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Trans-to-cis photoisomerization of cyclocurcumin in different 
environments rationalized by computational photochemistry.† 
Marco Marazzi,*a,b Antonio Francés-Monerris,c,d Maxime Mourer,e Andreea Pasce and Antonio 
Monari*c 

Cyclocurcumin is a turmeric component that attracted much less attention compared to the well known curcumin. In spite 
of the less deep charcaterization of its properties, cyclocurcumin has shown promising anticancer effects when used in 
combination with curcumin. Especially, due to its peculiar molecular structure, cyclocurcumin can be regarded as an almost 
ideal photoswitch, whose capabilities can also be exploited for relevant biological applications. Here, by means of state-of-
the-art computational methods for electronic excited-state calculations (TD-DFT, MS-CASPT2, XMS-CASPT2) we analyze in 
detail the absorption and photoisomerization pathways leading from the more stable trans isomer to the cis one. The 
different molecular surroundings, taken into account by means of electrostatic solvent effect and compared with available 
experimental data, have been found to be critical in describing the fate of irradiated cyclocurcumin: while in non-polar 
environments an excited state barrier prevents photoisomerization and favours fluorescence, in polar solvents an almost 
barrierless path results in a strikingly decrease of fluorescence, opening the way toward a crossing region with the ground 
state and thus funneling the photoproduction of the cis isomer.     

Introduction 
The extracts of Curcuma longa, also known as turmeric,1,2 have 
been widely used for centuries both as spices and food 
colouring agents.3 They are characterized by a rather intense 
and typical yellow colour due to the presence of conjugated 
polyphenol backbone characteristic of curcuminoid. While the 
most abundant component is the curcumin and their closely 
related derivatives, in the nineties an additional component 
known as cyclocurcumin was isolated and its structure was 
reported. In addition to its use in food industry, turmeric 
derivatives, and curcumin in particular, have started attracting 
considerable interest due to their biological and pharmaceutical 
properties.4–10 Indeed, the antioxidant, antibacterial and 
antiviral properties of curcumin have been unequivocally 
demonstrated.10 Moreover, its absorption in the visible range 
makes turmeric extracts, including curcumin, a most valuable 
candidate for its use in photodynamic therapy (PDT),11 or for 
light-assisted food decontamination,12,13 despite its rather 

limited solubility in aqueous environment, that usually requires 
the development of appropriate drug delivering strategies.14–19 
Curcumin-primed exosomes have also been used in vivo to treat 
neuro-degenerative disorder in mice showing extremely 
promising potentiality in alleviating the symptoms of 
Alzheimer’s disease.20 The photophysics of curcumin and its 
complex modulation due to the interplay between the packing 
in liposomes, and the modulation of keto-enol tautomerism has 
also been recently addressed by a combination of spectroscopic 
and computational techniques.21  
In contrast, the biological properties of cyclocurcumin are much 
less characterized than the ones of its parent compound, and its 
use is much more limited.22,23 Indeed, a more limited anticancer 
activity compared to curcumin has been recognized for 
cyclocurcumin against the proliferation of brain cancer cell 
lines.24,25 Nevertheless, the antiproliferative activity of 
curcuminoids increases sensibly when they are applied in 
combination, suggesting a synergic effect.  

 

 
Figure 1) Molecular structure of trans- (A) and cis- (B) cyclocurcumin isomers. 
Cyclocurcumin photoisomerization of the double bond around the dihedral angle 
q is envisaged to be responsible for the process. 

