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ABSTRACT: We combine sub 20-fs broadband transient ab-

sorption spectroscopy in the ultraviolet with state-of-the-art quan-

tum mechanics/molecular mechanics simulations to study the 

ultrafast excited-state dynamics of the sulfur-substituted nucleo-

base 4-thiouracil. We observe a clear mismatch between the time-

scales for the decay of the stimulated emission from the bright 

* state (78 fs, experimentally elusive until now) and the build-

up of the photoinduced absorption of the triplet state (200 fs). 

These data provide compelling evidence that the intersystem 

crossing occurs via a dark state of n* character, which is inter-

mediately populated on the sub 100 fs timescale. Nonlinear spec-

troscopy simulations, extrapolated from a detailed CASPT2/MM 

decay path topology of the solvated system together with an ex-

cited state mixed quantum-classical non-adiabatic dynamics, re-

produce the experimental results and explain the experimentally 

observed vibrational coherences. The theoretical analysis rational-

izes the observed different triplet build-up times of 4- and 2-

thiouracil. 

 Thiobases1 are DNA or RNA nucleobases where an exocyclic 

carbonyl oxygen is replaced by a sulfur atom. They have attracted 

much attention in recent years due to their biological relevance 

and their increasing amount of applications2. They have been used 

to improve polymerase chain reaction for DNA/RNA 

replication3,4 and as cross-linking chromophores for investigation 

of specific interactions between nucleic acids and proteins5,6. 

Thanks to their near-unity triplet yields they have been also 

demonstrated as potent chemotherapeutic agents7–9 for the treat-

ment of some types of non-malignant hyperproliferative skin con-

ditions and cancers. Besides their practical applications, they pro-

vide an excellent model system to understand how a single atom 

substitution can modify the energy relaxation pathways of the 

canonical DNA/RNA nucleobases. In comparison to the canonical 

nucleobases, thiation causes a red-shift in the absorption spectrum  

to the 280-400 nm range, leading to remarkable changes in the 

photophysics10–16: while in DNA/RNA monomers  excited state 

deactivation occurs on an ultrafast timescale through a high rate 

of S1→S0 internal conversion mediated by a conical intersection 

(CI)17–19, the major relaxation pathway in thiobases is via the pop-

ulation of long-lived triplet states through an ultrafast intersystem 

crossing (ISC)13 occurring on the sub-picosecond timescale. 

Over the past decade major efforts, both experimental11–13,15,20–

30 and computational11,15,23–25,28,31–40, have been made to gain 

deeper understanding of the electron energy relaxation pathways 

and triplet state formation mechanisms in thiobases. Computa-

tional studies have suggested that the bright * state relaxes on 

the sub-100-fs timescale by means of a CI to a dark singlet n* 

state, which acts as a doorway to the triplet manifold. Such mech-

anism has been proposed for a number of thiobases, including  2-

thiouracil35,39, 4-thiothymine15, 2-thiothymine32, 2,4-

dithiothymine33, 2-thiocytosine23 and 6-thioguanine31. While the 

femtosecond dynamics of the triplet states formation through ISC 

have been measured7,10,13,15, so far there has been no distinct ex-

perimental proof of the existence of an intermediate dark state, 

due to the lack of ultrafast spectroscopy data with sufficiently 

high temporal resolution. 

Here we combine broadband transient absorption (TA) spec-

troscopy featuring sub 20-fs time resolution in the ultraviolet 

(UV) with hybrid quantum mechanics/molecular mechanics 

(QM/MM) state-of-the-art computational tools to study the ultra-

fast photoinduced dynamics of 4-thiouracil. We provide clear 

experimental evidence, quantitatively supported by the computa-

tional results, that ISC occurs via a dark state of n* character, 

that is intermediately populated on the sub 100 fs timescale from 

the bright photoexcited * state.  

TA measurements were carried out on a home-made pump-

probe setup with sub 20 fs UV pump pulses centered at 330 nm 

and broadband probe pulses covering the 250-700 nm spectral 

range41–43 (a description of the system and the sample preparation 

is provided in the Supporting Information, SI). The QM/MM 

computational scheme couples a state of the art ab initio multi-

reference dynamically correlated description (CASPT2) of the 4-

thiouracil with an explicit classical atomistic model (AMBER 

force field) of the solvent. QM(CASPT2)/MM(AMBER) static 

description of the potential energy surface supplemented by non-

adiabatic mixed quantum-classical dynamics simulations are used 

to fully characterize the decay channels associated with the lowest 

* excited state of the water-solvated 4-thiouracil. TA simula-

tions are then performed by coupling the electronic structure 

computations to nonlinear spectroscopy techniques (details on the 

theoretical parameters provided in SI sec. 1). 

