Trans-cis Photoisomerization of a Biomimetic Cyclocurcumin
Analogue Rationalized by Molecular Modelling
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Cyclocurcumin is a natural compound extracted from turmeric and showing, in addition to antiinfective, antibacterial, and
intinflammatory capabilities, solvent-dependent phtoswitching ability. The solvent-dependent photochemistry of
cyclocurcumin has been rationalized on the basis of a competition between m-n* and n-rt* states. Recently we have reported
the synthesis of a biomimetic analogue showing enhanced photochemical properties and in particular presenting
photoswitching capacity in various media. In the present contribution we rely on the use of molecular modeling and
simulation, incuding density functional and wavefunction based methods to explore the excited states potential energy
surface landscape. We see that the addition of a carbon-carbon double bond to the core of the natural compounds favors
the population of the m-nt* state, whatever the choice of the solvent, and hence leads to photoisomerisation, with
fluorescence reduced to only a minor channel, rationalizing the experimental observations. In addition, the two photon
absorption cross section is also strongly increased compared to the parent compound, paving the way to the use in

biologically oriented applications.

Introduction

Curcumin is a natural compound which can be isolated from
turmeric rhizome?! (Curcuma longa), and is widely used as a
spice and culinary condiment.2 Furthermore, while the
significant pharmacological properties of curcumin3-? are
steering high interest, more recent studies have revealed the
antioxidant,19 anti-vasoconstrictive,1? immune-modulating?2
and neuroprotective effects of a secondary turmeric derivative,
i.e. cyclocurcumin (CC).13 Although, CC is extracted in small
amount from turmeric, it presents interesting properties from a
photochemical perspective. Indeed, CC is characterized by an
a,B-unsaturated dihydropyrone core with an exocyclic double
bond which can be isomerized under the proper light excitation.

CC photoswitchable properties have been scarcely
exploited, or even characterized from an experimental point of
view, even though they have been demonstrated and
rationalized computationally, together with their dependence
on the surrounding environmental factors, namely medium
viscosity and polarity.141> CC predominant form is constituted
by the thermodynamically most stable trans-isomer. The
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irradiation with UVA light, Amax = 375 nm, induces a trans to cis
photoisomerization process.’* As for other well-known
photoswitches, the reverse reaction can take place either
thermally or photochemically after exposition to UVB light at
around 300 nm. Additionally, natural CC exhibits fluorescence
emission at around 500 nm, with again a noticeable
dependence on the solvent.’* As a matter of fact, previous
molecular modeling studies suggest that the competition
between the main excited-state relaxation routes,
photoisomerization and fluorescence, strongly depends on the
polarity of the environment, which ultimately determines the
detected outcome.l> Such competition is detrimental to the
achievement of an exploitable, reproducible, and controllable
function, e.g. fluorescent probe or photoswitch, especially in
complex and inhomogeneous biological environments.

Although, the potential of the molecular photoswitches is
still far for being fully explored, synthetic and natural
photoswitches already found a wide range of applications,1®
including optogenetics and imaging, biotechnology or
pharmacology.?

Indeed, the main characteristics defining an ideal molecular
photoswitch should comprise i) chemical stability, ii) low
fatigue, meaning the ability of optical retuning, iii) a large
spectral difference between the two isomers allowing a
selective irradiation, and iv) a high photoisomerization quantum
yield. Moreover, to be exploitable in biological applications and
especially in photopharmacology a chromophore should
present significant absorption in the biological optical active
window, covering the 650 to 1350 nm range.l® As previously
stated, the light-induced isomerization of CC is instead induced
by absorption in the UVA region, therefore being inapplicable in
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a biological environment. Indeed, the necessity to avoid UV light
for biomedical applications is due to its reduced penetration
and to its potential toxicity. One way to bypass these limitations
resides in exploiting non-linear absorption properties and
particularly two-photon absorption (TPA). Indeed, in case of CC
the simultaneous absorption of two equivalent photons with a
wavelength ca. 740 nm, would be adequate to populate the
isomerizing excited state.l®> Additionally, TPA probability has a
quadratic dependence to the light-source intensity, hence it
decays more rapidly when moving away from the incident focal
point, allowing for a better control of the spatial selectivity of
the applied light source. Obviously, this spatial and temporal
selectivity is extremely important in any potential biomedical
application. Despite the fact that natural CC has a relatively high
TPA cross-section compared to simple and small organic
compounds, having been computationally estimated at 14 GM,
its value is still too low for practical exploitation.?>

