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ABSTRACT. For the first time, ultrafast deactivations of photo-excited water-solvated 

pyrimidine nucleosides are mapped employing hybrid QM(CASPT2)/MM(AMBER) 

optimizations that account for explicit solvation, sugar effects and dynamically correlated 

potential energy surfaces. Low energy S1/S0 ring-puckering and ring-opening conical 

intersections (CIs) are suggested to drive the ballistic coherent sub-ps (<200fs) decays 

observed in each pyrimidine, the energetics controlling this processes correlating with the 

lifetimes observed. A second bright 1π2π* state, promoting excited-state population branching 

and leading towards a third CI with the ground state, is proposed to be involved in the slower 

ultrafast decay component observed in Thd/Cyd. The transient spectroscopic signals of the 

competitive deactivation channels are computed for the first time. A general unified scheme 

for ultrafast deactivations, spanning the sub-to-few ps time domain, is eventually delivered, 

with computed data that matches the experiments and elucidates the intrinsic photo-

protection mechanism in solvated pyrimidine nucleosides. 

 

The ability of nucleobases to absorb in the 240–290 nm range and their intrinsic 

photostability, owing to the efficient conversion of radiative to kinetic energy via non-

harmful radiationless pathways, is a well known and long studied topic.1–16 Different time-

resolved experiments and simulations have revealed intricate excited state dynamics spanning 

multiple time-scales, including ultrafast sub-ps decay components observed both in vacuo5–9 
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and in solution.13–16 According to most of the available studies, these ultrafast features are 

mainly associated to the HOMO (H) to LUMO (L) ππ* transitions. However, several key 

issues, including the involvement of additional ππ* states (especially for purine) and/or dark 

nπ* transitions in the ultrafast dynamics are still matter of a lively debate.17,18 There are 

several methodological bottlenecks preventing a complete elucidation of the photoactivated 

dynamics of nucleobases. The accuracy of the potential energy surface (PES) computed in 

solution is surely an important issue. At the same time, the assignment of time resolved 

experiments requires reliable simulations of the spectral signatures of all the excited states 

potentially involved in the photoinduced dynamics. In this contribution we make two 

important steps in this direction. On the one hand, for the first time, we have implemented a 

hybrid QM/MM scheme that couples a state-of-the-art ab initio multireference dynamically 

correlated description (CASPT2) of the photoactive moiety (the nucleobase) with an explicit 

classical atomistic model (AMBER force field) of the environment (sugar substituents and 

solvent). CASPT2/MM energies and gradients are then used to fully characterize (optimizing 

stationary points like minima, transition states and conical intersections, and connecting them 

with minimum energy paths) the decay channels associated to the two lowest energy ππ* 

excited states of water-solvated pyrimidine nucleosides (i.e. the biologically relevant species 

in the biologically relevant environment): deoxy-Thymidine (Thd), oxy-Uridine (Urd) and 

oxy-Cytidine (Cyd), see Figure 1. On the other hand, transient absorption/emission and 

photoelectron signals, including fluorescence anisotropy, of the main stationary points are 

also modeled and directly compared to the experiments. This is possible because the applied 

methodology allows the description on the same footing (and with experimental accuracy) of 

the energies of all the photochemically and spectroscopically relevant states along all 

investigated paths, a so far unreachable goal. Our analysis, besides providing the most 
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accurate characterization to date for these systems, unveils the role played in the ultrafast 

photoactivated dynamics by the second bright ππ* (1π2π*) state and ring-opening conical 

intersections (CIs) that do also provide a competitive funnel for efficient non-radiative 

excited-state decay and, thus contribute the efficient photoprotection mechanisms observed in 

DNA/RNA. New experiments are eventually suggested to track these channels. 

MM simulations and a cluster analysis are firstly performed, yielding two different clusters A 

and B (Fig. 1) that differ in the presence (syn) or absence (anti) of the intramolecular 

hydrogen bond between the 5’ O−H Hydrogen of the ribose and the O7 heteroatom of the 

pyrimidine moiety, respectively. The structure closest to the centroid of cluster A (syn), 

holding ~65% of the total population, is selected as the starting point for our QM/MM 

simulations (see section S1 in the SI and ref. 16). 

