
  

 

 

  

 

 

 Don’t help them to bury the light. The interplay between 
intersystem crossing and hydrogen transfer in photoexcited 
curcumin revealed by state-hopping dynamics.† 
Raul Losantos,a,b Andreea Pasc,b and Antonio Monaria,c,* 

Curcumin is a natural compound extracted from turmeric (curcuma longa), which has shown remarkable antiinflammatory, 
antibacterial, and possibly anticancert properties. The intense absorption in the visible domain, and the possibility of 
intersystem crossing make curcumin attractive also for photodynamic therapy purposes. In the present contribution we 
unravel, thanks to non-adiabatic state hopping dynamics, the competition between intersystem crossing and hydrogen 
transfer within enol, the most stable tautomer of curcumin. Most notably, we show that while hydrogen-transfer is ultrafast 
and happens in the sub-ps regime, intersystem crossing is still present, as shown by the non-negligible population of the 
triplet state manifold after 2 ps. Hence, while the hydrogen transfer channel can act as an unfavorable deactivating channel, 
curcumin, also in the red-shifted absorption enol form, can still be regarded as potentially favorable for photodynamic 
therapy applications.  

Introduction 
Curcumin (CURC) is a natural compound,1 which is extracted 
from turmeric (curcuma longa)2 and is widely used as spice or 
food additive. The latter is also due to its intense orange colour, 
which makes curcumin particularly attractive for the food 
processing industry. More recently the interest in CURC also 
concerns its remarkable properties as antinflammatory and 
antibacterial drugs.1,3–7 Furthermore, it has been recently 
confirmed that curcumin exerts an important anticancer 
activity,8–10 which has further revived the pharmacological 
interest towards this natural compound. In addition, curcumin 
absorbing in the visible light, the possible exploitation of its 
excited state manifold for photodynamic (PDT) or light assisted 
chemo-therapy (LAC) have also been investigated.11,12 In 
particular, exploiting CURC, a natural occurring non-toxic spice, 
for PDT aimed at food processing and its antibacterial treatment 
is particularly attractive. Other analogue components of 
turmeric such as cyclocurcumin, have also been highlighted for 
their possible photophysical and photochemical properties.4,13–

16  
However, to ensure the efficiency of PDT, which is based on the 
activation of molecular oxygen to its reactive singlet state 1O2, 
crucial photophysical conditions should be reunited. In 
particular, a high intersystem crossing (ISC), leading to a fast and 
efficient population of the photosensitizer triplet state manifold 
is required. Furthermore, the accessible triplet state should be 
energetic enough to allow sensitization of the molecular 
oxygen. Obviously, intense absorption in the visible, or even 
near infrared portion of the electromagnetic spectrum, 
together with a high bioavailability are also necessary to 
increase the global efficiency. Unfortunately, the last two 

properties are usually conflicting, since red-shifting the 
absorption spectrum usually requires the inclusion of large p-
conjugated moieties, which in turn diminish solubility in 
aqueous media and biological conditions. As a matter of fact, 
the use of specific drug-delivering techniques for PDT agents, 
also based on their encapsulation in supramolecular aggregates 
or liposomes, has been proven successful to increase 
bioavailability and in vivo efficiency.17–20 A related advantage of 
tailored-drug delivery protocols relies on the possibility to 
functionalize the vector to enhance selectivity for cancer cell 
over healthy ones, hence adding up to the spatial selectivity 
brought by the use of light and hence minimize side-effects.  
Moreover, to maximize the efficiency of PDT or LAC, and in 
general light-activated phenomena, the influence of non-
radiative decay channels, such as thermal deactivation or 
photochemical isomerization, should be minimized to avoid 
quenching of the active excited state.  
Hence, molecular modelling and simulation occupies a place of 
choice in the development of efficient PDT and LAC agents. 
Indeed, it allows to disentangle the complex interplay between 
opposite phenomena as well as the crucial influence of the 
inhomogeneous surrounding on the photophysical 
properties.17,21 In this sense molecular modelling and simulation 
are also invaluable to foster a more successful rational 
molecular design.  