With all these motivations in mind, we recently reported the
design and synthesized a biomimetic analogue based on natural
CC showing improved non-linear absorption properties,
especially concerning significantly increased TPA cross-section,
while keeping the main photoswitchable characteristics of the
natural CC.1° As a matter of fact, the combination of a
biomimetic strategy using synthetic and molecular design has
emerged as a clearly advantageous procedure in the
improvement of the photoswitching capabilities.?®2! Indeed, we
reported the first bioinspired photoswitch derived from
cyclocurcumin (CC) showing that trans-cis photo-isomerization
is possible and rather solvent independent. We hence propose
a 2,6-y-pyrone analogue (figure 1) with an additional ethylene
bond compared to the 2,3-dihydro-2,6-y-pyrone core of CC. This
architecture was specifically designed to increase the planarity
of the moiety and to introduce a second donor-acceptor group
(aryl-ketone) conjugated within the
increasing the global

chromophore, also
symmetry. Planar and quadrupolar
structures with D-t-A-1ti-D systems, such as the one of pyrone,
are expected to be more efficient in TPA than their dipolar
analogues D-1t-A, such as CC,22 as we confirmed by molecular
modeling and More notably the chemical
engineering provided an order of magnitude increase in the TPA
cross-section.

In the present contribution we mainly focus on the study of
the photoisomerization process of our biomimetic CC analogue,
characterizing the nature of the involved excited states and the
topology of the different potential energy surfaces (PES).

simulations.

Figure 1. Structure of the synthetic cyclocurcumin mimetic
studied, highlighting the isomerizable double bond and its
dihedral angle (0) (in green) and the structural change respect
to natural cyclocurcumin (C=Cpyrone, in red).

Through the use of multiconfigurational wavefunction-
based techniques, and time dependent density functional
theory (TD-DFT) we provide a full electronic picture of the
photoisomerization process rationalizing the differences with
natural CC and the role of the solvent effects in modulating the
PES. A detailed knowledge of these factors is indeed crucial and
instrumental to further improve the next generations of CC
biomimetics yielding to more efficient photoswitches to be used
in a broad spectrum of applications.

Results and discussion

As previously reported, the absorption spectrum of our
prepared CC analogue was studied in different solvents and
functionals. In contrast, in this work a detailed analysis of the
potential energy surface is performed, focusing on the different
factors ruling the isomerization process and the influence of
solvent.

Firstly, natural transition orbitals (NTO) analysis?32* was
performed to characterize the nature of the relevant excited
states in terms of electronic density reorganization (see Figure
2). Two main transitions are identified, which may play a
dominant role in driving the photoswitchable behavior of the
molecule. A dark state of n-it* nature is observed presenting an
oscillator strength lower than 0.04 au. The brightest transition
corresponds to a r-1t* state centered on the isomerizable C=Cnt
moiety. It should be noted that this transition is stabilized when
computed in solution and slightly red shifting when increasing
the polarity of the used solvent.®

Additionally, a third contribution of m-m* nature and
involving the pyrone C=C which is coupled to the main
chromophore because of the extended conjugation could also
be considered. However, all the computational methodologies
used agree in placing this transition at higher energies than the
along the entirety of the double-bond torsion
coordinate, hence suggesting that its role on the
photoisomerization is negligible.1®

To validate the use of TD-DFT to include solvent effects in a
more affordable manner, the energy levels of the two lowest
energy states along the double-bond rotation coordinate have
been benchmarked against wavefunction-based methods. This
involved the use of a complete active space approach (CASSCF)
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Figure 2. NTOs of the first two excited states found in a gas
phase TD-DFT calculation using the CAM-B3LYP/6-31G* level.



and the multi state second order perturbation expansion (MS-
CASPT2). In addition, to improve the representation along the
conical intersection regions and the branching space the
extended multi state approach (XMS-CASPT2) was used.