Vertical excitation energies and oscillator strengths for Urd, Thd and Cyd allow to assign the 

lowest-energy spectroscopic state to the H→L transition (S1, 1πHπ*), (4.64, 4.70 and 4.64 eV, 

respectively) while a second bright H-1→L state appears in all pyrimidines (S3, 1π2π*) ∼1 eV 

higher in energy (5.82, 5.88 and 5.57 eV, respectively)  (See table S5 in the ESI). Dark nπ* 

states (S2) systematically appear between the two bright states. Differences in excitation 

energy and energetic order appear when comparing solution and gas phase5,6 results, that are 

explained in terms of ground and excited state dipole moments, as well as the diverse 

hydrogen bonding sensitivity, as already extensively discussed in the literature (see refs 13–

15,17,19–23). 
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Figure 1. Main configurations (A and B) along the MM dynamics run obtained through RMS 

deviation cluster analysis for oxy-Uridine (Urd), deoxy-Thymidine (Thd) and oxy-Cytidine 

(Cyd). A detailed analysis is given in the SI. 

 

S3 corresponds to a bright ππ* state (1π2π*) in all systems but, while in Urd and Thd this state 

is well separated lying about ~0.7 eV above S2 (1nOπ*), in Cyd S2 (1nNπ*, involving the 

electron lone pair on N3) and S3 (1π2π*) are degenerate (5.54 and 5.57 eV, respectively) at the 

FC region. It is also worth noting that, whereas relatively large energy differences can be 

observed at the FC region, once accounting semi classically for the vibrational broadening of 

the states and obtaining the cross-section (see Fig. 2), a sizable population of 1π2π* can take 

place by direct excitation in Thd and Cyd (5% and 20% of the computed structures, 

respectively), whereas none is observed for Urd (these values refer to absorption at 267nm, 

i.e. 4.64 ± 0.1eV, matching the experimental excitation wavelength). 
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a) Urd

4.64	eV
(267	nm)

c) Cyd

4.64	eV
(267	nm)

4.64	eV
(267	nm)

b) Thd

 
 

Figure 2. Absorption cross-sections computed at the MS-CASPT2/MM level for the 

pyrimidine nucleosides employing a Wigner distribution where 500 geometries were 

generated, as implemented in JADE.24 Further details are given in the SI. 

 

Figure 3 shows the computed deactivation routes for all solvated pyrimidine nucleosides. 

After photoexcitation to the bright S1 (1πHπ*) state (purple solid line in Fig. 3), a steep path 

leads to a planar shallow minimum (1πHπ*min-pl).6,14,15,20 and then to a lower lying slightly 

puckered/twisted or “boat-like”22 minimum (1πHπ*min-tw) (see SI). The existence of a 1πHπ*min-

pl-1πHπ*min-tw plateau correlates well with the broad experimentally observed emission and its 

band origin25,26 in terms of vertical and adiabatic emissions (see Table S5 and Fig. 3). By 

proceeding along the puckering coordinate, the so-called ethylenic CI (1πHπ*/S0)CI is 

eventually accessed overcoming a transition state (1πHπ*min-tw→CIπHπ*/S0)TS that is here 

optimized for the first time, thus allowing for a precise estimate in water of the energy barrier 

involved along this path (0.09, 0.12 and 0.15 eV for Urd, Thd and Cyd, respectively). 

Notably, an additional deactivation pathway along S1 exists (blue line in Figure 3), leading to 

the ‘ring-opening’ CI (1πHσ*/S0)CI recently reported in gas-phase6,27,28. In the CI region the S1 

state is described by a transition from the HOMO to a σ antibonding orbital located in the 

