 ± 7 (0.10) –
) [344 ± 9 (0.45)] 341 ± 2 (0.42) 360
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phase to solution, respectively. In the DHA-DHAm the lowest state
is relatively intense and characterizes the observed absorption
band. The agreement with experiment is better for this isomer,
which is 9 nm apart from the experimental value while the DHA-
DHAp is 14 nm (see Table 3).

Interesting to note is again the relative change in intensity of
the two lowest transitions obtained for DHA-VHFm, already
observed in the case of DHA-VHFp. As Table 3 shows, for the iso-
lated molecule the lowest transition obtained at 411 nm carries
only a very weak intensity. In solvent the lowest transition is
obtained as a more intense band as expected by experiment, and
peaks at 427 nm, in comparison to experiment seen at 476 nm.
The possibility of interchange between the calculated S1 and S2
Fig. 4. Theoretical (vertical lines) and experimental [12] spectrum (dashed line) of
the DHA-DHAp (top), DHA-DHAm (middle) and DHA-VHFm (bottom) in acetonitrile.
The solid black line represents the theoretical results with convolution using an
individual linewidth of 0.3 eV. In green the results calculated with PCM continuum
model.
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states would imply a red shift of the isolated S2 to solvated S1
by 31 nm (0.23 eV) which is quite appreciable. However, it would
also implies a small blue shift (~6 nm) of the p-p* transition cor-
responding to the isolated S1 to solvated S2. Only in solvent it is
obtained that the calculated lowest band at 427 nm is more
intense than the next intense band calculated at 344 nm. This rel-
ative intensity is in due agreement with experiment [12] where
the lowest energy band seen at 476 nm and located in the VHF
part of the molecule is more intense than the other band seen at
360 nm and located in the DHA part. The lowest calculated transi-
tion is characterized by the HOMO-LUMO and HOMO-LUMO + 1
transitions with this latter orbital promotion showing a consider-
able charge transfer. The absorption of unit VHF is red shifted rel-
ative to the absorption in the DHA unit, as predicted in previous
calculations [57] as well as experimentally [58–60].

In Table 3 it is possible to see that the inclusion of 8 explicit
nearest acetonitrile molecules plus the electrostatic embedding
(S+8ac+EE) has only a small effect in the band shift. It typically con-
tributes with a red shift of 3 or 4 nm in the intense excitation
wavelength.

The broadening of the spectral band that originates from the
solvent effects and flexibility is shown in Fig. 4. The first (top) con-
volution is the DHA-DHAp molecule and it presents a peak at
394 nm. The convoluted spectrum is composed of a total of 100
(the low-lying energy and most intense band) transitions and the
corresponding oscillator strengths with individual line width of
0.3 eV. A general good agreement between theory and experiment
can be observed indicating a proper representation of the observed
experimental band. For comparison, the transition calculated using
the PCM continuum model is also shown (Fig. 4, top), its value is
396 nm and it is located inside the standard deviation of the result
obtained with the CBMC sampling of configurations. For the DHA-
DHAm photochrome the first transition S1 was also convoluted and
is presented in Fig. 4 (middle). The PCM value for this case is in
very good agreement with the experimental value, while the tran-
sitions calculated in the CBMC sampled configurations including
the electrostatic embedding of charge points shows the natural
broadening of the spectra. The three lower energy transitions of
the DHA-VHFm photochrome are shown in the bottom of Fig. 4.
The transition S1, which shows its intensity only when calculated
in solvent, and S3 also with some intensity are well described in
its shape and relative intensity between them as can be seen com-
pared with the measured spectra.
4. Conclusions

A theoretical study of the absorption spectrum of photochromic
molecules in solvent is presented. The multimode switch com-
posed by a two DHA units of dihydroazulene (DHA)/vinylheptaful-
vene (VHF) molecule is considered in four possible isomers.
Besides the spectroscopic study, the thermochemistry of these
photochromic molecules is also presented with emphasis on its
free energy of solvation using two solvent models. The free energy
perturbation in Monte Carlo simulation (FEP-MC) method which
considers the discrete nature of the solvent, and the continuum
solvent PCM were used and the overall result shows an agreement
between the models. On the other hand, it was noted that the non-
electrostatic term is in large discrepancy between the two solvent
models. We have attributed this disagreement to the cavitation
term, which is included in the PCMmodel as a term that is parame-
trized for water. Another option for calculation of free energy dif-
ferences DGsol in acetonitrile is calculating the difference of the
direct value of the free energy of each component, obtained in
the vibrational frequencies calculation after the geometry opti-
mization. Therefore, in this calculation only the electrostatic term
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is considered in the QM calculation and none of the non-
electrostatic terms is needed. For opening the 5-member ring of
the DHA, we conclude that there is no significant gain in thermal
release of energy for the back reaction when one or two DHA units
are considered, as only one ring is opened. The numerical results
show that in solvent the release of energy (~5 kcal/mol) is smaller
than in gas phase (~7.5 kcal/mol). A clustering analysis of the CBMC
simulations showed that the solvent has an effect on the dominant
conformer in most cases, however, the different conformers do not
introduce any major changes to the absorption spectra. The elec-
tronic absorption spectra in acetonitrile were calculated using
TDDFT CAM-B3LYP/cc-pVDZ in solute–solvent configurations gen-
erated by the CBMC simulations. Compared to the isolated case the
spectra of the different isomers in solvent are all red shifted. The
influence of the solvent is also reflected in the relative intensities
of the calculated transitions. Considering the statistically uncorre-
lated configurations and the solvent represented as point charges,
the best agreement with experiment is within 0.1 eV. A good
description of the inhomogeneous broadening of the spectra was
obtained as a result of a sampling of both the conformational flex-
ibility of the photochromes added to a discrete distribution of the
solvent generated in molecular mechanics simulations.
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