We observed consistently a common behavior as it was also
reported in the case of the modeling of the absorption spectrum
as reported in our previous contribution.!® Even though B3LYP
provides an absorption spectrum whose shape is closer to the
experimental results, its use to study the rotation coordinate
was dismissed due to the appearance of intruder states that
makes impossible the right representation of the PES along this
coordinate. This is mostly due to the well-known over-
stabilization of charge-transfer states, that is an issue plaguing
hybrid functionals, and for that reason the long-range corrected
CAM-B3LYP was chosen instead.

As reported in Table 1, the nature and order of the different
excited states is consistent between the different methods
used. It should be pointed that the CAM-B3LYP notably
overestimates the n-m* state energy with respect to the
qualitatively good description of m-mt* state. The nature of the
different excited states at the CAS expansion is confirmed by
analysis of the molecular orbitals involved, see ESI for further
information.

Table 1. Relative energies of the relevant points along the PES
at different levels of theory. The Franck-Condon energy is used
as reference for the two excited state minima found.

1) Optimized geometries at the TD-DFT level. In brackets, energy
of the CASSCF optimized minimum geometries.

Level of Electronic  Franck- Minnme  Mirteos
theory States Condon
So 0 0.84 0.87
s 3.64 2.69 2.98
CASSCF ' I(n-r*) Yn-nt*)  Yn-m*)
s 5.59 4.22 4.01
’ Yrem*)  Yrem¥)  Ymem*)
So 0.0 1.05 1.00
Multistate s 3.54 3.31 3.44
(MS)- ! Yn-m*)  Yn-m*)  Yn-m*)
CASPT2 s 4.82 4.42 4.00
’ Yrm*)  Ymem*) Yo
Extended So 0.00 1.39 1.43
multistate s, 3.79 3.72 3.86
(XMS)- n-mt*) Yn-m*)  Yn-m*)
CASPT2 s, 5.02 4.57 4.42
Hre-m*) Yrem*)  (em*)
0.33 0.27
S 0
0 [1.01] [1.03]
3.68 3.62
TD-DFT 3.92
S1 [3.92] [4.03]
(CAM- Y(n-1t*) Lk P
B3LYP)! (r®) - Hrems)
4,06 4.02 4.02
S, l(n'_n*) [4.34] [4.06]
Yrm*)  Yn-m¥)

Once the methodology has been evaluated, we explored the
PES starting from the Franck-Condon (FC) region following the
(n-mt*) and 1(m-mt*) states. Note that the results reported in
Table 1 and in the figures detailing the isomerization pathways
are obtained from CAS-SCF optimized geometries on top of
which either perturbative corrections or TD-DFT calculations
have been performed. In particular we may evidence two
distinct minima, the lowest 1(n-m*) and the higher 1(m-mt*),
which are structurally quite close to the ground state
equilibrium geometry. Note that the energy differences in the
figures below is due to the use of CAS-SCF optimized geometries
instead of DFT ones. In case of the 1(rm-mt*) state, the
corresponding minimum (Ming+) is located at 4.00 eV from the
Franck-Condon geometry, using the (MS)-CASPT2 approach and
shows a dihedral angle of 8 = 1792. This change in the dihedral
angle is coupled with an elongation of the C=C bond of about
0.101 A, which clearly shows the weakening of the double bond
character and hence the feasibility of the photoisomerization.
To compare the MS-CASPT2 and CAM-B3LYP level, the two
previously described minima were optimized using CAM-B3LYP.
The CAM-B3LYP (m-mt*) minimum presents a similar dihedral
angle coupled with a shorter elongation of the C=C bond (0.056
A), also being more stabilized, at 3.62 eV. Another high energy
excited state minimum corresponding to the 1(n-mt*) is found
displaying an almost totally planar disposition, with a dihedral
angle along the isomerizable double bond of 6 =-179°.

