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Abstract 

Ultrafast electronic relaxation of nucleobases from 1pp* states to the ground state (S0) is considered 
essential for the photostability of DNA. However, transient absorption spectroscopy (TAS) has indicated 

that some nucleobases in aqueous solutions create long-lived 1np*/3pp* dark states from the 1pp* states 
with a high quantum yield of 0.4-0.5. We investigated electronic relaxation in pyrimidine nucleobases 
in both aqueous solutions and the gas phase using extreme ultraviolet (EUV) time-resolved 
photoelectron spectroscopy. Femtosecond EUV probe pulses cause ionization from all electronic states 

involved in the relaxation process, providing a clear overview of the electronic dynamics. The 1np* 
quantum yields for aqueous cytidine and uracil (Ura) derivatives were found to be considerably lower 
(<0.07) than previous estimates reported by TAS. On the other hand, aqueous thymine (Thy) and 

thymidine exhibited a longer 1pp* lifetime and a higher quantum yield (0.12-0.22) for 1np* state. A 
similar trend was found for isolated Thy and Ura in the gas phase: the 1pp* lifetimes are 39 and 17 fs 
and the quantum yield for 1np* are 1.0 and 0.45 for Thy and Ura, respectively. The result indicates that 
single methylation to the C5 position hinders the out-of-plane deformation that drives the system to the 

conical intersection region between 1pp* and S0, providing a large impact on the 
photophysics/photochemistry of a pyrimidine nucleobase. The significant reduction of 1np* yield in 
aqueous solution is ascribed to the destabilization of the 1np* state induced by hydrogen bonding. 
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Introduction 
Why nucleobases have been chosen to record genetic information is an intriguing scientific 

question. Nucleobases are known to undergo an ultrafast electronic relaxation process from optically 

bright 1pp* states to the ground electronic state (S0), which facilitates rapid transformation of absorbed 
ultraviolet (UV) photon energy into heat, and its rapid dissipation into the surroundings.1-8 Some 
researchers have speculated that this mechanism offered advantages for protecting genetic code from 
photolesion under strong solar radiation through the primitive atmosphere of the early Earth, providing 
a selection pressure to choose these molecules as the key constituents of DNA/RNA.9-10  

However, transient absorption spectroscopy (TAS) measurements by Hare et al. indicated that 

aqueous nucleobases also deactivate from 1pp* via long-lived optically dark 1np* states, and that this 
relaxation channel has a rather high quantum yield (>0.4) in some pyrimidine nucleobases.6 This finding 
seems in contradiction with the conventional picture of the photostability of nucleobases. On the other 
hand, ultraviolet time-resolved photoelectron spectroscopy (UV-TRPES) studies of aqueous solutions 
of Thymine (Thy) and Thymidine (Thd) performed by Buchner and coworkers indicated no 

photoionization signal from 1np*, and they concluded that 1np* is not involved in the relaxation process 
from 1pp*.11-12 A similar contradiction has been seen between TAS and UV-TRPES results reported by 
other groups.13-15 These results suggest that there are fundamental problems in either TAS or UV-TRPES 
or both in estimation of the quantum yields for the optically dark states.  

In the present study, we investigate the photophysics of nucleobases in aqueous solutions using 
extreme-ultraviolet time-resolved photoelectron spectroscopy (EUV-TRPES). The study on the 
relaxation dynamics of aqueous nucleobases also provides valuable insights into those of nucleobase 

pairs in DNA .14, 16-17 Since the vertical ionization energies from the 1np* states of aqueous nucleobases 
are unknown, it is crucial to employ EUV probe pulses (> 20 eV) that ensure ionization from all 
electronic states involved in the relaxation process, eliminating any ambiguity as to whether or not the 

probe photon energy was sufficient for ionization from the 1np* states. The main targets of the present 
study were cytidine (Cyd), uracil (Ura) and uridine 5’-monophophate (UMP) for which high 1np* 
quantum yields of 0.49, 0.28 and 0.42 have been reported, respectively.6, 14 Uridine (Urd),18 Thy, and 
Thd, with slightly smaller estimated values (<0.2), were also studied. The chemical structures of these 
molecules are depicted in Figure 1.  

Since the photophysics of nucleobases is strongly influenced by hydrogen bonding, it is 
important to compare the dynamics of aqueous nucleobases with those of isolated molecules in the gas 
phase. However, since nucleosides and nucleotides are vulnerable to evaporation at high temperature,19-

20 we studied gaseous Thy and Ura alternatively.9, 16, 21-27 Thy and Ura are known to have keto forms in 
the gas phase almost exclusively; the minute amount of keto-enol tautomers,28 which have higher energy 
than the keto form by more than 9 kcal/mol, is practically negligible. On the other hand, the dominant 
tautomer of gaseous cytosine (Cyt) has a non-canonical form, so that Cyt was excluded in the present 

study. Early experimental and theoretical studies indicated that 1pp*→1np* internal conversion in 
isolated pyrimidine bases takes several hundred femtoseconds; however, recent studies suggest that the 



 4 

actual lifetime of 1pp* is shorter than 50 fs.25-27 Thus, we performed EUV-TRPES with a temporal 
resolution of 47±3 fs to precisely determine the rate and quantum yield for 1pp*→1np* internal 
conversion in isolated molecules. 

In the following, we refer to the electronic states relevant to the dynamics as 1pp*, 1np*, 3pp*, 
3np* and S0, which correspond to the diabatic bases most typically employed in spectroscopic studies.   

 
Figure 1.  Molecular structures of pyrimidine nucleobases and their derivatives. UMP is doubly 
charged at the pH value 7.48 employed in the present study.  
 
Experimental 
 This paper presents the first report of EUV-TRPES of aqueous nucleobases, so that there are a 
few noteworthy aspects. First of all, EUV pulses generate photoelectrons with high kinetic energies, so 
that inelastic scattering prior to photoemission can be neglected. This represents a clear difference 
between EUV-TRPES and UV-TRPES in that the latter requires detailed analysis of scattering effects.29 
In this sense, EUV-TRPES is clearly advantageous. The drawback of EUV-TRPES is that the solvent is 
ionized by one-photon absorption, so that greater care is needed to avoid space charge effects.30 This 
difficulty is mitigated by employing a laser system with a high repetition rate. The driving lasers for 
generation of UV and EUV pulses in the present study were a 1 kHz Ti:sapphire regenerative amplifier 
(35 fs, 800 nm, 1 kHz, 6 mJ) for gas-phase experiments and a 10 kHz Ti:sapphire amplifier (35 fs, 800 
nm, 10 kHz, 0.7 mJ) for liquid-phase experiments.31 Some of the liquid-phase experiments were also 
performed using a Yb:KGW regenerative amplifier (90 fs, 1030 nm, 20 W, variable repetition rate), 
which was operated at 25-50 kHz. The EUV photon energy was 21.7 eV for gas-phase experiments, and 
27.9 or 26.4 eV for solution-phase experiments (only for aqueous Cyd, 21.7 eV was employed). An 
energy of 21.7 eV was chosen for the gas-phase experiments because it does not ionize the He (ionization 
energy: 24.59 eV) that was used as a carrier gas for supersonic jets. Further experimental details are 
described in Supporting Information. 