N1-C2 bond (labelled πHσ* further on, see MOs description in the SI), and possesses a 
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zwitterionic character that involves a charge reorganization in the ring (see SI). A similar 

path was suggested by Gonzalez and coworkers28 to be possible in Uracil, based on 

nonadiabatic CASSCF dynamics in gas-phase. Here we show that this route exists in all 

pyrimidines and is strongly stabilized in polar solvents, becoming more competitive than in 

gas-phase: (1πHσ*/S0)CI is almost degenerate to the ethylenic CI and involves similar energy 

barriers and a similar trend (0.14, 0.18 and 0.24 eV for Urd, Thd and Cyd, respectively, see 

also Table 1). Moreover, its formation comprises small geometrical changes (even smaller 

than the “ethylenic” path for Urd and Thd, see mass-weighted coordinates in Figure 3). All 

these arguments call for the ethylenic and ring-opening funnels as the main ultrafast S1àS0 

decay regions in solvated pyrimidines. Very remarkably, the values and trend in the 

computed energy barriers (see Table 1) uphold the ultrafast rates registered with either fs-

fluorescence up-conversion (FU) (~100, 150 and 200 fs lifetimes for solvated uracil, deoxy-

Thd and deoxy-Cyd, respectively)22,29 or fs-transient absorption (TA) experiments (deoxy-

Urd: 210 fs,25  oxy-Thd: 540 fs, and deoxy-Cyd: 720 fs),30  further supporting this view. It is 

worth noting that CASPT2/MM transition state optimizations provide the most accurate 

estimates to date for the barriers to reach these two decay regions in water. 

Following initial population of πHπ* upon absorption, the π2π* state can also be accessed 

non-adiabatically through the (1πHπ*/1π2π*)CI given its close proximity to the FC region (see 

Fig. 3). Upon either direct (for Thd and Cyd, see Fig. 2) or indirect (non-adiabatic) 

population, π2π* is expected to decay towards its minimum 1π2π*min which is predicted to 

emit vertically at ~4 eV (see Table S5). However, emission intensity from 1π2π*min is rather 

weak and, for Urd and Thd, much smaller than that of 1πHπ*min. This feature could explain 

why this channel has not been detected in previous fs-FU experiments in deoxy-

pyrimidines.29 Once reaching the 1π2π*min, a barrier (~0.88 and 0.24 eV for Urd and Thd, 
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respectively) has to be surmounted in order to reach the CI with S0 (1π2π*/GS)CI and decay 

non-radiatively. Given the high energy barrier in Urd, the easiest decay path would be a re-

cross back to the πHπ* state. On the other hand, this channel may play a role in Thd due to the 

smaller barrier towards (1π2π*/GS)CI. We thus propose that the additional ππ* deactivation 

channel recently tracked by time-resolved photoelectron spectra (TR-PES) in deoxy-Thd17,31 

is associated to 1π2π* and not to 1πHπ* (see below). 

As opposed to Thd and Urd, Cyd displays near-degeneracy between 1π2π*min and 

(1πHπ*/1π2π*)CI, thus suggesting efficient re-population of the πHπ* state. Accordingly, no 

signatures of the 1π2π* state have been recorded by fs-FU experiments. However, relaxation 

on the πHπ* PES from (1πHπ*/1π2π*)CI funnels the system towards a different minimum, 

1πHπ*min-3, displaying different geometrical parameters compared to the other minima 

characterized (see SI), and a strong coupling with the 1nOπ* state.  Its estimated vertical 

emission peaks at ~3.78 eV. This value falls within the range previously assigned to the 

emission signal of the ultrafast component, but it is anticipated here that its lower oscillator 

strength will difficult its experimental characterization. A transition state is optimized along 

the pathway connecting 1πHπ*min-3 and (1nOπ*/1πHπ*/S0)CI, displaying a moderate energy 

barrier of 0.32 eV. The decay is mediated in this case by a 3-state CI, previously reported by 

Kistler and Matsika21 for gas phase cytosine, and that is highly coupled with the main 

carbonyl stretching motion behind this channel. 
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Figure 3. Evolution of the ground and lowest excited states for Urd (a), Thd (b) and Cyd (c) 

along the computed relaxation paths plotted in mass-weighted units. Full purple lines denote 
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the main ring-puckering CI channels, blue lines represent the ring-opening route and dotted 

lines depict the decay channels mediated by the π2π*. Computed vertical (VE) and adiabatic 

ZPE-corrected (AE) emissions are also reported together with the corresponding 

experimental values (in brackets). 