As it can be inferred from Figure 1, cyclocurcumin is 
characterized by the presence of a carbon-carbon double bond 
that gives rise to the coexistence of cis and trans isomers. As it 
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is evident from sterical considerations, the trans isomer is the 
thermodynamically favoured one and it is indeed the one 
present in the natural extract. Compounds presenting 
isomerizable double bonds within rather extended p-
conjugated backbones, such as carotenoids and retinal,26–32 or 
azobenzene33–35 and stilbene36–38 are regarded as paradigmatic 
molecular photoswitches,39,40 i.e. compounds able to undergo 
photoisomerization after the absorption of visible light. The 
study of natural photoswitches has been extremely active and 
has allowed to important breakthroughs in the last years, also 
allowing the engineering of bio-inspired synthetic 
photoswitches.41,42 In this respect, cyclocurcumin presents an 
almost optimal molecular structure, with the presence of only 
one isomerizable double bond, despite a non-negligible overlap 
between the absorption spectra of the two isomers. The 
presence of a single isomerizable bond is highly desirable, since 
it allows a fine control of the photoswitching activity between 
two defined states (i.e. trans and cis isomers, avoiding the 
complexity due to a higher number of states). However, and 
despite its attractiveness, its photophysical properties have 
been only marginally addressed in the literature. In particular, 
Adhikary et al.43 have reported the influence of the molecular 
environment, and specifically of the polarity of the solvent, on 
the fluorescence quantum yield of cyclocurcumin. By low 
temperature fluorescence decay analysis the authors have also 
concluded that cyclocurcumin is most likely performing trans-
to-cis photoisomerization in polar solvents, only pointing to a 
strong dependence on the polarity and the viscosity of the 
medium.43 However, the fine molecular and electronic factors 
hiding behind the environmental dependence of the 
photoisomerization efficiency, are not rationalized, yet. In 
particular, no proper characterization of the potential energy 
surfaces (PES) of the different excited states involved in the 

process, and their modulation by the molecular surroundings 
has been provided.  
  
 
Figure 2) TD-DFT calculated absorption spectrum of cyclocurcumin in gas phase 
(A) and in different solvents (B). A comparison between B3LYP and CAM-B3LYP 
functionals is shown for the gas phase spectrum, while the CAM-B3LYP functional 
was used to consider the solvent effect 

In this contribution we aim at filling this gap by the use of high-
level computational photochemistry techniques to finely 
characterize the isomerization process in terms of the nature of 
the involved excited states, the topology of the PES, and the 
energy barriers needed to be overcome to finally reach the non-
adiabatic crossing regions driving the photochemical process. In 
this respect, our results will be important to pave the way to the 
possible exploitation of cyclocurcumin as PDT agents or in 

photo-triggered drug-delivery strategies. Indeed, 
cyclocurcumin could destabilize biological lipid membranes 
through its photoinduced isomerization leading to their 
apoptosis. The same phenomenon could also be used to force 
the controlled release of active drugs incorporated in 
liposomes. However, such a strategy could be reasonably 
pursued only after a preliminary comprehension of the 
photochemical pathways of cyclocurcumin, as well as of the 
influence of complex inhomogeneous environments on such 
phenomena. 

Results and discussion 
The experimental absorption spectrum of cyclocurcumin, most 
notably reported by Adhikary et al,43 is characterized by an 
intense maximum at around 375 nm that is slightly red-shifted 
up to 380-385 nm upon increasing the polarity of the medium. 
The calculated absorption spectrum, taking into account the 
vibrational and dynamical effects thanks to the sampling of the 
ground state conformational space via a Wigner distribution, is 
reported in Figure 2, while the absorption spectrum for the cis 
isomer is reported in Supplementary Information.  The 
spectrum in gas phase for the trans isomer calculated using 
both B3LYP and CAM-B3LYP functionals is reported. Even if the 
former provides a globally red-shifted spectrum that is closer to 
the experimental absorption wavelengths (360 nm), it is not 
able to recover the correct energy ordering of the excited states 
leading to an accumulation of partial charge-transfer states in 
the red tail of the spectrum. For this reason, in the following 
only the results at the CAM-B3LYP level of theory will be 
considered. The spectrum of the cis isomer shows a globally 
decreased oscillator strength, even if a non-negligible overlap 
with the absorption band of the trans isomer is still observed. 
The CAM-B3LYP simulated absorption spectrum in the gas 
phase is characterized by an intense maximum at around 350 
nm followed by an evident tail in the red region extending up to 
400-450 nm. Such a band shape is indeed characteristic of the 
presence of a bright 1(p,p*) state (S2) and a darker and lower in 
energy 1(n,p*) state (S1). The nature of the states is also 
confirmed by the analysis of the Natural Transition Orbitals 
(NTOs) describing the first two excited states as reported in 
Figure 3, and by the analysis of the oscillator strengths that are 
of 0.06 and 1.16 for S1 and S2, respectively. 
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Figure 3) NTOs describing the first two excited states obtained from TD-DFT 
calculation in gas phase and using the CAM-B3LYP functional.  