The observed spectra of aqueous solutions exhibit a strong short-lived signal in the electron 
binding energy (eBE) region above 5 eV; the eBE is the difference between the probe photon energy 
and the observed electron kinetic energy (eKE). An example for a 0.15 M Cyd aqueous solution is shown 
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in Figure 2(a). As seen in Figure 2(b), the same feature is found for a 0.05 M NaCl aqueous solution 
(without any nucleobase). This strong coherent artifact is due to non-resonant (1+1’) ionization of 
solvent water by the UV and EUV pulses, and is observed for all aqueous solutions. Its temporal width 
depends on the laser system employed in each measurement (Figure S2 in Supporting Information). 
More specifically, the spectra for Cyd and Urd measured with a cross-correlation time of 60±2 fs (10 
kHz Ti:sapphire laser) had a narrower temporal width than that for Ura,UMP, Thy, and Thd measured 
with a cross-correlation time of 100±3 fs (Yb:KGW laser). This component (Figure 2(b)) can be 
removed by subtracting the distribution of coherent artifact from pump-probe spectra. Otherwise, the 
coherent artifact can be easily identified and removed using a Gaussian function in the global fitting 
analysis, because the artifact always appears as a Gaussian function centered at the time origin. 

  
Figure 2. Subtraction of coherent artifact from raw pump-probe photoelectron spectra. (a) Raw data 
for 0.15 M Cyd aqueous solution, (b) coherent artifact measured for 0.05 M NaCl aqueous solution, 
(c) spectrum after subtraction of (b) from (a).  
 

The penetration depths of the pump (267 nm) and probe (57 nm) radiation are estimated to be 

3 µm and 20 nm for aqueous 0.15 M Urd solution, respectively. However, the probing depth of 
photoelectron spectroscopy is primarily limited by the escape depth for electrons, which is limited by 
electron scattering in the liquid. The probing depth is not accurately known but is estimated to be on the 
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order of 1-2 nm for EUV-TRPES. Thus, the photoelectron signal intensity reflects the local 
concentration at the gas-liquid interface. Hydrophobic molecules tend to become concentrated on the 
liquid surface, producing a higher photoelectron signal intensity than that for hydrophilic molecules. 
Ura is the most hydrophobic among the compounds studied here, and the largest surface enrichment 
factor is anticipated for it. However, its low bulk solubility provides an extremely low signal intensity. 
UMP, being the most hydrophilic with the least degree of surface enrichment, produces the lowest signal 
intensity at any concentration; however, UMP is much more soluble than Ura in water, thus producing 
a stronger photoelectron signal. To quantitatively discuss these differences, we measured the EUV one-
color photoelectron signal intensity as a function of the bulk concentration (Figure 3(a)). In a previous 
study, Nishitani et al. demonstrated that the EUV photoelectron signal intensity has a strong correlation 
with the surface concentration estimated from surface tension measurements.30 Photoelectron 
spectroscopy measurements allow estimation of the (relative) surface concentration with a higher 
sensitivity than surface tension measurements, and it can be performed for a non-stationary liquid 
surface under vacuum. Figure 3(a) shows that the photoelectron signal intensity for UMP is lower than 
that for Urd at the same concentration. No clear indication of saturation is seen in the concentration 
dependence for the three compounds. For comparison with our experimental results, we performed 
molecular dynamics simulations to estimate the depth profiles for Ura, Urd, and UMP in aqueous 
solutions, as shown in Figure 3(b). The computational conditions are described in Supporting 
Information (Section II.F). The calculated depth profiles agree with the trend observed experimentally. 

The absolute values of eBE were calibrated using the value of 11.3 eV for liquid water as an 
internal energy standard;32 therefore, these values are free from the influence of surface dipole 
moments.31 
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Figure 3. (a) Concentration dependence of photoelectron signal intensity for Ura, Urd, and UMP. The 
intensity is normalized by the spectral area for H2O 1b1 in the liquid phase and scaled to unity using the 
intensity for 250 mM Urd. The inset shows an enlarged view of the low-concentration region. (b) Depth 
profiles at the gas-liquid interfaces computed for aqueous solutions of 39 mM Ura, 91 mM Urd, and 139 
mM UMP. The dashed vertical line indicates the Gibbs dividing surface. Ura and Urd are electrically 
neutral, while UMP is doubly negatively charged and electrically balanced with the counter ions of Na+. 
The blue and red lines indicate the number densities of nitrogen and oxygen atoms in pyrimidine rings, 
respectively, which are greater than the molecular density by a factor of two. Note that the density of 
solvent water is shown by a factor of 1/200. The stars in (a) indicates the integrated population within 2 
nm from the Gibbs dividing surface calculated from the depth profiles computed for Ura, Urd and UMP. 
The relative intensities are in fair agreement with the experimental results. 
 