Whereas Urd displays only a mono-exponential ultrafast decay on a <100 fs time scale,25 

time resolved fluorescence experiments show a bi-exponential excited state decay for deoxy-

Thd,29 and both oxy- and deoxy-Cyd,32 with a fastest component <200 fs and an additional 

ultrafast yet slower sub- to few-ps component (0.7-1.8 ps, depending on the systems). It has 

been suggested that the shortest-lived component could be associated to the relaxation of the 

wave packet out of the FC region, while the second one would account for overcoming the 

barrier and finally decaying to the ground state.7,15,22,33 However, it is apparent that the initial 

motion triggered upon absorption would mainly populate bond-stretching modes in a 

timescale of tens (rather than hundreds) of fs. Consistently, vibrational coherences have been 

recently probed along these modes in nucleobases,34 while it has also been shown that full 

coherent photo-processes in similar biological systems can take place in a sub-50 fs regime.35 

Furthermore, time-resolved photoelectron spectroscopy (TR-PES) experiments on deoxy-Thd 

also find a bi-exponential decay (time components 120 and 390 fs) with evidence of two 

independent decay channels involving two different ππ* states.17 Keeping this in mind, and 

considering that only purposely tailored dynamical studies9,36 coupled with correlated 

potential energy surfaces can provide a definitive assignment of the experimental time-

components, this study strongly suggests to assign the fastest (<200 fs) decay component to 

direct 1πHπ*→S0 ballistic decay for all pyrimidine nucleosides,37 that is driven by the 

ethylenic and ring-opening CIs, whereas the second ultrafast component observed in Thd and 

Cyd would most likely arise from a fraction of the wave packet being slowed down due to 
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trapping either in a local minimum along the flat 1πHπ* PES, or in the 1π2π* state, or to a 

combination of both.  

It is worth noting that our model, involving MM water molecules, is unable to track proton 

transfer events between excited nucleobases and neighboring water molecules that have been 

previously suggested38,39 as possible decay routes. Inclusion of QM waters in the current 

model is out of reach due to its computational cost. Moreover, one would have to account for 

several solvation layers in the QM region in order to include the likely proton diffusion event 

along the water hydrogen-bonding network as has been recently analyzed in similar 

systems.40 Nevertheless, we expect the involvement of these processes to be minor in 

ultrafast decays, compared to those related to the bright and initially accessed ππ* states. 

Electron ejection from the excited base into water is yet another possibility that has been 

previously highlighted in the literature.41 We have not considered this path in the present 

study as it has sizable contributions only at high energies (~220nm, UV-C), whereas our 

study focuses on the deactivation channels in the biologically relevant sunlight UV-A/B 

spectral range (280-400 nm), which is the one employed in the time-resolved experiments we 

compare our simulations to. 

The increasing energy barriers to the S1/S0 funnels (and, hence, longer lifetimes) are expected 

to correlate with increasing fluorescence quantum yields (QY). Despite featuring the highest 

barrier, though, Cyd displays an intermediate fluorescence QY with respect to Thd and Urd 

(0.89x10-4 and 1.02 x10-4 for oxy and deoxy-Cyd, respectively,29,32 see Table 1). This can be 

only understood/comprehended in the scope of the more complex deactivation mechanism in 

Cyd, involving both the 1πHπ* and the 1π2π* states. While the oscillator strength does not 

change significantly along the 1πHπ* state (f(1πHπ*min-pl)/f(1πHπ*FC): 0.96; f(1πHπ*min-
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tw)/f(1πHπ*FC): 0.93), thus making the fluorescence QY along this channel dependent only on 

the barriers, its decrease is stronger along the 1π2π* relaxation path (f(1πHπ*min-3)/f(1π2π*FC): 

0.52). Thus, with increasing significance of the 1π2π* deactivation channel larger fractions of 

the population are rerouted to the (1πHπ*)min-3 minimum with reduced emission. In that way, 

the broken correlation between excited state lifetimes and fluorescence QY indirectly 

supports the involvement of the 1π2π* state in the deactivation mechanism of Cyd. 

Table 1. Fluorescence Quantum Yield, Energy barrier, lifetime and the ratio between the 

oscillator strengths f of the bright states in the FC and in the πHπ* minima for Urd, Thd and 

Cyd.  