In contrast, the minimum in the (n-rt*) state (Minp.n*)
presents a different behavior, at CASSCF the dihedral angle
remains totally planar coupled with a C=C elongation of 0.038 A
and located at 3.31 eV over FC. At CAM-B3LYP the minimum is
located at 3.68 eV, higher in energy than what is observed for
the I(m-mt*) state, due to the general overestimation of its
energy in CAM-B3LYP. Geometrically the (n-mt*) equilibrium
geometry presents a fully planar conformation with a smaller
elongation of only 0.006 A. This different behavior could suggest
a delayed isomerization or a non-truly isomerizable pathway
following the population of this state and also points to the
necessity of complementing TD-DFT methods with
multireference approaches to correctly study this process,
especially for the behavior of the 1(n-nt*) state. The presence of
the two minima in excited state presenting similar energies is in
good agreement with the stokes-shifted fluorescent emission
found experimentally.1®

To begin with the exploration of the photoisomerization
process, the two lower excited states were followed along the
most relevant coordinate, which in a trans to cis isomerization
is obviously the dihedral angle along the isomerizable bond. For
that, a relaxed scan over the dihedral angle (8), see Figure 1,
was performed in vacuo with the geometry of the two states
relaxed at CAS-SCF level, and the energy corrected by single
point MS-CASPT2 to include the dynamic electron correlation.
This procedure is justified both by its widespread application
and also by the presence of significant pathways, such as double
and single bond length alternation (BLA), reminiscent to those
observed in well-known photoswitches (like retinal or stilbene)
as well as in natural CC that we modeled following a similar



approach.?> Indeed, bond-length elongation and the change in
BLA pattern represents the initial driving force which leads to
the torsion of the C=C double bond and hence to
photoisomerization.

As previously mentioned, both 1(n-it* and (mt-it*) states can
contribute to the isomerization process, for that reason we
decided to compute both pathways to discriminate their role
and their participation to the photoisomerization. The relaxed
scans are reported in Figure 3a for }(n-t*) and Figure 3b for 1(m-
1*). From the PES depicted in Figure 3, a deactivation pathway
to the ground state can be unequivocally assumed for both
states. Indeed, in either case a crossing region between S; and
So is located along the torsion coordinate, leading to a
nonadiabatic crossing point funneling the population transfer
between the excited and the ground state.

In more detail, the 1(r-rt*) state who is brightest and hence
directly accessible upon FC excitation, yields to a local minimum
in S; that can subsequently lead to a flat region along the torsion
coordinate. All through the torsion and between dihedral values
of 170 and 130 degrees, S; and S, remain almost degenerate
with a maximum energy difference of only 0.1 eV. Throughout
that area, a crossing point, i.e. a S»/S; conical intersection (Cl),
can be located at ca. 8 = 1409, being more delayed with respect
to the natural CC which is found closer to FC. After the crossing,
the S; PES stays almost planar until 120°, where a sudden
stabilization of S; yields to a conical intersection with the
ground state that is reached at ca. 110 degrees. The topology of
the S1/So conical intersection appears quite steep and hence the
completion of the isomerization in the ground state should be
favorable. Representative structures on both pathways can be
found in ESI pointing to how the isomerization undergoes.

In contrast, a steeper pathway is observed on the 1(n-it*)
PES, in which case an energy of ca. 0.4 eV needs to be
overcome. While the S; behavior is strongly reminiscent of
natural CC, the S, route presents significant differences. In
natural CC S, is destabilized as a consequence of the rotation,
increasing it energy to ca. 2 eV above S;, oppositely in the
biomimetic analogue a stepwise stabilization is observed that in
turn can be linked to the contribution of the 1(rm-rt*) state and
to a delayed isomerization. This fact is also supported by the
large mixing observed along these PESs, where the nature of the
ground state has a great contribution of the m-mt* transition.
Hence, two competitive pathways can be highlighted and
proposed, leading to two distinct crossing regions with the
ground state. In terms of energetic considerations, the (rt-it*)
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Figure 3. Relaxed scan along the torsion of the dihedral angle
following the 1(n-mt*) (a) and 1(rt-it*) (b) states in the gas phase
at the MS-CASPT2 level.