 
The calculation of the topological index fS, which indicates the 
charge transfer character of the states, also gives a coherent 
picture with a value of 0.5 for S1, pointing to a moderate charge 
redistribution, and 0.9, hence an almost pure locally excited 
state, for S2. As reported in Figure 2B, and once again coherently 
with the experimental results, polar solvents induce a slight red-
shift of the absorption maximum, however without changing 
the main characteristics of the band shape.  
 

Level of theory Electronic 
state 

Franck–
Condon 

geometry 

1(n,p*) 
minimum 

1(p,p*) 
minimum 

CASSCF S0 0,00 1.36 0.97 
S1 4.17 2.51 3.60 
S2 5.40 4.74 4.40 

Multistate  
(MS)-CASPT2 

S0 0.00 1.39 0.79 
S1 3.51 3.15 3.29 
S2 4.04 4.58 3.52 

Extended  
multistate  

(XMS)-CASPT2 

S0 0.00 1.44 0.38 
S1 3.69 3.39 3.65 
S2 4.49 4.96 4.28 

TD-DFT S0 0.00 0.38 0.30 
(CAM-B3LYP) S1 3.81 3.53 3.78 

 S2 4.02 4.15 3.91 

Table 1) Relative energies of the ground and the two lowest-lying excited states of 
cyclocurcumin in gas-phase, calculated at different levels of theory and at different 
critical points on the PES.  

When compared with experimental results43, the simulated 
spectrum appears in good agreement in terms of the maximum 
absorption wavelengths and of the band shape, even though 
the CAM-B3LYP functional provides an absorption maximum 
that is slightly blue-shifted of about 10 nm (0.2 eV) compared to 
the experimental results. On the other hand, the experimental 
solvatochromism is less well reproduced, this fact being most 
probably due to the use of a continuum model for the solvent 
and hence neglecting some micro-solvation effects that may 
become more important for polar and protic media.  

  

Figure 4) S0→S1 (A) and S0→S2 (B) vertical transitions, followed by optimization of 
the populated 1(n,p*) (A) and 1(p,p*) (B) excited states. From the respective 
minima, a relaxed scan is performed along the torsion of the dihedral angle 
q, leading to the photoisomerization, as calculated in gas phase at MS-CASPT2 
level.  