 

 

 

 

In order to assign the available spectroscopic results to the corresponding decay pathways, 

the spectral fingerprints (emission, fluorescence anisotropy, excited state absorptions (ESAs) 

and photoelectron signals) out of the stationary points described in this work have been 

systematically computed and compared face-to-face with the available experimental data. 

The computed fluorescence anisotropy29,42,43 values at time zero (r0) are reported in the SI and 

compared with experiments. Though this technique can in principle ascertain if the nature of 

the absorbing and emitting states is different, in our case is not very informative. In 

particular, initial excitation to the 1π2π* state in Cyd and subsequent emission from 1πHπ*min-3 

reached after re-population of the 1πHπ* state, as previously suggested, yield analogous 

anisotropy values as those reported when accessing the 1πHπ* state (either planar/twisted 

1πHπ* minima) directly upon excitation, thus showing how this observable is incapable of 

 Urd Thd  Cyd  
Fluorescence Quantum Yield (QY, 10-4)29,32 0.4 1.32 0.89 
Energy Barrier (eV) Ethene-like  0.09 0.12 0.15 

Open-ring 0.14 0.18 0.24 
Lifetime (ps) 0.10 0.15 0.20 

 f(1πHπ*min-pl)/f(1πHπ*FC) 0.73 0.90 0.96 
f(1πHπ*min-tw)/f(1πHπ*FC) 0.70 0.88 0.93 
f(1πHπ*min-3)/f(1π2π*FC) - - 0.52 
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disentangling these two different decay routes. In Thd, however, a second decay mechanism 

along the 1π2π* state is also proposed, leading to 1π2π*min whose computed r0 is quite different 

from the one obtained along the 1πHπ* decay. This result suggests that these two decay 

channels could be differentiated by the experiments, at least in Thd. However, the anisotropy 

was measured at 330 nm, being out of range for any kind of π2π* emissive contribution that is 

predicted to fall at more blue shifted energies (~300 nm).  

TR-Transient Absorption is one of the most powerful methods to characterize excited state 

dynamics. It has been extensively used in fs-TA experiments on oligonucleotides in order to 

fit the lifetimes and disentangle different decay channels. Indeed, due to the different 

electronic structure of each photoactive state, a specific ESA is expected that is thus able to 

provide an indirect signature of its population. Unfortunately, up to now, no computational 

study of ESA in solution was available, making more difficult the assignment of the 

experimental spectra. Here we report first efforts in computing ESA signals on top of the 

different key ππ* minima (see Fig. 4) and provide a direct comparison with the experimental 

evidence under the assumption that the ESAs of the individual ππ* states are dominated by 

the electronic structure at their corresponding minima. Figure 4, bottom panels, reports a 

breakdown of the ESA spectrum of each nucleoside into its contributions. In a nutshell, all 

three systems show two distinct contributions: a) a strong ESA in the near-UV between 300 

nm – 450 nm, arising mainly from ESA of the planar minima, except for Urd where both 

πHπ*min-pl and  πHπ*min-tw contribute equally in this spectral region; this suggests that ultrafast 

decays may also be followed in the UV range; b) a less intense ESA in the visible between 

500 nm – 650 nm that can be assigned to populating the twisted πHπ* conformations. 

Notably, the πHπ*min-3 minimum found in Cyd and associated with depopulating the π2π* 

state exhibits a pronounced absorption in this window which can be used to target its 
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photophysics. The reported visible signatures are in a good agreement with those recorded for 

the ultrafast πHπ*-mediated decay channels.30 It should be noted though that, due to their 

broad unstructured line shapes, ESAs are not well-suited for the unambiguous 

disentanglement of the individual channels and it should be considered that the multiple 

lifetimes fitted for these signals at selected wavelengths are more probably associated with 

the dynamics in simultaneously populated channels rather then a single channel subject to a 

multi-exponential decay mechanism, as often considered. Indeed, and notably, these signals 

do also appear along the 1π2π* and 1πHσ* deactivation routes (the latter sharing the same 

planar 1πHπ* minimum - πHπ*min-pl - of the πHπ* pathways), and are thus unable to distinguish 

the different channels. 