crossing point appears favorable at lower energy, i.e. ca. 2.5 eV,
as compared to the 1(n-it*) that is found at 3.2 eV. Natural CC
also presented similar profiles for the two photoisomerization
pathways,®> which are characterized by barriers of 0.7 and 0.4
eV for the 1(r-t*) and 1(n-mt*) states, respectively, that should
be overcome to reach the crossing points. In case of the
biomimetic analogue, the 1(n-1t*) is almost totally overlapping
with the one of the natural CC, as most notably witnessed by
the same energetic barrier, more significant differences can be
observed for the I(m-m*) path. Indeed, in the biomimetic
analogue the energetic leading to the conical
intersection is significantly lowered amounting only to less than
0.1 eV. Hence, it is evident that the 1(rmt-nt*) state leads to the
most favorable route leading to the photoisomerization. This
preference, and the smaller energetic penalty, could also yield
to a more efficient photoswitching behavior, coherently with
the experimental observations. Indeed, the almost barrierless
pathway is in good agreement with the observed efficient
isomerization process, as witnessed by the cis/trans ratio
obtained after irradiation, and the very low fluorescent
quantum yield found.1®

The extended multi-state (X)MS-CASPT2 method (see ESI)
provides an identical picture for the 1(n-it*) state but the 1(r-rt*)
pathway yields in a crossing point at slightly lower dihedral of 6
= 11592 followed by sudden decay and the inversion of the
state’s order. Despite these differences the qualitative
conclusions that can be drawn are equivalent to the ones based
on (MS)-CASPT2 description.

barrier

The PES along the photoisomerization coordinate was also
explored at TD-DFT level using the CAM-B3LYP functional as
reported in Figure 4, yielding a similar behavior to the one
evidenced by wavefunction based methods with only minor
differences. In the (nm-m*) path the relaxation follows a
completely barrierless and flat route. However, it should be
marked that the isomerization seems to be quite delayed,
compared to the CAS-PT2 description, and thus an additional
point was optimized as a constrained geometry at 100 degrees
relaxing all the other coordinates. In contrast, the behavior of
the 1(n-mt*) pathway becomes more complex compared to the
simple two-states model sketched out at MS-CASPT2 level.
Indeed, a stabilization of the 1(rt-it*) state is evidenced leading,
at 120° to a S,/S: conical intersection, after which a favorable
and rather steep path to the Si/So conical intersection is
opened, reaching the non-adiabatic point at around 6 = 9092.
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Figure 4. Relaxed scan along the torsion of the dihedral angle
following the 1(n-mt*) (a) and (mt-it*) (b) states in the gas phase
at the CAM-B3LYP level.




Note that due to the problematic description of the S1/So conical
intersection at TD-DFT level, the energy degeneracy is not
strictly obtained, indeed an extended branching, quasi-
degeneracy region, spanning between 120 and 80° is obtained.
This fact corroborates the robustness of TD-DFT to provide at
least a qualitative description of the photoisomerization
process, in particular for what concerns the dominant (rt-it*)
route.

Thus, once we have explored the photochemical features in
gas phase, the solvent influence in modulating the topology of
the PES is considered. Indeed, in the case of natural CC an
important environmental effect, leading to the inversion of the
(n-mt*) and 1(n-mt*) energetic order, has been observed, thus
justifying the solvent-dependent isomerization quantum yields.
Solvent effects are taken into account at TD-DFT level, whose
accuracy has been benchmarked and through the use of implicit
polarizable continuum methods (PCM). Solvent of different
polarity are also considered including cyclohexane (non-polar),
chloroform, dimethyl sulfoxide (polar aprotic), ethanol and
water (polar protic), results are reported in Figure 5 and ESI. As
general behavior, we found a negligible dependency on the
solvent polarity compared to natural CC. Indeed, independently
of the solvent used the most favorable (m-mt*) pathway is
accessible. Similarly to what observed in vacuo, a first almost
barrierless PES evolving into a down step region accessing the
S1/So Cl area is explored. Interestingly, polar solvents modify the
relative energy differences leading to an even more stable (m-
n*) state and hence breaking the quasi-degeneracy between
the two lowest states that is observed in gas phase or in non-
polar environments.