Figure 1A, B shows the experimental two-dimensional (2D) 

maps of the differential transmission (T/T) signal of 4-thiouracil 

dissolved in a phosphate saline buffer (PSB) solution. Immediate-



ly after the pump pulse, we observe a positive signal, which is 

assigned to the superposition of two bands: the tail of the ground 

state bleaching (GSB) band at 360 nm and a stimulated emission 

(SE) band peaking around 400 nm. Both the SE and GSB signals 

are assigned to the bright S2 state photoexcited by the pump pulse 

(* transition).  
 

 

Figure 1. Experimental (panels A and B) and simulated (panels C 

and D) T/T maps of 4-thiouracil in PBS solution. Upper panel in 

(A) shows the dynamics at 400 nm (dotted line in the map), upper 

panel in (C) shows the calculated S2(*) population decay from 

a mixed quantum-classical molecular dynamics simulation with a 

set of 30 trajectories. 

The SE band displays a first ultrafast decay on the sub-100-fs 

timescale, which is followed by the delayed build-up of a pho-

toinduced absorption (PA) band around 600 nm on the ~500 fs 

timescale. The dynamics at 400 nm is shown in the upper panel of 

Figure 1A (dynamics at other wavelengths are shown in SI, sec. 

4.3). The PA band, whose build-up has been observed in previous 

studies with a lower 200-fs time resolution13, has been assigned to 

triplet-triplet absorption, thus providing a fingerprint of the ISC 

process. Following its formation, the PA band undergoes a blue-

shift on the sub-picosecond timescale (Figure 2A), which is as-

signed to vibrational cooling of the long-lived44,45 triplet state. At 

all wavelengths the T/T signal is modulated by a complex oscil-

latory pattern that is assigned to vibrational coherences impulsive-

ly excited by the sub-20-fs pump pulse. 

 

Figure 2. (A) T/T spectra of 4-thiouracil at selected time delays. 

(B) DAS obtained by global analysis. 

Our experimental data clearly show a mismatch between the de-

cay time of the SE and the build-up time of the PA signal, thus 

delivering an experimental confirmation of the ISC mechanism 

proposed by previous theoretical works15,23,31–33,35,36,39 that does 

not occur directly from the photoexcited bright * state but is 

mediated by an intermediate dark state of n* character (the S1 

state). Figure 2B shows the decay associated spectra (DAS) ob-

tained by a global fit of the data (details of the analysis are report-

ed in the SI, sec. 4.4), revealing time constants of 78 fs and 201 fs. 

The 78 fs time constant (black line) is attributed to the decay of 

the SE band: the population of the * state is ballistically driven 

towards the n* state through a CI. The 200 fs DAS band between 

500 and 650 nm is associated to the subsequent triplet PA for-

mation. 

 

Figure 3. (A) 2D Fourier transform of the residuals of the exper-

imental (left) and theoretical (right) T/T dynamics. (B) Coherent 

energy gap fluctuations along selected vibrational modes at 457 

cm-1 (ring breathing), 697 cm-1 (H7 and H11 hydrogen-out-of-

plane (HOOP) bending) and 784 cm-1 (H7, H11 and H12 out-of-

plane). The breathing mode gives rise to the 400 cm-1 peak in the 

2D Fourier transforms, while both HOOP modes are responsible 

for the 680 cm-1 peaks. Intensities associated with trajectory densi-

ty. 

Figure 1C, D shows the simulated T/T maps, constructed by 

means of cumulant expansion of Gaussian fluctuations using the 

formalism of line shape functions parametrized by analyzing the 

geometrical and electronic structure of the singlet and triplet man-

ifolds (for details see SI sec. 1.4). The pump pulse populates the 

lowest * state in the Franck-Condon (FC) region. The vibra-

tional dynamics in this bright state gives rise to intensity beats in 

the SE signal, whose central wavelength (400 nm) matches also 

the energy gap at the Min *. A 2D Fourier analysis of the oscil-

latory components of the recorded (Figure 3A, left) and simulated 

(Figure 3A, right) spectra reveals two modes with frequencies of 



680 cm-1 and 400 cm-1. To shed light into the underlying molecu-

lar deformations we run a limited ensemble of 30 room tempera-

ture trajectories employing Tully's fewest switches surface hop-

ping algorithm (see SI Figures 9-12, a representative trajectory 

depicted in the lower panel of Figure 4). A decomposition of the 

GS-ππ* energy gap dynamics along each trajectory into contribu-

tions from the individual normal modes within the framework of 

the displaced harmonic oscillator model (details in the SI, sec. 