The calculated values for the fluorescence spectra also compare 
reasonably well with experimental results.42 Indeed, while in 
gas phase or apolar solvents we obtain an experimental and 
calculated emission maximum at 420 and 397 nm, respectively, 
in the case of ethanol, the experimental and calculated maxima 
are shifted to 500 and 466 nm, respectively. The larger 
discrepancy with the experimental values is also due to the fact 
that the computational maxima are obtained as vertical 
transitions from the S1 optimized geometry, hence neglecting 
vibrational and dynamic effects, usually leading to a red 
shift.44,45  
As reported in Table 1, the order and the nature of the states 
provided by CAM-B3LYP is also confirmed by using 
multiconfigurational complete active space methods. The 
nature of the states is, once more, confirmed by the analysis of 
the weight of the molecular orbitals in the CAS expansion (see 
Supplementary Information). The analysis of the PES for the two 
low-lying excited states leads to the obtention of two minima 
that are quite close to the Franck-Condon geometry.  
In particular, the 1(p,p*) minimum is almost totally planar 
presenting a dihedral angle around the isomerizable double-
bond (q) of 179°, while the optimization of the 1(n,p*) state 
leads to a slightly more twisted conformation with an 
equilibrium value of q = 176°. The changes in the q angle are 
coupled with the increases of the bond length of the 
isomerizable double bond – of 0.05 and 0.07 Å for 1(n,p*) and 
1(p,p*) minima, respectively.  This fact is coherent with the 
decrease of the double-bond character and the induction of a 
noticeable bond length alternation. This geometrical 
deformation already points to the possible triggering of a 
photoisomerization process, however the presence of a 
minimum in the PES may also preclude the existence of 
ultrafast, i.e. sub ps, processes. Interestingly, an accessible S2/S1 
conical intersection (CI) is also noticed when irradiating to S2, 
with the diabatic 1(p,p*) state becoming the first excited state 
at the corresponding optimized geometry. As a consequence, 
the participation of both states to the photoisomerization 
process should be taken into account.  
To follow the photoisomerization process in terms of the 
exploration of the relevant region of the PES of the two lowest-
energy excited states, we firstly calculated the relaxed scan 
along the torsion of the dihedral angle q (see Figure 1) starting 
from the respective excited state minima, selecting the 
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multistate MS-CASPT2 method in gas phase. Note that, the 
choice to consider only the value of the dihedral angle to 
examine the PESs is due to the fact that it is the most relevant 
(i.e. representative) coordinate in the description of the trans-
cis isomerization. Indeed, as in other well-studied 
photoswitches (e.g. retinal),40,46,47 bond length alternation of 
single and double bonds is the initial driving force taking place 
after photon absorption, leading to torsion of the formal double 
bond implied in the photoisomerization. To discriminate 
between the participation of the two excited states in the 
photoprocess, we reported the pathways calculated following 
the relaxation along the 1(n,p*), displayed in Figure 4A, and the 
1(p,p*) state, shown in Figure 4B. In both profiles, one can 
notice the presence of crossing points between the S0 and S1 
PES, i.e. structures that mediate the excited-state decay via 
photoisomerization. However, the S1/S0 CI is reached earlier, i.e. 
at a lower q twisting, for the 1(p,p*) profile, around 115°, 
whereas the 1(n,p*) state requires a more pronounced torsion 
of about 90° (Figure 4B). This fact could lead to a decrease in the 
photoisomerization quantum yield for the 1(p,p*) profile, due to 
the occurrence of a considerable number of frustrated hops 
that would revert to the original trans isomer instead than 
completing the photoisomerization. On the other hand, the 
profile to reach the S1/S0 CI from the 1(n,p*) profile is much 
steeper than the corresponding one calculated for the 1(p,p*) 
state, which has a larger excitation energy according to the 
vertical absorption energies summarised in Table 1. Indeed, 
while in the former a barrier of about 0.7 eV needs to be 
overcome to reach the non-adiabatic point, in the latter the 
energy penalty is reduced to ca 0.4 eV. Hence, while the 
photoisomerization from the 1(n,p*) state is much less 
competitive based on energetic considerations, and the system 
in this state will most likely be trapped around the S1 minimum 
and fluoresce, the photoisomerization pathway is more 
affordable along the 1(p,p*) state, even if the 0.4 eV energy 
barrier found for this profile will globally delay the photoprocess 
to the picosecond scale.  
 

 
Figure 5) Energy profiles along the torsion of the dihedral angle q leading to the 
photoisomerization, calculated in gas phase at TD-DFT level (using the CAM-B3LYP 
functional) and following the 1(n,p*) (A) and the 1(p,p*) excited state (B).  

 
Moreover, the moderate distortion of the S1/S0 CI geometry 
should also decrease the efficiency of the photoprocess. 
The profile reported in Figure 4B is reminiscent of the peculiar 
properties of the retinal chromophore when forming the active 
site of channelrhodopsin47–49 and should share the same 
photochemical characteristics, although a lower excited state 