Results 
(a) Aqueous Cyd 

According to quantum chemical calculations, Cyd has two 1pp* states in the UV region.33 The 
267 nm pump pulses possibly excite both of these states, but this does not alter the following discussion. 
Ma et al. performed a fluorescence up-conversion (FU) and TAS study on the excited-state dynamics 

of Cyd for 267 nm photoexcitation, and estimated the quantum yield for 1np* to be 0.49±0.05.14 This 
was slightly higher than the value of 0.33±0.05 for deoxycytidine (dCyd).14 IR-TAS of aqueous dCyd 
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indicated a vibrational transition at 1574 cm-1;34 the lifetime (37±4 ps) estimated for this band agrees 
with one of the time constants observed for ground-state bleach recovery (35±2 ps).14  

  
Figure 4.  Time-resolved photoelectron spectra of aqueous 0.15 M Cyd solution obtained using 
267 nm pump and 21.7 eV probe pulses. (a) Overview of spectra including strong peaks for liquid (11.3 
eV) and gaseous water (12.6 eV). (b) Two-dimensional time-energy map of photoelectron spectra below 
eBE of 6.5 eV. A coherent artifact at the time origin has already been subtracted. The strong short-lived 

signal is associated with 1pp* state. The photoelectron spectrum for each delay time was integrated over 
2.04×107 shots. The spectra were measured at unevenly spaced 31 delay times between -2 to 29 ps and 
linearly interpolated with an interval of 11 fs. (c) The results of global fitting analysis. The spectra 

associated with the 1pp* (red solid, dashed, and dash-dotted line) and 1np* states (blue solid) are shown; 
the intensity of the 1pp* spectrum is shown on a five times smaller scale. (d) Time profiles of 
photoelectron signal intensity integrated over selected eBE regions of 3-5.5 eV (black dots) and the 
fluorescence decay profile reconstructed from the time constants and amplitudes previously reported in 
Ref. [35] with our instrumental resolution of 0.06 ps (red). The black solid curve is the result of the 
global fitting analysis. 

Figure 4(a) shows time-resolved photoelectron spectra measured for an aqueous 0.15 M Cyd 
solution using 267 nm pump and 21.7 eV probe pulses. The horizontal axis indicates the eBE. The strong 
signal seen at 12.6 eV is due to one-photon ionization of gaseous water evaporated from the liquid 
surface. The broad peak at 11.3 eV is due to liquid water, and an EUV-induced one-photon ionization 
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peak for Cyd appears at around 8 eV. The pump-probe photoelectron signal for aqueous Cyd is seen at 
4 eV with an intensity six orders of magnitude smaller than the one-photon ionization signal for solvent 
water. This large difference in signal intensity reflects the difference in the number density of 
photoexcited Cyd and (unexcited) solvent water molecules. The number density of water molecules is 
two orders of magnitude greater than that of Cyd in aqueous solution. Additionally, attenuation of the 
pump pulses to avoid one-color UV-induced multiphoton ionization reduced the excitation efficiency 
for Cyd to less than 1%. As seen in the figure, the eBE region above 6.5 eV is dominated by strong EUV-
induced photoelectron signals due to unexcited Cyd and solvent water. Thus, we will focus on the eBE 
region below 6.5 eV. 

Figure 4(b) shows a two-dimensional time-energy map of the pump-probe signal. A coherent 
artifact has already been subtracted. The spectra exhibit a prominent band in the eBE regions of 3.0-5.5 

eV, which is assigned to photoionization from optically excited 1pp* state to the ground cationic state 
(D0: p-1) for the following reasons. The vertical excitation energy from S0 to 1pp* is estimated to be 4.6 
eV based on the peak wavelength (269 nm) of the UV absorption spectrum of aqueous Cyd. The vertical 

ionization energy from S0 to D0 of aqueous Cyd is 8.1 eV.36 Photoionization from 1pp* state occurs to 
D0. Therefore, the eBE in the Franck-Condon region for 1pp* state is estimated to be 3.5 eV, which 
agrees reasonably well with the observed band position. The entire photoelectron signal at 3-6.5 eV 
appears at the time origin, and no clear spectral shift is identified; this is consistent with the small 

dynamic Stokes shift previously observed for 1pp* states of aqueous Cyd using TAS.14 
We performed a global fitting analysis of the photoelectron spectra by assuming a sequential 

relaxation process of A→B→C→D and the relaxation from all of these states to S0 (see Supporting 

Information for more details). The analysis provided the lifetimes for A, B, C, and D to be 0.07±0.01, 
0.21±0.02, 1.3±0.3 and 6±1 ps, respectively and the state-associated spectra as shown in Figure 4(c). 

The spectra determined for A, B and C are essentially the same, suggesting that they are all 1pp* state; 
the smallest time constant is considered to be an effective lifetime in the Franck-Condon region and 0.21 

and 1.3 are regarded as the biexponential decay time constants for the 1pp* state after vibrational 
motions. Furthermore, we found that the time profile of the photoelectron signal intensity integrated 
over 3.0-5.5 eV is very similar to the fluorescence decay profile previously measured using the FU 
method,35 as shown in Figure 4(d). Assuming a bi-exponential function of the form 

𝑓(𝑡) = 𝛼exp(−𝑡/𝜏!) + (1 − 𝛼)exp(−𝑡/𝜏"), 
the FU measurements provided 𝛼 = 0.83, 𝜏! = 0.18 and 𝜏" = 0.92 ps with an instrumental resolution 
of 0.45 ps.35 A more recent study gave values of 𝛼 = 0.79 − 0.86, 𝜏! = 0.24 and 𝜏" =1.79 ps (𝛼 varied 
slightly with probe wavelength).14 These time constants are in excellent agreement with the 
aforementioned values determined by global fitting of our spectra. Since fluorescence originates from 

the optically bright 1pp* state, the agreement between the EUV-TRPES and FU results suggests that the 
photoelectron signal is primarily associated with 1pp* state. The appearance of the photoelectron spectra 
associated with 1pp* and 1np* in Figure 4 (c) are rather broad, indicative of the presence of multiple 
bands. We performed least-squares fitting of the spectra by assuming two exponentially modified 
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Gaussian (EMG) functions and estimated the 1np* quantum yield to be 0.02, which, however, is too 
small to determine precisely in the present study (Figures S6). Our result is consistent with the 

computational study on aqueous dCyd, which indicated that 1np* plays a minor role in the deactivation 
from 1pp*.33 Further investigation with different pump wavelengths is of interest15 but is beyond the 
scope of the present study.  