 

 

 

 

Despite its non-negligible 1O2 quantum yield, the complexity 
evoked is also clearly present for CURC. Indeed, natural CURC 
may exist in two tautomeric forms, namely keto and enol, which 
coexist in nature including upon administration into the human 
body. Recently, we have also shown that the inclusion in 
liposome or membranes, is susceptible to displace the 
equilibrium between the two forms, hence posing important 
burdens on the possibility of drug delivering strategies.22  

Scheme 1. A) keto/enol equilibrium in CURC. B) O-H distance defining the H-transfer in 
enol CURC.  

As shown in Scheme 1, the structural properties of keto and 
enol form are significantly different, which in turn leads to 
different optical and photophysical properties.22 Indeed, the 
enol tautomer is stabilized by an intermolecular hydrogen-bond 
(H-bond) between the OH and C=O groups. Such interaction 
confers rigidity to the global structure, and more importantly 
leads to a highly planar scaffold, which favours delocalization 
and p-conjugation. As a consequence, enol CURC presents a 
considerable red-shifted absorption spectrum, which is highly 
beneficial for biological applications. Conversely, and also due 
to the C=O lone pairs repulsion the keto tautomers shows a 
broken conjugation pattern and a twisted geometry, which 
correlates with a blue-shifted absorption. We have previously 
demonstrated, also through the proper exploration of the 
involved potential energy surfaces (PES), that both tautomers 
offer suitable, and energetically favourable, routes for ISC as 
well as possible fluorescence.22 However, the enol tautomer is 
usually regarded as unsuitable for PDT applications and ISC 
because of the opening of a relaxation pathways, based on the 
excited state transfer of the hydrogen involved in the 
intramolecular H-bond.23–25 Indeed, the lowest excited states of 
CURC having np* and pp* character they may lead to the 
weakening of the OH bond and hence favour the transfer.  
In this contribution, going beyond our previous modelling, we 
resort to non-adiabatic molecular dynamics (NAMD) in the 
state-hopping (SH) formalism,26 to assess the competition 
between H-transfer and ISC during the relaxation of the initially 
populated excited states. This is possible thanks to the inclusion 
of general coupling in the SH Hamiltonian, including spin orbit 
coupling (SOC) elements.  
Our SH simulations clearly confirm the occurrence of the H-
transfer, already at a sub-ps timescale. However, we also show 
that ISC is not quenched and a significant, albeit non-dominant 
and non-ultrafast, population of the triplet state manifold is 
achieved.  

Results  
As previously stated, the equilibrium ground state of CURC is 
strongly dependent of its tautomer and indeed the enol form is 
highly rigid and planar. As shown in Figure 1A an evident 
intramolecular H-bond takes places stabilizing the planar 
arrangement of the chromophore. As a comparison the tilted 
structure of the keto tautomer is also reported in Figure 1B, 
even if in the following the latter will not be considered 
anymore.  

Figure 1. Optimized ground state structure for CURC in its enol (A) and keto (B) form. 
NTOs for the two lowest excited states of enol tautomer of CURC showing the pp* 
(bright) and np* (dark) nature of S1 and S2, respectively. The oscillator strength is also 
given for the two transitions and the intramolecular H-bond is highlighted.  

Figure 2. Absorption spectrum obtained as vertical transitions from the Franck Condon 
region using different functionals (A) and basis sets (B) 

As far as the lowest lying excited states of enol CURC are 
considered and as shown in Figure 1C one can evidence the 
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presence of a lower laying pp* state (S1), for which the 
symmetry allowed transition yields a high oscillator strength, 
and a darker np* state (S2). Note that, coherently with what 
reported elsewhere the two states appears quasi-degenerate 
and have an excitation energy of about 3.7 and 3.9 eV, 
respectively. Note also that because of the high difference in 
the relative oscillator strength 2.048 vs 0.002 one may safely 
assume that the photophysics of enol CURC can be inferred 
considering the initial population of S1, only. An extended 
benchmark reporting the excitation energies calculated with 
different functionals and basis set can also be found in 
Electronic Supplementary Information (ESI). Note that, as 
shown in a previous contribution, the manifold of the singlet 
excited states for keto CURC will be more complicated due to 
the breaking of symmetry leading to an ensemble of mixed 
quasi-degenerate states having similar oscillator strength.   
 