barrier in channelrhodopsin can be associated with a faster 
photoisomerization process (S1 lifetime of ca. 400 fs). Note also 
that the crossing between the 1(n,p*) and the 1(p,p*) states 
takes place at coordinates extremely close to the Franck–
Condon region, where the two states are characterized by an 
extended region of quasi-degeneracy in which the PES evolve 
almost in parallel. Similar profiles are obtained with the TD-DFT 
method, as reported in Figure 5. Conversely, the extended multi 
state XMS-CASPT2 method (see Supplementary Information), 
while giving the same picture for the 1(n,p*) profiles, provides a 
crossing between the two excited states shifted to smaller q 
values in the case of the 1(p,p*) pathway. 
 After having assessed the gas phase photochemistry of 
cyclocurcumin, the important environmental effects observed 
experimentally can now be addressed and be related to the 
influence that the electrostatic field generated by the different 
solvents on the topology of the PES. As a matter of fact, this 
influence may lead to state inversion and hence to the tuning of 
the different accessible photochemical pathways.  
In Figure 6 we report the most probable pathway leading to the 
S1/S0 CI structures that trigger the photoisomerization, 
calculated in non-polar (cyclohexane), polar (acetonitrile), and 
protic (ethanol and water) solvents. As expected, the behaviour 
of cyclocurcumin is strongly modified depending on the 
molecular surroundings. In the non-polar medium at Franck–
Condon region, both 1(n,p*) and 1(p,p*) states could be initially 
populated, leading in any case to a rather steep PES leading first 
to a 1(n,p*)/1(p,p*) crossing (at around q = 140°) and 
subsequently to the S1/S0 CI allowing photoisomerization. In 
contrast, for polar and protic solvents, the optically brighter 
1(p,p*) state is stabilized in energy, becoming the S1 state at 
Franck–Condon region, largely increasing the probability to be 
initially populated when irradiating the compound. Moreover, 
the Franck–Condon and the S1/S0 CI structures are connected 
through globally barrierless or almost barrierless PESs, thus 
leading to photoisomerization. As a consequence, the 1(n,p*) 
state is destabilized in polar solvents precluding any 
1(n,p*)/1(p,p*) crossing.  

Figure 6) Energy profiles along the torsion of the dihedral angle q calculated at TD-
DFT level in presenc e of different solvents   
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This means that, in polar and protic solvents, cyclocurcumin 
photophysics can be considered as a 2-(electronic) states 
system. In stark contrast, in non-polar environments 
cyclocurcumin is a 3-states system, mostly trapped in the region 
of the 1(n,p*) minimum and hence giving rise to fluorescence. 
On the contrary, polar media favours photoisomerization over 
luminescence, and the fluorescence quantum yield is 
significantly decreased. This picture is in perfect agreement 
with the experimental results of Adhikary et al.,43  who have 
clearly shown fluorescence quenching when increasing the 
solvent polarity, whereas the radiative decay is active in 
cyclohexane. Hence, it is clear that polar solvents will activate 
non-radiative decay pathways leading to trans-to-cis 
isomerization, consistently diminishing the lifetime of the 
excited states and preventing luminescence. In addition, since 
the isomerization is proceeding through a rather pronounced 
spatial movement involving large molecular fragments, the 
viscosity of the medium is supposed to play a fundamental role 
as well.  
Our results offer a clear electronic-based picture of the 
characteristic behaviour of cyclocurcumin. As an important 
consequence, the possible modulation of the photochemical 
properties by the environment could qualify cyclocurcumin as a 
bifunctional photoswitch and could potentially be exploited for 
therapeutic purposes in light-assisted chemotherapy. Indeed, in 
the complex and inhomogeneous environment, offered for 
instance by lipid bilayers, it is expected that the delicate 
equilibrium between luminescence and photoisomerization will 
become even more complex and could also depend on the 
position of cyclocurcumin with respect to the membrane axis. 
However, the coexistence of isomerization and fluorescence 
can be exploited to combine diagnosis and treatment, as in a 
theranostic-like approach. Furthermore, preliminary TD-DFT 
calculations performed at the Franck–Condon geometry have 
shown that cyclocurcumin has a non-negligible two-photon 
absorption (TPA), allowing to reach the infrared region. Indeed, 
the calculated cross section for TPA, in gas phase, amounts to 
14 GM, a value that is relatively high for simple organic 
molecules, offering attractive therapeutic possibilities for this 
compound. Even though the total elucidation of the non-linear 
optical properties of cyclocurcumin and their dependence on 
the environment is well beyond the scope of the present 
contribution, the calculated values of the TPA cross-section and 
related wavelengths, together with its inherent 
photochemistry, definitively suggest the possible use of 
cyclocurcumin as a TPA active drug that may be operative in the 
therapeutic window, also exploiting a much higher spatial 
resolution thanks to the non-linear nature of TPA.  