 
 
 
(b) Aqueous Urd 
 Figure 5(a) shows EUV-TRPES results for Urd in a phosphate buffer (PB) using 267 nm pump 
and 27.9 eV probe pulses. A coherent spike in the original experimental data and a weak background 
signal due to photoionization of PB have already been subtracted. Similar to the case for Cyd, we focus 

on the eBE region below 7 eV. A short-lived signal from 1pp* state can be clearly identified in the sub-
picosecond region. In addition, a long-lived signal is discernible in the eBE region of 5-6 eV, particularly 

in the enhanced plot in Figure 5(b). This signal is assignable to 1np* state. Closer examination of this 
photoelectron signal reveals an energy shift toward higher eBE by about 0.5 eV within 10 ps, which is 

indicative of either structural relaxation in the 1np* state or intersystem crossing (ISC) to the triplet 
manifold. We performed a global fitting analysis by assuming sequential two-step relaxation via 1np*, 
and determined the decay time constants of 1pp* and 1np* to be 0.12±0.02 and 5±1 ps, respectively. The 
extracted spectra are shown in Figure 5(c). A computational study by Pepino et al. indicated that hydrated 

Urd in the 1np* state undergoes structural deformation between a planar (4.84 eV) and a twisted structure 
(4.43 eV);37 however, this deformation would occur in less than 5 ps. On the other hand, the 
1np*/3pp* spin-orbit coupling is reasonably large (42 cm-1),37 and the computed minimum energy (3.2 
eV)37 for 3pp* state provides an eBE of about 5 eV in reasonable agreement with the observed energy. 
Therefore, the spectral evolution that occurs with the time constant of 5 ps is assigned to 1np*→3pp* 
ISC. This also accords with the fact that gaseous Thy and Ura exhibit efficient ISC from 1np* to 3pp*, 
as discussed later.  
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Figure 5.  Photoelectron spectra of (a) 0.15 M Urd, (d) 0.01 M Ura, and (g) 0.15 M UMP in PB. The 
pump and probe pulses are 267 nm and 27.9 eV for Urd, and 257 nm and 26.4 eV for Ura and UMP, 
respectively. Plots using an enhanced intensity scale are shown in (b), (e), (h). The horizontal axis is 
linear up to 0.5 ps and logarithmic thereafter. A weak long-lived signal is discernible in all cases. The 
spectra were measured at 32 unevenly spaced delay times between -2 to 13 ps for Urd and 30 delay 
times between -2 to 20 ps for Ura and UMP, and linearly interpolated with an interval of 11 fs. The 
photoelectron spectra for each time delay are integrated over 1.356×107, 8.62×107, and 8.175×107 shots 
for Urd, Ura, and UMP, respectively. The data for Ura and UMP were subjected to boxcar smoothing 
with window widths of 0.7 and 0.5 eV, respectively, in order to clarify major features; the original data 
are shown in Figure S4 in Supporting Information. A global fitting analysis was performed to extract 

the spectra associated with the 1pp* (red solid line), 1np* (blue solid) and 3pp* (green solid) states for 
Urd, Ura, and UMP, as shown in (c), (f) and (i), respectively; the intensity of the 1pp* spectrum is shown 
on a five times smaller scale. The spectrum associated with the 1pp* and 1np* states involve multiple 
bands, so that the shaded region was determined as a single photoelectron band in order to evaluate the 

quantum yield of 1np* using EMG functions (see section II.C in Supporting Information). 
 

If we assume that the ionization cross-sections for 1pp* and 1np* are equal, the quantum yield 
for 1np* can be determined from the integrated spectral intensities of the 1np* and 1pp* bands. It should 
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be noted that intensity must be evaluated for a single photoelectron band for each ionized state. We 
performed least-squares fitting of the spectrum by assuming two Gaussian functions or two EMG 

functions and estimated the 1np* quantum yield for Urd to be 0.04-0.06 (Figures S7).  
A recent TAS and computational study estimated the lifetime of 1pp* states in Urd to be 97 fs 

(our value 120 fs), and the quantum yield for the long-lived component to be < 0.2.18 The yield (< 0.06) 
obtained in the present study is significantly lower. Another related process, an intramolecular sugar-to-
base charge transfer mechanism, has also been proposed for purine nucleobases; however, it has been 
theoretically ruled out for pyrimidine nucleobases by Pepino et al. due to unfavorable energetics.37 
  
(c) Aqueous Ura  
 Figure 5(d) shows EUV-TRPES results for Ura in PB measured using 257 nm pump and 26.4 

eV probe pulses. A short-lived signal associated with 1pp* state can be clearly identified, together with 
a very weak long-lived component assignable to 1np* state. In the enhanced plot in Figure 5(e), a long-
lived component is visible at around 5-7 eV, which shows little variation with time. Global fitting gives 

a time constant of 67±3 fs for 1pp* state. FU previously estimated the lifetime of 1pp* state to be 96 fs 
with an instrumental temporal resolution of 330 fs.38 A TAS study using sub-10 fs pulses found that the 
decay time varies from 54 to 128 fs depending on the probe wavelength in the range of 4.35-4.76 eV;39 
the average value of the decay time is in fair agreement with the FU and EUV-TRPES results. Several 
TAS studies also reported the presence of a picosecond component, but its origin has not been fully 

established.6, 18, 39 We performed the least-squares fitting of the spectra associated with 1pp* and 1np* 
states shown in Fig. 5(f) with two Gaussian functions or two EMG functions and estimated the 1np* 
quantum yield for Ura to be 0.04-0.06. (Figure S8)  
  
(d) Aqueous UMP 

Figure 5(g) shows EUV-TRPES results for UMP in PB measured using 257 nm pump and 26.4 

eV probe pulses. A short-lived photoelectron signal associated with the 1pp* state and a long-lived 
component can be clearly identified. Although the long-lived component is slightly stronger than that 
for Urd, as seen in Figure 5(h), the results for UMP are very similar to those for Urd. The signal decays 

with two time constants of 0.095±0.003 and 1.2±0.2 ps, which are ascribed to 1pp* and 1np*, 
respectively. The yield of 1np* was estimated to be 0.07 by fitting the spectra shown in Figure 5(i) using 
two EMG functions; the estimated upper bound is 0.15. (Figure S9) 
 
(e) Aqueous Thd and Thy 

 The TAS study reported the quantum yield for 1np* in aqueous Thy and Thd to be 0.11±0.13 
and 0.14±0.04, respectively.6 These molecules call particular attention because formation of Thy dimer 
is one of major photochemical damages for DNA. Multiple UV-TRPES studies have been previously 

applied to these systems, but they found no signal for 1np* and concluded that 1np* is not involved in 
the relaxation process.11, 13 Thus, we applied EUV-TRPES to these systems to examine whether the 
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actual 1np* quantum yields are considerably smaller than the estimates by TAS.  
Figures 6(a) and 6(c) show EUV-TRPES results for Thd (150 mM) and Thy (10 mM) in PB 

measured using 257 nm pump and 26.4 eV probe pulses, respectively; a long-lived component is clearly 

seen in both cases. A short-lived signal associated with the 1pp* state exhibits a rapid spectral shift, 
indicating that complex structural dynamics are operative. We performed a global fitting analysis of the 
spectra by assuming four components to express the energy shift; the extracted time constants for Thd 

are 0.087±0.003 and 0.25±0.01 ps for the 1pp* state and 3.1±0.2 ps for the 1np* state. The 1np* quantum 
yield is estimated to be 0.22 from the red-shaded area associated with 1pp* and blue-shaded area 
associated with 1np* in Fig. 6(b). Surprisingly, the quantum yield was found to be even higher than the 
value previously estimated using TAS. To investigate the possible formation of molecular aggregates at 
a high concentration of 150 mM employed for the aforementioned measurements, we also performed 
experiments using 15 mM Thd in PB, and obtained time constants of 0.13±0.08 and 0.15±0.09 ps for 
1pp*, and 3.4±0.8 ps for 1np*. The estimated 1np* yield was 0.23. These results suggest that the lifetimes 
and quantum yield are not strongly influenced by aggregation of nucleobases.40  