 
Figure 3. PES for the enol CURC along the LIIC connecting the equilibrium geometry of 
the first singlet and triplet (A). PES of the different excited state along the Hydrogen 
transfer coordinate (B). 

As shown in Figure 2 the simulated absorption spectrum of enol 
CURC, calculated at TD-DFT level, is only moderately sensitive 
to the size and type of the basis set, hence justifying the use, 
especially for the subsequent SH dynamics the smaller 6-31G 
base. On the contrary, a more marked dependency on the 
functional nature and type can be observed with PBE0 providing 
a highly red-shifted transition, while long-range corrected 
functionals behave coherently among them. In particular hybrid 
functional are also artificially lowering the energy of the np* 

state, due to its partial charge-transfer character which can be 
appreciated from the low value of the fS descriptor (~0.3) 
indicating a small overlap between hole and electron densities. 
To further assess the effect of the functional and of the basis set 
on the general features of the PES we calculated the energies of 
triplet and singlet states at different critical point of the PES, 
namely Franck-Condon and S1 and T1 minima. The results are 
collected in ESI. Once again while the effect of the basis set 
appears negligible, the functional effects are more crucial. In 
any case the use of 6-31G basis in combination with the wB97XD 
exchange-correlation functional provide a coherent description. 
In particular it evidences a manifold of low-lying states involving 
the first two excited singlet and the first four triplet states, 
which being close in energy can participate to the photophysical 
evolution upon excitation of the bright S1 state.  
To further asses the coherence of the photophysical description 
with the reduced basis set we also report the analysis of the PES 
profile along the linear interpolation internal coordinate (LIIC) 
connecting the S1 and the T1 minima, i.e. along the collective 
variable driving ISC.  
As shown in Figure 3A we may indeed evidence that not only 
the S1 state PES may cross one of the triplet (T4), but at its 
equilibrium region it also lays close in energy, and more 
importantly evolves in parallel, with the PES of T2 and T3. Such 
an arrangement, which is coherent with the one observed 
previously, may be indicative of a possible ISC, which however 
should not be ultrafast due to the necessity to overcome some 
barriers or to allow for the vibrational induced inversion 
between the energy of the quasi-degenerate singlet and triplet 
states. Note also that favourable ISC channel may exist also 
from S2, however due to the very low oscillator strength it is 
unlikely that they could play a major role in CURC photophysics.  
To complete the static analysis in Figure 3B we also report the 
relaxed scan profile detailing the PES along the Hydrogen 
transfer coordinate. Interestingly, while most of the triplet 
states and S2 presents a barrier, which can reach up to 0.2/0.3 
eV, the process is barrierless on the S1 surface.  Hence, the 
population of the pp* excited state should certainly be 
connected with the weakening of the OH bond, and the 
strengthening of the complementary H-bond, leading to the 
effective transfer.  
If the H-transfer possibility is confirmed by the analysis of the 
PES, it is also interesting to point out that the transfer itself does 
not seem to alter a favourable energetic order of states 
potentially leading to ISC crossing. Indeed, S1 PES is crossing 
twice a triplet state along the transfer coordinate and the 
general quasi-degeneracy with the triplet manifold is 
maintained.  
Hence, while H-transfer should be considered as a clearly 
competitive process in the relaxation and de-excitation of enol 
CURC its final and global effect on the ISC rate and quantum 
yield appears less evident and necessitates a dynamic 
treatment to be properly taken into account.  
The main results of the SH dynamic are summarized in Figure 4 
and in ESI and show a rather complex behaviour confirming the 
interplay between ISC and H-transfer. 
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Figure 4. Evolution of the population of the states during the SH dynamic 
obtained from the multiconfiguration quantum amplitudes, triplet states are 
represented in red tones, convoluted for the ensemble of the trajectories. while 
singlets are in blue (A). Kinetic model for CURC ISC together with the fitted 
characteristic time t.  