To better evaluate the influence of protic solvents, the use
of explicit solvent molecules was considered in case of water.
Indeed, two water molecules, interacting with the oxygen of the
carbonyl, were included in the system and a relaxed scan was
done along the 1(r-it*) state at the CASSCF level (see ESI). The
optimized structures were evaluated as usual at the MS-
CASPT2. This points to a clear stabilization of the 1(rt-it*) state
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Figure 5. Most representative 1(m-mt*) pathways along the
torsion (B) in different solvents, water (a), ethanol (b), dimethyl
sulfoxide (c) and chloroform (d), at the CAM-B3LYP level.

as qualitatively observed in the previously commented TD-DFT
results (figure 5). While a slightly delayed isomerization with a
more twisted dihedral (ca. 102 lower) can be observed, the use
of micro-hydration confirms the dominant role of the 1(r-nt*) in
driving the isomerization process, justifying our approach based
on an implicit description of the solvent.

A similar global tendency is also observed on the 1(n-t*)
pathways, see ESI for more details, that invariably leads to a
stabilization of the 1(m-nt*) by polar solvents. As a consequence,
the population of the former state is clearly favored. However,
the former pathway still lays at higher energy with respect to
the }(m-mt*) channel. In contrast, in cyclohexane, i.e., a non-polar

solvent, the qualitative behavior observed in vacuo is
maintained.
Globally, and coherently with the experimental

observations, we found a much-reduced dependence of the PES
topology with the solvent polarity. Thus, isomerization appears
as always possible and is favored when increasing the polarity
of the solvent, minimizing the role played by radiative,
fluorescence, emission. Indeed, our biomimetic CC analogue
has been shown to have a very small fluorescence quantum
yield. More importantly, the reduced dependence of the
isomerization quantum yield on the solvent polarity is strongly
beneficial to maintain the photoswitch potentiality also in
inhomogeneous environments, such as interfaces and lipid
bilayer, hence corroborating the possible use of our biomimetic
CC analogue for biological applications. This fact is also
reinforced by the fact that the TPA cross section is also strongly
increased by an order of magnitude as compared with natural
CC and as reported elsewhere.??

Conclusions

We report the study of the photoisomerization capabilities
of biomimetic pyrone analogue of CC, recently designed and
synthesized. In particular, we used molecular modeling and
simulation to explore the PES topology around the crucial
photoisomerization coordinate, i.e. the torsion angle around a
carbon-carbon double bond. Even if this process could occur
combining complex movements, the simple rotation around the
isomerizable bond may be considered as the most relevant
degrees of freedom as also observed for similar derivatives.
Furthermore, by using relaxed scan the flexibility of the other
global coordinates are, at least partially, taken implicitly into
account. The absorption and later energy relaxation processes
were rationalized at CASSCF//CASPT2 level to identify the
critical features along the PESs, which are determining the
global photochemical properties. The isomerization process
was followed along the lowest and most representative 1(n-mt*)
and 1(m-mt*) states, which can be easily populated by light
absorption. The relaxation along the 1(rt-it*) state results in an
almost barrierless deactivation pathway (barrier of ca. 0.1 eV)
that leads to a crossing region with the ground state and hence
to isomerization. The 1(n-1t*) state appears clearly destabilized
as compared to natural CC. The latter is a most desired
occurrence, since it leads to the dominant population of the 1(r-



mn*) state that is characterized by a more accessible and facile
isomerization. Furthermore, and in sharp contrast with natural
CC, the population of the (n-rt*) channel is always favorable,
and whatever the polarity of the medium, leading to a
consistent dominance of photoisomerization over fluorescence.
The almost barrierless PES should also be consistent with a
rather fast process, occurring in the ps timescale. This allows the
production of a more efficient photoswitch, especially
functional in complex inhomogeneous biological environments,
such as lipid bilayers.

Our results allow to rationalize on the one side the observed
experimental evidences and on the other to clearly point to the
usefulness of a rational design approach that is aimed to induce
opportune chemical modification of available switches to allow
tuning and controlling their photophysical and photochemical
properties. This is furthermore reinforced by the increased TPA
absorption that could allow overcoming the necessity of relying
to UV light absorption.

In the future we plan to extend the present study, on the
one side to determine by time-resolved spectroscopy the
lifetime of the dominant states involved in the
photoisomerization, and on the other side to model the
behavior in presence of biological environments, such as lipid
bilayers mimicking cellular membranes resorting to multiscale
hybrid approaches.