A global fitting analysis for Thy gives time constants of 0.15±0.09 and 0.16±0.09 ps for the 
1pp* state, and 2.5±0.8 ps for the 1np* state. The 1np* quantum yield is estimated to be 0.16 from the 
global fitting analysis; the estimated upper bound is 0.19. Figure 6(d) compares the time profile of the 
photoelectron signal intensity integrated over 2.5-6.0 eV and the fluorescence decay profile previously 
measured using the FU method.38 The fluorescence decay profile has been characterized with a 
biexponential decay with the time constants of 0.195 and 0.633 ps, while EUV-TRPES clearly exhibits 
the presence of a long-lived component. 

The photoelectron bands associated with the 1pp* states of Urd, Ura and UMP (Figure 5 and 
S7-S9) are broader than those of Thd and Thy (Figures 6, S10 and S11). It is possible that Urd, Ura and 
UMP have ultrafast structural deformations that are unresolved with our temporal resolution. As 
described in the next section, the photoelectron spectra of gaseous Thy and Ura exhibit an ultrafast 
spectral shift due to structural deformation within 30 fs. 
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Figure 6.  Photoelectron spectra of (a) 0.15 M Thd and (c) 0.01 M Thy in PB. The pump and probe 
pulses are 257 nm and 26.4 eV, respectively. The horizontal axis is linear up to 0.5 ps and logarithmic 
thereafter. A weak long-lived signal is discernible in all cases. A global fitting analysis was performed 

to extract the spectra associated with the 1pp* (red solid and dashed lines), 1np* (blue solid line) and 
3pp* (green solid line) states for Thd and Thy shown in (b) and (d), respectively; the intensity of the 
1pp* spectrum is shown on a five times smaller scale. The spectral shift for the 1pp* state is expressed 
by two components. The spectra associated with 1pp* and 1np* states involve multiple bands, so that 
the shaded region was determined as a single photoelectron band in order to evaluate the quantum yield 

for 1np* (see the text). The state-associated spectra in (d) were subjected to boxcar smoothing with the 
window widths of 0.55 eV in order to clarify major features. The spectra were measured at 30 unevenly 
spaced delay times between -2 to 20 ps, and linearly interpolated with an interval of 11 fs. The 
photoelectron spectra for each time delay are integrated over 4.4×107 and 5.465×107 shots for Thd and 
Thy, respectively. (e) Time profiles of photoelectron signal intensity of aqueous Thy integrated over 
selected eBE regions of 2.5-6.0 eV (black dots) and the fluorescence decay profile reconstructed from 
the time constants and amplitudes previously reported in Ref. [38] with our instrumental resolution of 
0.1 ps (red). The black solid curve is the result of the global fitting analysis. 
 
(f) Gaseous Thy 
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Figure 7.  Two-dimensional map of photoelectron spectra measured for gaseous (a) Thy and (b) Ura 
using 267 nm pump and 21.7 eV probe pulses. The horizontal axis is linear up to 0.5 ps and logarithmic 
thereafter. Shown on the right are photoelectron spectra at thermal equilibrium. It can be seen that the 
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bleached regions in the two-dimensional map coincide with peaks in the thermal-equilibrium spectrum. 

The signal from photoexcited 1pp* state rapidly decays to create a 1np* signal, which changes to a 3pp* 
signal on a picosecond timescale. Intensity of signal integrated over eBE region of 3.6-5.2 eV for 
gaseous Thy and 4.0-5.4 eV for gaseous Ura are shown in (c) and (d), respectively. Measured data points 
are shown as open circles, and short-lived and long-lived components are shown as red and blue lines, 
respectively. The sum of these components is shown as a black line. The upper panel shows residuals. 
 

Figure 7(a) shows time-resolved photoelectron spectra of gaseous Thy measured using 267 nm 
pump and 21.7 eV probe pulses. The positive bands in green and red colors are due to photoexcited 
states, and the negative bands in black and purple colors are for the ground-state bleach. The adiabatic 

ionization energy of Thy from S0 to D0 is 8.92 eV,41-43 and the vertical excitation energy for 1pp* is 
estimated to be 4.9 eV; thus, the band in the 4-5 eV region is assigned to ionization from 1pp* to D0. 
Ultrafast decay of this band is followed by the appearance of a band at around 6 eV, which gradually 
shifts to higher eBE after several picoseconds. The short delay-time region of this band is ascribed to 

photoionization from 1np*, while the long delay time region is to 3pp*. The 1np* of gaseous Thy is 
energetically lower than 1pp*; computational estimates of the 1pp*-1np* energy gap reported so far are 
scattered from nearly zero to 1 eV, depending on the level of theory. Ionization from 1np* occurs to the 
n-1 cationic state that is expected at 9.84 eV,44 which makes the vertical eBE value for 1np* higher than 
that for 1pp* by approximately 1.5 eV. The adiabatic excitation energy for 3pp* was estimated to be 2.9 
eV in a previous study,26 from which eBE is crudely estimated to be 6-7 eV, in reasonable agreement 
with our observation.  

The 1pp* signal appears weaker than the 1np* signal, even though the initial optical transition 
occurs entirely to the former. This is primarily due to the short lifetime of the 1pp* state. We estimated 
the Dyson norms for photoionization from the 1pp* to p-1 state and the 1np* to n-1 state using the EOM-
CCSD aug-cc-pVDZ level of theory and found them to be equal;45 the photoionization cross-sections 

from 1pp* and 1np* are considered to be the same. The 1pp* signal in the 3.5-5.4 eV region exhibits a 
rapid energy shift, which is attributed to nuclear wave-packet motion on the 1pp* surface toward the 
conical intersection with 1np*. As seen in Fig. 7(c), the integrated photoelectron intensity for the 1pp* 
state decays with a time constant of 37±1 fs (Section III.A in Supporting Information).  