The evolution of the population of the different states (Figure 
4A) allows to underline some rather evident effects. Due to the 
difference in the oscillator strength we have considered that 
only the S1 state will be populated after the initial excitation. 
However, after a few fs we may observe a redistribution of the 
population between S1 and S2 states, which is also due to the 
breaking of the symmetry and to a partial mixing of the np* and 
pp* character, as also seen by the strong oscillation in the 
respective populations. 
The transfer of population to the triplet state may be observed, 
at very modest rates, at around 50-100 fs. Interestingly, in this 
early stage the population seems to be driven mostly to the 
higher excited T4 state, which however are never showing a 
substantial population, also due to the very fast internal 
conversion (IC) to the lower triplet states. At larger time scales 
the population of T1 becomes more important, especially after 
500/600 fs. Interestingly the increase of the population of T1 
happens at similar time scales as the sharp decrease of the S2 
and a stabilization of S1 population. As a matter of fact, at 
around 600 fs T1 bypasses S2 and at the end of the SH dynamics 
(200 fs) it reaches a population of more than 20%. Note that the 

other triplet states never achieve significant population and 
that a marginal participation of the higher singlet state S3 can 
also be observed.  
This model is also confirmed by the analysis of the hops during 
the SH dynamics which points to a population flow from S1 to 
both S2 (as well as higher excited singlet states) and T4 (see ESI). 
Interestingly, while almost no transfer to the triplet population 
is observed from S2 a complex equilibrium involving singlet 
states up to S4 can be highlighted. On the other hand, after the 
initial population of T4 a very rapid interval conversion on the 
triplet manifold ensues leading to the sequential ultrafast 
population of T3, T2, and finally T1. On these bases we may also 
sketch out a kinetic model (see Figure 4B) which yields out a 
rate-limiting S1àT4 ISC characteristic time tISC of 3.74 ps. On the 
contrary the cascade of IC on the triplet manifold takes place in 
the sub ps-range with characteristic time tIC comprised between 
100 and 200 fs.  

Figure 5. A) Evolution of the OH distance along the SH dynamic B) representative 
snapshots of CURC for one trajectory leading to the ISC crossing at 569.0 fs (note that 
the blue and red background indicates singlet or triplet state respectively).  

As far as the H-transfer is involved we analyse in Figure 5A the 
distribution of the O-H distance d highlighted in Scheme 1 on 
the ensemble of the SH trajectories and its time evolution. 
While for all the initial conditions d peaks at around 1.8 Å, which 
is coherent with a classical intramolecular H-bond, even at the 
very first steps of the dynamic we may observe the branching of 
the distribution with the establishment of a cluster of 
trajectories presenting shorter distances of 0.9 Å, which are 
coherent with the formation of a novel covalent oxygen 
hydrogen bond. The flow of population between the two 
branches continues regularly along the SH population leading to 
an increase of the importance of the shorter distance structures 
which become dominant at around 600 ps. Interestingly, a 
continuous and bidirectional flux between the two populations 
can be observed all along the dynamic indicating the 
establishment of an equilibrium between the two tautomeric 
forms. Furthermore, in some cases we may observe a sudden 
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increase of d which may reach up to 4 Å and show important 
oscillations. This fact can be associate to the activation of the 
out-of-plane rotation of the enol OH group. Finally, and as 
reported pictorially in Figure 5 we may observe H-transfer both 
for trajectories leading to ISC and for trajectories remaining on 
the singlet state. Conversely, a significant breaking of the 
planarity can be observed for the T1 state as shown in Figure 5B. 
At the 2 ps limit, around 75% of the trajectories have 
transferred the involved hydrogen, and the phenomenon 
appeared for both trajectories leading to ISC or continuing 
exploring the singlet manifold.  