Conclusions 
By using molecular modelling techniques, and in particular by a 
proper exploration of the nature and topology of the excited 
states of cyclocurcumin, including the exploration of the PES 
along relevant coordinates, we have clearly demonstrated its 
capability to act as a photoisomerizable switch. In particular, we 
have shown the relevant role played by the two lowest excited 

states, 1(n,p*) and 1(p,p*), and how the photoisomerization will 
be favoured while proceeding on the 1(p,p*) PES. In turn, we 
have also shown how the photoresponse is strongly modified by 
the molecular environment: polar solvents favour the 
population of the 1(p,p*) state, hence leading to a flatter PES 
giving access to the S1/S0 CI structures that trigger 
photoisomerization, while non-polar solvents stabilize the 
1(n,p*) state hampering the access to the crossing region with 
the ground state. As a consequence, while in polar solvents 
cyclocurcumin is expected to photoisomerize, albeit not at an 
ultrafast time scale, in non-polar environments the 
fluorescence will be dominant.  This bifunctional nature of 
cyclocurcumin could lead to fascinating applications in light-
assisted chemotherapy and in theranostics, also thanks to the 
previewed relatively high TPA cross section that could allow its 
activation via infrared light, hence covering the biological 
therapeutic window. All in all, our results clearly point to the 
possible use of cyclocurcumin for biotechnological or, in the 
longer time scale, medical purposes in particular exploiting its 
photoisomerization. Cyclocurcumin can offer an alternative 
photochemical pathway compared to other turmeric extracts, 
such as curcumin, whose light-activated mechanism of action is 
dominated by intersystem crossing and hence the activation of 
molecular oxygen through Type II photosensitization. Hence, 
cyclocurcumin could be efficiently used in conditions of hypoxic 
solid tumours that can be resistant to conventional PDT. 
However, the present results also offer some important 
suggestions on possible rational drug design strategies that 
should be pursued to maximize cyclocurcumin efficiency, also 
going above the simple, yet crucial, increase of its 
bioavailability. In particular, one can imagine to selectively 
stabilize the pp* state over the np* to increase the 
photoisomerization quantum yield.  
As an alternative application, the environmental dependence of 
photoisomerization and fluorescence quantum yield with the 
polarity of the medium points to the potential application of 
cyclocurcumin derivates as chemosensors, detecting in real 
time polarity changes in micro-environments.50   
In the future, we plan to carefully investigate the properties of 
cyclocurcumin and its derivatives for their inclusion in lipid 
bilayers, mimicking liposomes or biological membranes, using 
both experimental time-resolved spectroscopy techniques and 
hybrid quantum mechanics/molecular mechanics simulations 
to assess the effects of inhomogeneous environments on its 
photochemical properties. In the same way, the influence of the 
dynamical and vibrational degrees of freedom and of the 
complex surroundings on TPA will also be pursued, including the 
eventual sensitization of cyclocurcumin with specific TPA 
antennas to increase the relevance of this feature.   

Computational Methodology 
Trans- and cis-cyclocurcumin ground state minimum structures were 
located by Density Functional Theory (DFT), by applying the B3LYP 
functional.51 The absorption spectrum of both isomers was 
calculated by using the Time Dependent flavour of DFT (TD-DFT), 
using B3LYP51 and CAM-B3LYP52 functionals. 
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More in detail, the ground state phase space was sampled around 
the Franck–Condon structure via a Wigner distribution, using the 
NewtonX code53 to generate 100 structures. Excited states were 
computed for each structure through single point calculations, finally 
convoluting all Gaussian functions resulting from all transition 
energies and oscillator strengths (full width at half maximum = 0.2 
eV). This approach to simulate the absorption spectrum of organic 
chromophores was proven to be adequate by some of the 
authors.44,54–57  