A number of UV-TRPES studies have been reported for gaseous Thy, as summarized in 
Supporting Information. Earlier UV-TRPES results hinted at the presence of an ultrashort-lived 
component within the cross-correlation time of the pump and probe laser pulses; however, a low 
temporal resolution and the presence of the probe-pump signal hindered unambiguous observation of 

this component. Recently, Wolf et al. performed TAS in the soft X-ray region27 and estimated the 1pp* 
lifetime to be 60±30 fs. They also performed TRPES with 14 eV probe pulses, and determined the 
lifetime to be 80±30 fs.26 Our estimate of 37 fs is the shortest among all these studies. Early 
computational simulations at the CASSCF (complete active space self-consistent field) level of theory 

predicted a picosecond lifetime for 1pp*, while a recent MRSF-TDDFT (multi-reference spin-flip time-
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dependent density functional theory) study that considered dynamic electron correlation predicted the 
lifetime to be 30 fs, in good agreement with our result.46 As has already been pointed out by many 
studies, consideration of dynamic electron correlation is important for accurate estimation of the 
potential energy barriers for nuclear wave-packet motion in the excited states.13, 25, 37, 46-47  

The photoelectron band appearing in the eBE region of 8-8.5 eV is also ascribed to 

photoionization from 1pp*. This band corresponds to ejection of p electrons from 1pp*, creating an 
electronically excited cationic final state. A rapid eBE shift is not seen for the 8-eV band for the 1pp* 
state, presumably because the topographies of the potential energy surfaces are similar for the initial 
and final states of this particular ionization transition. The signal seen in the region from 8.5 to 9.5 eV 

is largely due to ionization from the 1np* and 3pp* states.  
To investigate the time evolution of the 1np* and 3pp* state, we performed global fitting to 

extract the decay time constants and the spectra shown in Figure S18 in Supporting Information. 

Although the global fitting cannot express an energy shift for 1pp* around 4.0-5.5 eV, they provide a 
time constant for 1pp* (39 fs) that is consistent with the least-squares fit shown in Fig. 7(c). The 1np* 
signal intensity exhibited dual components: a rapid initial decay (𝜏#: 0.28±0.01 ps) and a more gradual 
decay (𝜏$: 5.79±0.04 ps). The integrated signal intensity for 3pp* is slightly smaller (86%) than that for 
1np*, indicating that the quantum yield for ISC is 0.86. The lifetime for 3pp* is longer than 30 ps and is 
undetermined in the present study. The presence of two time constants for 1np* means either that there 
are two dynamical processes, or the photoionization cross-section is affected by electronic or structural 

variations. We evaluated the quantum yield for 1np* from the initial photoelectron signal intensity prior 
to the slow decay; this yielded a quantum yield of approximately unity. The ground-state bleach signal 
seen above 9 eV is discussed later. 
 
(g) Gaseous Ura  

Figure 7(b) shows time-resolved photoelectron spectra of gaseous Ura measured using 267 nm 
pump and 21.7 eV probe pulses. Ura and Thy have almost identical structures, being different only in 
the presence of a methyl group in the latter. As summarized in Supporting Information, a previous UV-
TRPES study of Ura using 267 nm pump and 295 nm probe pulses observed a tri-exponential decay 
profile with time constants of 170 fs, 2.35 ps, and >1 ns.9 Computational simulations of Ura based on 

the second-order algebraic-diagrammatic-construction (ADC(2)) method predicted the 1pp* lifetime to 
be 161±40 fs.16 More recent calculations and TRPES results reported by Chakraborty et al. indicated a 

substantially shorter 1pp* lifetime of 30 fs.25 The calculations (XMS-CASPT2) considering dynamical 
electron correlation predict a lower potential hump separating the Franck-Condon region and the conical 
intersection region, predicting a shorter relaxation time. A similar lifetime has also been obtained using 

MRSF-TDDFT.48 Although it is not readily discernible in Fig. 7(b), the 1pp* lifetime for Ura is even 
shorter than that for Thy. The signal intensity integrated over 4-5.4 eV decays in 15±1 fs (Figure 7(d)), 
and the global fitting analysis provides time constants of 17±1 fs, 0.44±0.01 ps, 3.48±0.03 ps and >30 
ps (Figure S19).  



 18 

Another interesting difference between Ura and Thy is that EUV-TRPES reveals an oscillatory 

signal in the region of 8-8.5 eV. This signal is assigned to photoionization from 1np* to an excited 
cationic state, similar to the case for Thy discussed earlier. We extracted this oscillatory feature and 
performed a Fourier analysis, as shown in Fig. 8. The results indicated vibrational frequencies of 135 
and 315 cm-1. These vibrational modes have not been assigned yet; however, the latter frequency is 
similar to the one observed by sub-10 fs TAS.39 

 
Figure 8.  (a) Photoelectron signal intensity for Ura integrated over eBE region of 8.1-8.4 eV. 
Experimental data and least-squares fits assuming four exponential decay components are indicated by 
the black solid line and blue dashed line, respectively. The residuals are shown as blue dots. (b) Fourier 
transform of oscillatory components shown as residuals in (a).  
 

The most direct proof of the ultrafast internal conversion in Ura is observation of ground-state 
bleach recovery. The recovery signal should appear as a rapid reduction of the bleach depth. Figure 9 
shows the photoelectron signal intensity at multiple eBE values where recovery is anticipated. It can be 
seen that bleach recovery seems to occur for Ura but not for Thy. As mentioned earlier the excitation 
efficiency with the pump pulses is less than 1%, so that the ground-state bleach depth is very small and 
influenced by fluctuation of the background signal from unpumped ground-state molecules. Thus, our 
experimental spectra in high eBE region appear rather noisy; however, Fig. 9 seems to support our claim 
of the presence of ultrafast internal conversion to S0 in gaseous Ura. 
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Figure 9.  Photoelectron signal intensity integrated over eBE regions where bleach recovery is 
anticipated as function of delay time. The intensities for (a) Thy and (b) Ura were calculated from the 
data shown in Fig. 7(a) and (b), respectively. 

 
 

Discussion 
(a) Is the 1np* quantum yield as high as that estimated using TAS? 

The lifetimes and quantum yields estimated in the present study are summarized in Table 1 
along with the results of some previous experimental and theoretical studies. Our EUV-TRPES results 

indicate that the quantum yields for 1np* in deactivation processes for aqueous Cyd and Ura derivatives 
are less than 0.1, suggesting that previous estimates based on TAS involve large errors. 