Materials and Methods  
The initial equilibrium geometries for the GS, as well as S1 and 
T1 states of enol CURC have  been obtained at DFT level using 
the wb97XD27 functional together with the Pople double-z 6-
31+G(d,p) basis set, coherently with what has been presented 
in Girardon et al.22 Water solvent has been implicitly considered 
using polarizable continuum method (PCM).28  In the case of the 
first singlet excited state TD-DFT has been used. All the 
calculations have been performed using the Gaussian09 suite of 
codes, harmonic vibrational frequencies have been obtained to 
assure the minimum nature of the stationary point.29  
For benchmark purposes, the absorption spectrum has been 
calculated as vertical transitions from the GS using different 
functional namely, CAM-B3LYP,30 M06, M06-2X,31 PBE0,32 
wb97XD, and different basis set of increasing size: 6-31G, 6-
31G(d), 6-31+G(d), 6-31++G(d,p), 6-311++G(d,p), and cc-pVTZ. 
The same levels of theory have also been used to assess the 
energetic order of the excited states, of both singlet and triplet 
multiplicity, at S1 and T1 geometries. The excited states have 
been calculated at TD-DFT level with the Tamm-Dancoff 
Approximation (TDA),33 which allows to avoid problems due ot 
triplet instability34 and hence provides a more balmanced 
description of the two multifold. As discussed in the Result 
section it appears that the combination of 6-31G and wb97XD 
provides a reliable description of the PES, especially avoiding a 
computational burden, which will make render the subsequent 
SH dynamic sampling untreatable.  
The nature of the excited states has been identified in terms of 
Natural Transition Orbitals (NTO)35 obtained via a post-
processing of the Gaussian output with the Nancy_Ex code.36 To 
better quantify the nature of the excited states we also 
calculated the topological fS index which provides the spatial 
overlap between hole and density matrices.36,37 
To preliminary assess the possibility of H-transfer and ISC 
crossing we also performed a relaxed scan at the 6-
31G/wb97XD level along the O-H distance d (see Scheme 1 and 
Figure 1) and we also explored the global degrees of freedom 
potentially leading to ISC by performing a linear interpolation of 
the internal coordinates to bridge T1 and S1 equilibrium 
geometries, using the same level of theory as for the relaxed 
scan. These calculations have been performed with Gaussian 09 
code as well.  
Finally, to assess the competition between the different 
relaxation routes and their timescales we performed in vacuo 

SH dynamics using the Sharc code26,38,39 coupled with Orca.40 
This strategy has already been used successfully by some of us 
on similar biological systems or photosensitizers.41–43 To this 
aim, 200 initial conditions around the Franck-Condon regions 
have been generated via a Wigner distribution, and the 
trajectories have been propagated at TD-DFT level, using the 6-
31G/wb97XD level of theory, coherently with the previous 
benchmark. Due to their possible influence in the forthcoming 
dynamics we have calculated, in addition to the GS, 4 singlet 
excited states and 4 triplet states. SOC elements have been 
directly computed at each step of the dynamics with Orca, while 
the non-adiabatic coupling is approximated via the 
wavefunction overlap strategy.44 Considering the high 
difference in the oscillator strength, more than two order of 
magnitude, only the S1 state was initially populated. Each SH 
trajectory has been propagated with a time step of 0.5 fs to 
assure energy conservation for a total of 2 ps. The analysis of 
the population and distances have been performed on the 
ensemble of the trajectories, and the characteristic times have 
been obtained fitting the resulting evolution of the population 
to the established kinetic model.  
The individual trajectories have been analysed and visualized 
also using the VMD code.45 