2.5) allows to identify the normal modes responsible for the co-

herent beatings of the SE. In particular, we observe coherent dy-

namics in the 457 cm-1 breathing mode and in two hydrogen-out-

of-plane (HOOP) bending modes with frequencies 697 cm-1 and 

784 cm-1 (Figure 3B), in good agreement with the experimentally 

observed frequencies. We associate both HOOP modes with the 

680 cm-1 frequency in the 2D Fourier transform. 

The evolution in the ππ* state leads to a sloped CI seam with 

the dark n* (Figure 4). The molecular dynamics simulations (see 

SI, Figures 9-12) show that ultrafast *→n* transition is facili-

tated when thermal energy is inserted in the system despite the 

pronounced */n* energy gap of 1 eV at equilibrium (see SI, 

Figure 5). The population decay dynamics (upper panel of Figure 

1C) is fitted with a time constant of 67.5 fs, in remarkable agree-

ment with the 78 fs time constant extracted from the global analy-

sis. 

Relaxation in the n* state leads to a planar minimum (Min n* 

in Figure 4) which is isoenergetic with two triplet states, of 3n* 

and of 3* nature, respectively. Hence, the n* state acts as a 

doorway for the effective population of the triplet manifold. The 
1n*/3* ISC is facilitated by a 150 cm-1 spin-orbit coupling. 

The longer time constant of 201 fs is assigned to the build-up of 

the PA from the 3* triplet state (Figure 1B), supported by our 

static computations revealing higher lying states in the triplet 

manifold absorbing around 600 nm from the triplet minima (in 

blue in Figure 4). In the simulated T/T spectra (Figure 1D) these 

states give rise to PA around 550 nm that matches the experimen-

tally observed 500-650 nm band (Figure 1B), as well as the corre-

sponding band in the 200 fs DAS (Figure 2B). Instead, the 400-

425 nm band present in the 200 fs DAS does not match with any 

computed PA either from singlet or triplet states. We note that the 
1n* state is completely dark in the probed spectral window as it 

exhibits no SE or PA. We assign this DAS contribution to a slow-

er S2 ππ* decay component, coming from vibrational modes dis-

advantaging the access to the n*/* CI seam (see for example 

trajectories 15, 17 and 25 in the SI) or from a partial excitation of 

the second bright state (S3, labeled B, blue circles in Figure 4, see 

also sec. 2.2 in the SI), which is expected to exhibit a delayed 

decay to S2 (indicated by a dashed line in Figure 4). 
 

Notably, we measure an ISC time in 4-thiouracil which is about 

two times faster compared to 2-thiouracil. Pollum et al.13 meas-

ured a  triplet build-up time of 360 fs for 2-thiouracil, in agree-

ment with our results on 2-thiouracil showing a 400-fs rise time 

of the PA band at 600 nm (see figure S19 in the SI)46. According 

to our calculations, there are two possible explanations for this 

behavior. On one side,  the minimum on the  n* state in 4-

thiouracil is planar  in contrast to 2-thiouracil, which exhibits an 

out-of-plane bending of the sulfur35,39, also characteristic for nu-

cleobases47,48 . On the other side, in 4-thiouracil the n* minimum 

coincides with the ISC, whereas in 2-thiouracil a barrier of ca. 0.1 

eV has to be overcome35,39.  

.

 

Figure 4. CASPT2/MM decay path from the lowest * bright state (S2 at the FC point) of 4-thiouracil in water. Black arrows indicate the 

absorption wavelength of the two lowest bright states S2 and S3 at the FC point. Red arrow indicates the stimulated emission out of the 

minimum on the lowest * bright state. Blue arrows indicate the photo-induced absorption from the triplet minima, giving rise to the 

excited state absorption band between 500 nm and 650 nm detected after 200 fs in the transient absorption spectra (see Figure 1 B,D). In-

set: a representative trajectory of non-adiabatic molecular dynamics initiated in the S2 state (green, *) and decaying to S1 (red, n*) after 

ca. 80 fs. 



In conclusion, high time resolution transient absorption spec-

troscopy in the UV range allowed us to observe for the first time 

an ultrafast (sub-100-fs) decay component in the photoinduced 

dynamics of 4-thiouracil following excitation of its bright * 

state, which does not match the build-up time of the fingerprint 

signals of the triplet states. This is a compelling proof of the 

involvement of an intermediate dark 1n* state acting as door-

way to the triplet manifold. This interpretation is supported by 

high-level ab-initio static and dynamic numerical modeling, 

which allows us also to characterize the leading vibrational 

modes responsible for the experimentally observed coherences. 

In addition, the modeling is able to rationalize the faster triplet 

population in 4-thiouracil compared to its tautomer 2-thiouracil. 
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