Another way to track photoinduced phenomena is based on TR-PES, where the average 

kinetic energy (AKE) of the ejected electrons is registered. This magnitude is related to the 

excess energy between the probe pulse employed and the energy gap between the initially 

accessed singlet and cationic state (Dn) generated. AKEs for the different key structures are 

estimated and shown in Figure 4. The study by Buchner et al.17 is taken as a reference and is 

extended using a larger active space and basis set: all values displayed refer to the 267-nm 

pump and 238-nm probe set-up described therein enabling photoionization in nucleosides (up 

to 9.85 eV, cationic states having been rescaled to match the experimental value reported in 

the literature for Cyd and Thd,44 Urd being considered to be in the same range; see SI). Urd 

and Thd feature their largest AKEs at the vicinities of the FC region, where the S1-D0 gap is 

the smallest. This correlates with what has been reported in the literature for deoxy-Thd17 and 

for deoxy-nucleotides45 in vacuo with 400-nm probe pulses where the largest AKEs are 

registered at earlier times. Slightly lower values are obtained for 1π2π*min, in agreement with 

Buchner et al.17 that indeed register lower AKEs for the second sub-ps channel in deoxy-Thd. 
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This result strongly supports the assignment of this decay channel to the 1π2π* state and the 

importance of including this state in the theoretical treatment. It is worth noting that 

contributions along the ultrafast 1πHπ* state are here predicted to decay rapidly, practically 

vanishing already at 1πHπ*min-tw with estimates AKE ~0.4 eV, evidencing a larger singlet to 

doublet gap along the pathway that is expected to difficult the proper monitoring of the 

excited state dynamics under the conditions here considered.17 More energetic vacuum UV 

(VUV) probe pulses may provide an alternative, and ultimate, technique for a definitive 

answer.46 Cyd presents the only case where one of its minima 1πHπ*min-3 displays larger AKEs 

than the FC region, being a good probe for this channel and its involvement in the overall 

photo-process. While no experimental time-resolved study has been found for this specific 

system, we predict the S1-D0 gap to remain small enough to be probed along the shortest-

lived component, which makes TR-PES a very appealing technique for tracking the ultrafast 

events in Cyd.  
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Figure 4. Diagram containing the photochemically relevant mechanisms in water-solvated 

Urd (a), Thd (b) and Cyd (c) and their related spectroscopic fingerprints. The colored arrows 

denote excited state absorptions (ESAs), their thickness representing their relative intensity 
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(computed values in nm). The corresponding calculated ESA spectra in nm in the bottom 

panels (computed ranges are reported together with the corresponding experimental values in 

brackets). Black arrows correspond to Average Kinetic Energies (AKEs) in eV.  

 

In conclusion, by employing QM(CASPT2)/MM energies and gradients with explicit 

solvation and realistic systems, we have described all the ultrafast (sub- to few-ps) decay 

paths in water solvated pyrimidine nucleosides and report a complete and coherent (static) 

picture. Corresponding spectroscopic signals (spanning transient absorption/emission, 

fluorescence anisotropy and photoelectron) have also been systematically modeled and 

compared face-to-face with available observations to support experimental assignments. Our 

study supports a ballistic coherent ultrafast decay of the bright lowest-lying 1πHπ* state 

mediated by two possible CIs on the shortest sub-ps lifetimes and postulates a new scenario 

where the existence of a second accessible 1π2π* state in Cyd/Thd could potentially account 

for the second component registered experimentally in the sub- to few-ps regime in these 

species. Given the limitations of present spectroscopic methods, more extensive theoretical 

and experimental studies like the TR-PES experiments suggested above and those involving 

multidimensional electronic spectroscopy47,48 are thus required for a final assignment, 

particularly so in Cyd. It is also worth to stress that longer-living decay channels (tens of ps 

to ns), also registered experimentally in solution and possibly involving other paths and states 

(e.g., base to sugar proton transfers,49,50 nπ* dark states51 triplet states52), are not considered 

here and will be the focus of a forthcoming study. 

Eventually, this work delivers a fundamental step towards a full understanding of ultrafast 

decay in solvated pyrimidines and their spectral signals. The unified mechanistic scheme 
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presented here calls for a common evolutionary origin and path under the pressure of natural 

selection in the vital quest for optimal DNAR/RNA photo-protection.53,54 
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