Conclusions 
CURC is a natural compound which can be promising for 
photosensitization purposes and more specifically for PDT and 
LAC applications. However, its complex, and environmental 
driven, conformational equilibrium may alter its native 
photophysical properties. Here we report a non-adiabatic 
molecular dynamic study of the behaviour of enol CURC after 
excitation to the bright S1 state. After having properly 
benchmarked the chosen level of theory, achieving a good 
compromise between accuracy and the need of an extended 
sampling, we have shown that enol CURC may lead to ISC, albeit 
not in an ultrafast process and is characterized by a 3.4 ps rate 
determining step. ISC proceeds via the initial population of the 
high-laying T4 state and is followed by an ultrafast IC cascade in 
the triplet manifold. An equilibrium between S1 and the higher 
excited states, especially S2, and resulting in a population 
redistribution can also be evidenced.  
In enol CURC ISC is also in competition between the excited 
state Hydrogen transfer that can happen via the intramolecular 
H-bond relying the keto and enol group. This process is usually 
regarded as susceptible to quench ISC severely limiting its 
efficiency. Our SH dynamics have clearly shown the occurrence 
of the H-transfer via a dynamic and ultrafast equilibrium. 
However, it has also been shown that triplet population is still 
possible, even in presence of this competitive mechanism. On 
the other hand, triplet population leads to a significant 
deformation of CURC skeleton, in particular breaking its 
planarity.  
Our results help in rationalizing the complex photophysics of 
CURC and in particular the competition with other deactivating 
channels. As such it can help in the rational design of novel 
biomimetic sensitizers presenting enhanced ISC rates. If our 



 

 

 

 

results are unequivocal in pointing to the coexistence of H-
transfer and ISC, still are based on a rather minimal model, i.e. 
the photosensitizer in vacuo. The effect of the environment, 
either via electrostatic polarization or via the increased viscosity 
and mechanical resistance, can alter the profile of the involved 
PES and hence modify the final photophysical outcome. For this 
reason, in the following we plan to study the photophysical of 
CURC by hybrid quantum mechanics/molecular mechanic 
(QM/MM) SH dynamic explicitly including different 
environments such as water solution or lipid bilayers.46 On the 
same spirit, we also plan to consider the photophysics of the 
keto tautomer of CURC, in which the breaking of the p-
conjugation leads to a manifold of bright singlet states which 
may be directly accessed upon excitation.  
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Figure S1. Energy levels of the excited singlet (top row) and triplet (bottom row) calculated 
with different functionals and basis sets at the Franck-Condon geometry. 
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Figure S2. Energy levels of the excited singlet (top row) and triplet (bottom row) calculated 
with different functionals and basis sets at the S1 equilibrium geometry. 
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Figure S3. Energy levels of the excited singlet (top row) and triplet (bottom row) calculated 
with different functionals and basis sets at the T1 equilibrium geometry. 
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Figure S4. Evolution of the population of the states during the SH dynamic obtained from the 
multiconfiguration quantum amplitudes, triplet states are represented in red tones, convoluted 
for the ensemble of the trajectories, and for all the involved states.  
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Figure S5. Evolution of the OH distance d for the ensemble of the trajectories during the first 
500 fs of the SH dynamics.  
 
 

 S0 S1 S2 S3 S4 T1 T2 T3 T4 
S0 0 0 0 0 0 0 0 0 0 
S1 0 0 6 1 -9 0 -1 -8 -18 
S2 0 -6 0 7 -1 0 0 1 2 
S3 0 -1 -7 0 -10 0 0 0 0 
S4 0 9 1 10 0 0 0 0 0 
T1 0 0 0 0 0 0 23 -6 0 
T2 0 1 0 0 0 -23 0 26 1 
T3 0 8 -1 0 0 6 -26 0 14 
T4 0 18 -2 0 0 0 -1 -14 0 

  
Table S1. Matrix summing the differences of the hops between the states obtained on the 
ensemble of the SH trajectories.  
 