Previous TAS studies have identified the presence of a slow relaxation channel via 1np* or 
3pp* in aqueous nucleobases; however, a limited temporal resolution hampered accurate estimates of 
the quantum yields for these dark states. Our EUV-TRPES results clearly indicate that internal 

conversion from 1pp* to S0 in aqueous Cyd and Ura derivatives occurs within 60–260 fs, which are 
shorter than the typical temporal resolution of TAS (150–350 fs). Furthermore, the TAS signal around 
the time origin is obscured by a coherent artifact, limiting the shortest delay time for observation. It is 
also noted that there is an inherent difficulty in estimating the quantum yield for ultrafast internal 
conversion by the bleach-recovery measurements. A photoabsorption spectrum of highly vibrationally 
excited (hot) molecules produced by internal conversion exhibits an enhanced and diminished intensity 
in the red and blue regions with respect to the absorption maximum, respectively. However, the entire 
spectrum is not largely changed from that of molecules at the thermal equilibrium, because the 
vibrational potentials of the upper and lower electronic states are similar for many normal modes, 
inducing vibronic transitions between the levels with similar vibrational quantum numbers (vibrationally 
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diagonal transitions). Examples of the absorption spectra of hot molecules can be found in Ref. [49]. 
Moreover, as shown in Figure 10, the UV photoabsorption spectra of aqueous nucleobases are 
continuous, so that spectra of hot molecules inevitably overlap with those of thermal molecules; there is 
no probe wavelength at which photoabsorption by hot molecules can be neglected. Therefore, a part of 
the bleach recovery occurs immediately at any probe wavelength when internal conversion occurs from 

the 1pp* state; the larger the spectral overlap between the hot and thermal molecules, the larger becomes 
the ultrafast bleach recovery that occurs in the excited state lifetime (Section II.D in Supporting 

Information). If TAS fails to monitor this ultrafast bleach recovery that occurs in the lifetime of the 1pp* 
state, it would underestimate the yield for direct relaxation to S0 and overestimate that for slow process 

via 1np*.  
 
 

 
Figure 10.  UV photoabsorption spectra of Cyd, Ura, Urd and UMP.  
 
(b) Why was the 1np* state previously undetected using UV-TRPES? 

Previously, aqueous Thy and Thd have been studied using UV-TRPES by Buchner et al.11 and 
Erickson et al.13 with probe photon energies of 5.2 and 6.2 eV, respectively. However, neither of these 

studies identified a signature of 1np*, as was found using TAS. Our EUV-TRPES measurements 
identified 1np* and resolved this apparent contradiction. In fact, we found that the 1np* quantum yields 
in aqueous Thy and Thd are the largest among all pyrimidine nucleobases and derivatives studied here. 

From the measured eBE distributions, the vertical electron binding energy for the 1np* states 
of aqueous Thy and Thd are estimated to be 5.1 and 5.0 eV, respectively. A close comparison of the UV-
TRPES results obtained by Buchner et al.11 and the EUV-TRPES results obtained in the present study 
reveals generally good agreement, except that the photoelectron spectra measured by Buchner et al. 
suffer from a significant intensity reduction for eKE of less than 1.0 eV due to reduced electron 
transmission efficiency for time-of-flight electron energy analyzers in this energy range. Since under the 

experimental conditions used by Buchner et al.,11 the 1np* signal is expected to appear at eKE < 0.7 eV, 
its detection would be extremely difficult. A similar comparison between the UV-TRPES results of 
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Erickson et al.13 and the EUV-TRPES results obtained in the present study indicates that their spectra 
are energy-shifted towards lower eKE by about 0.5-0.7 eV due to inelastic scattering and/or energy 
calibration errors. However, the overall spectral profiles measured at delay times of 0.4 and 1.0 ps are 

in reasonable agreement with our results. The reason why Erickson et al. did not identify a 1np* signal 
is most likely due to an insufficient S/N ratio in their measurements. However, even if the 1np* signal 
can be identified, accurate estimate of the 1np* quantum yield is challenging with a probe photon energy 
of 6.2 eV because it is resonant with electronic transitions of nucleobases, and the signal near the time 
origin is obscured by overlap of the pump-probe and probe-pump signals. 
 
(c) Does single methylation influence the dynamics?  

 In the present study, the lifetimes of the 1pp* states of Thy and Ura in the gas phase were 
precisely determined to be 39 and 17 fs, respectively. The former value is in good agreement with the 
latest computational result (30±1 fs) for Thy considering dynamic electron correlation,46 while the latter 
is even shorter than the shortest time constant (30–37 fs) recently computed.25, 48 The quantum yield for 

internal conversion to 1np* was estimated to be about 1.0 (Thy) and 0.45 (Ura) from the photoelectron 
signal intensities for the 1pp* and 1np* states. Assuming that there are only two deactivation channels 
for the 1pp* state of Ura to 1np* and S0, the time constants for the former and latter are calculated to be 
31 and 38 fs from the 1np* quantum yield and 1pp* lifetime, respectively. The latter value is in good 
agreement with the measured value of 39 fs for the formation of np* in Thy. Thus, the difference between 
the photophysics of Thy and Ura in the gas phase lies in the latter's extremely fast internal conversion 

to S0. Internal conversion from 1pp* to 1np* is through the conical intersection induced by bond-length 
alternation in a planar geometry,3, 46 so that methyl substitution will not significantly influence this 
channel. On the other hand, internal conversion to S0 occurs via conical intersection induced by out-of-
plane deformation caused by the C=C twisting and pyramidalization at C5 carbon atom,1, 3, 38, 50 similarly 

with internal conversion from 1pp* in ethylene.51 Methylation increases the moment of inertia for the 
C=C twist and hinders the internal conversion to S0; electronic structure calculations at the MS-CASPT2 
level of theory predicted that the methyl group at C5 provides a rather small influence on the excited-
state potential energy barrier, suggesting the inertia effect.52 