To properly select a convenient active space for multi-configurational 
methods, the absorption spectrum was calculated also for the B3LYP 
Franck–Condon structure at MS-CASPT2//SA(4)-CASSCF level,58,59 i.e. 
a first Complete Active Space Self-Consistent Field calculation was 
performed including 4 averaged  states (from S0 to S3), followed by a 
multistate calculation applying 2nd order perturbation theory to the 
CASSCF wavefunction. As shown in Figure S3 of the Supplementary 
Information, three active states were tested, in all cases including a 
n orbital and several π and π* orbitals: 10 electrons in 9 orbitals 
(10,9), 12 electrons in 11 orbitals (12,11), and 14 electrons in 13 
orbitals (14,13). All active spaces predict a bright S0→S2 vertical 
transition, whereas the S0→S1 is notably dark. This finding is coherent 
with the fact that in gas phase the S0→S1 transition is of a 1(n,π*) 
nature, while S0→S2 is of 1(π,π*) character.  

Hence, as a compromise between accuracy and required 
computational cost, the photochemistry of cyclocurcumin was 
studied with the (10,9) active space. In particular, the S1 (np*) and S2 
(pp*) states identified at the Franck-Condon region were optimized 
with the CASSCF method, reaching the respective minima whose 
diabatic nature was confirmed by analysing the respective molecular 
orbitals. Starting from these structures, we performed relaxed scans 
along the dihedral angle q optimizing both S1 and S2 states. In 
addition to multiconfigurational method TD-DFT calculations were 
also performed. 

On top of all CASSCF optimized structures, single point energy 
calculations were performed at different level of theory in order to 
compute the necessary dynamic electron correlation: MS-CASPT2, 
extended (X)MS-CASPT2,60 and CAM-B3LYP (with and without spin-
flip), in gas phase. Considering the correct description given by CAM-
B3LYP, solvent effects were included at this level of theory: 
cyclohexane, acetonitrile, ethanol and water were considered by 
applying the equilibrium state-specific Polarizable Continuum Model 
(PCM) within the integral equation formalism variant (IEFPCM).61,62 
Although TD-DFT is problematic in correctly describing S1/S0 CIs due 
to the lack of multiconfigurational character for the ground state,63 
it has to be noted that our TD-DFT results are obtained on top of 
CASSCF optimized geometries (i.e. TD-DFT//CASSCF approach), and 
that the gas phase PES obtained at TD-DFT and CASPT2 level agrees 
considerably, pointing to the robustness of our approach. To further 
confirm this point, we have also repeated the calculation of the gas 
phase PES using a spin-flip TD-DFT63–66//CASSCF approach 
(Supplementary Information) that also provides a coherent picture 
with both multiconfigurational and TD-DFT results.  

For all multi-configurational calculations, the 6-31G* basis set was 
adopted, while the 6-311+G* basis set was used for DFT and TD-DFT 

calculations. Spin-flip TD-DFT calculations were performed with the 
TZP basis set.  

In the case of MS- and XMS-CASPT2 calculations, no IPEA was 
applied, while an imaginary shift of 0.2 a.u. was considered to avoid 
intruder states. Both MS- and XMS-CASPT2 methods were applied, 
since the latter is known to better perform in regions of energy 
degeneracy,60 while the former is more suitable to treat electronic 
states far in energy. Hence, the use of both methods was considered 
necessary to give an average correct description.  

All CASSCF and CASPT2 calculations were run with the OpenMolcas 
suite of programs,67,68 while DFT and TD-DFT calculations were 
performed with the Gaussian09 software.69 TPA cross-section have 
been determined at TD-DFT level using the Dalton package70,71 and a 
protocol already successfully used for different organic dyes.54,72 
Spin-flip calculations were performed with ADF2018 modelling 
suite.73 

The charge transfer character of the excited states was 
evaluated at TD-DFT level by applying the topological index 
φS,74–76 which tends to 1 (0) for locally (charge transfer) excited 
states, as it is an estimation of the overlap between occupied 
and virtual Natural Transition Orbitals (NTOs)77 involved in the 
electronic transition. 
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