Computational methodology

Different levels of theory have been used in, particular
CASSCF//CASPT22526 approaches have been considered to
explore the excited states PES landscape and hence characterize
the photochemistry of our compound.

As a first step the ground state geometry has been
optimized at MP2 level. Subsequently, this geometry was used
to compute the absorption spectrum as vertical excitations
using either B3LYP27 and CAM-B3LYP28 functionals in the TD-DFT
formalism. Note that DFT optimized Franck-Condon geometries
provided less accurate excitation energies, pointing to the
subtle coupling between structural and electronic effects. The
nature of the excited states have also been determined using
NTO formalisms.22 On top of the MP2 optimized geometry
wavefunction calculation have also been performed: MS-
CASPT2//SA(4)-CASSCF25.26 |evel of theory was used, firstly
performing CASSCF calculation including 4 averaged states
(from Sp to S3), followed by a multistate 2" order perturbation
theory to the CASSCF wavefunction. As can be seen in the ESI,
four different active spaces were tested, in all cases n orbital
and different m and nt* orbitals were included. The 10 electrons
in 8 orbitals (10,8), 10 electrons in 9 orbitals (10,9), 12 electrons
in 10 orbitals (12,10) and 14 electrons in 12 orbitals (14,12)
were used. In all cases the ni* orbital centered on the C=Cpyrone
was excluded from the active space due to inconsistencies in
the wavefunction and the appearance of intruder charge
transfer states. This choice is also corroborated by TD-DFT
calculations, since this orbital does not appear as a relevant in

any of the excited state expansion. All the active spaces
predicted a bright Sp to S, vertical transition and a dark Sp to S;
state. This fact is coherent with what is found at TD-DFT level in
gas phase where the 1(n-it*) transition corresponds to S; and S,
presents a (r-t*) character.

Hence, as a compromise between accuracy and required
computational cost, the photochemistry of cyclocurcumin was
studied using the (10,9) active space. In particular, the S; 1(n-t*)
and S; I(m-m*) states identified at Franck—Condon were
optimized at CASSCF level, reaching the respective minima
whose diabatic nature was confirmed by analyzing the
respective molecular orbitals. Starting from these structures,
relaxed scans along the dihedral angle optimizing both S; and S,
states were performed freezing the dihedral at the desired
value and relaxing along all the other coordinates. In addition,
the same procedure at TD-DFT level of theory using CAM-B3LYP
functional was also performed. In case of explicit micro-solvent
pathway, this was computed adding two water molecules and
relaxing in the (r-nt*) state. The choice of including two water
molecules was based on the analysis of a 500 ns classical
molecular dynamic simulation in which our chromophore
represented by generalized amber force field?® was placed in a
periodic water box. The analysis of the radial distribution
function around the carbonyl oxygen revealed that only two
solvent molecules were, in average, interacting with the
chromophore.

On the optimized CASSCF structures, single point multi-state
CASPT2 (MS-CASPT2) and extended multi-state CASPT2 (XMS-
CASPT2)30 were performed to include the necessary dynamic
electron correlation. For those calculations, an imaginary shift
of 0.2 a.u. without IPEA was applied to avoid the influence of
intruder states.

Since TD-DFT is able to provide a qualitatively correct
description of the PES landscape in vacuo when using CAM-
B3LYP,28 the effect of different solvents have been included at
this level of theory via the PCM in state specific equilibrium
conditions within the integral equation formalism variant
(IEFPCM).3132 To this aim, the obtained CASSCF geometries
were computed by single point calculations with different
solvents including water, ethanol, dimethyl sulfoxide,
chloroform, and cyclohexane.

In the 1(r-it*) pathways, an extra point at 100 degrees was
obtained by TD-DFT to ensure the descendent PES depicted by
the CASSCF points, yielding in all cases to a quasi-degeneracy
region.

For all calculations, the 6-31G* basis set was used.33 CASSCF
and CASPT2 calculations have been performed using the
OpenMolcas343> suite of programs while DFT and TD-DFT have
been obtained employing the Gaussian16 software.3®
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