On the other hand, as for the internal conversion from 1pp* to S0 in an aqueous solution, the 
difference between Urd and Thd cannot be attributed solely to the inertia effect of the methyl group; 
solvation dynamics are expected to play a role. According to computational dynamical simulations 
reported by Borrego-Varillas et al., aqueous Urd has only a negligible potential energy barrier between 

the 1pp* minimum and the 1pp*/S0 conical intersection while aqueous 5-methyluridine (5mUrd) has a 
higher barrier.18 This barrier height for aqueous 5mUrd is reduced by the structural relaxation of a 
hydration shell; however, it requires a certain time for the solvent response. We anticipate that aqueous 
Thd experiences a high potential barrier to reach the conical intersection when the favorable dynamic 
solvent response has not occurred for the movement of a bulky methyl group. The minimum energy 
reaction path for internal conversion in Thd in solution likely involves displacement along the 
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intermolecular coordinates. Thus, a single methylation effect in aqueous solution likely has multiple 
dynamical origins. Regarding the methylation effect, Gustavsson et al. have previously reported 
interesting experimental results.38 They investigated 11 Ura derivatives using FU and found that the 
fluorescence lifetime (97±3 fs) of aqueous 6-methyluracil is similar to 96±3 fs of Ura, while 5-
fluorouracil (694±56 fs) , 5-chlorouracil (155±10 fs) and Thy (195±17 fs) exhibit considerably longer 
lifetimes. The observed difference between 6-methyluracil and Thy is noteworthy; it proves an important 

role of the motion of the methyl substituent at C5. The quantum yield for 1np* in aqueous solution is 
considerably smaller than those in the isolated molecular condition. This is attributed to destabilization 

of 1np* by hydrogen bonding (Table 4 in Ref. 1), which makes 1np* much less important for deactivation 
of aqueous nucleobases from 1pp*. However, the upper bound for the quantum yield of 1np* reaches as 
high as 0.22 for aqueous Thd, which is attributed to the aforementioned hindrance of the internal 
conversion to S0. 

It is interesting to perform EUV-TRPES with a high temporal resolution on various nucleobase 
derivatives in aqueous and isolated molecular conditions to gain further mechanistic insights into the 
non-adiabatic dynamics and solvent effects on the photophysics/photochemistry of these building blocks 
for life. These measurements are in progress in our laboratory. 
 
Conclusion 

In the present study, we investigated the pathways and branching ratios for ultrafast electronic 

relaxation from the 1pp* state of aqueous pyrimidine nucleobases using EUV-TRPES. We found that the 
quantum yields for 1np* previously estimated for aqueous Cyd (0.49), Ura (0.28) and UMP (0.42) by 
TAS are incorrect; they are below 0.1. The discrepancies between the results obtained by TAS and EUV-
TRPES likely stem from the difficulty of precise measurement of ground-state bleach recovery with a 
limited temporal resolution, and non-negligible overlap of the photoabsorption spectra of vibrationally 
excited and thermally equilibrated ground-state molecules. To further investigate this problem, we are 
planning to revisit UV and IR TAS of these molecules in aqueous solutions. A previous discrepancy in 

that observation of a long-lived 1np* state by TAS was not corroborated using UV-TRPES is attributed 
primarily to specific experimental problems in these UV-TRPES studies. The present study confirmed 

that the 1pp* state of aqueous pyrimidine nucleobases has two relaxation paths, a direct one to S0 and an 
indirect one via 1np* and 3pp* states.  

Our study uncovered that the most important difference between the dynamics of gaseous Ura 
and Thy lies in the ultra-short timescale of less than 30 fs that was previously experimentally 
inaccessible. The difference arises from hindrance of internal conversion to S0 by a single methylation 
at the C5 position. The same single methylation effect is seen for aqueous Thy/Thd and Ura/Urd. The 

former has a longer 1pp* lifetime and a higher 1np* yield than the latter; the yield in Thd is about three 
times greater than in Urd. In terms of photostability, Thy is considered to be more vulnerable to UV 
radiation than others. It is interesting to elucidate how this property is related to the thymine dimer 
formation. Our experimental results clearly indicate the necessity of further accurate and extensive 
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computational simulations of isolated/aqueous nucleobases on an ultrashort timescale in order to 
understand their photophysics.  
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Table 1 Lifetimes (ps) and quantum yields for excited states of aqueous and gaseous nucleobases  
Molecule Method, Ref lifetime IC Yield 

  1pp* 1np* 3pp* 1np* S0 
Cyd 

(aqua) 
EUV-TRPES 
(This work) 

0.07(1), 
0.21(2) 1.3(3) 6(1)  0.02 0.98 

 FUa, 33 0.22(1) 0.96(7)     
 FU, TAS, 14 0.24(3) 1.8(1) 35(2)  0.49(4) 0.50(4) 
 UV-TRPES, 12 0.35      
        

Ura 
(aqua) 

EUV-TRPES 
(This work) 0.067(3)   >20 0.04-0.06 0.94-0.96 

 FU, 38 0.096(3)      
 TAS, 39 0.054-0.128 0.11-1.64     
 TAS, 6  (1.9(1)) (24(2))  0.28(5) 0.68(5) 
        

Urd 
(aqua) 

EUV-TRPES 
(This work) 0.12(2)  5(1) >20 0.04 

 (< 0.06) b 
0.96 

 (> 0.94)c 
 TAS, 53 0.21      
 TAS, 18 0.097    < 0.2  
        

UMP 
(aqua) 

EUV-TRPES 
(This work) 0.095(3)  1.2(2) >20 0.07 

 (< 0.15) b 
0.93 

 (>0.85) c 
 TAS, 54 0.20(5)  365(20)    
 TAS, 6  (2.3(2)) (147(7))  0.42(6) 0.51(6) 
        

Thy 
(aqua) 

EUV-TRPES 
(This work) 0.15(9) 0.16(9) 2.5(8) >20 0.12-0.19 0.81-0.88 

 UV-TRPES, 11 0.07(1) 0.41(4)     
 UV-TRPES, 13 0.36(6)      
 TAS, 39 0.068-0.151 0.13-2.21     
 TAS, 6  (2.8(4)) (30(13))  0.11(13) 0.87(13) 
 FU, 38 0.20 (2) 0.63(2)     
        

Thd 
(aqua) 

EUV-TRPES 
(This work) 0.087(3) 0.25(1) 3.1(2) >20 0.15-0.22 0.78-0.85 

 UV-TRPES, 11 0.12(1) 0.39(1)     
 UV-TRPES, 13 0.39(7)      
 TASd, 18 0.10    0.05  
        

Thy (gas) EUV-TRPES 
(This work) 0.039(1)  0.28(1)e 

5.79(4) >30 ~1.0 ~0 

 VUV-TRPES, 26 0.08(3)  3.5(3)    
 X-ray TAS, 27 0.06(3)      
 MRSF-TDDFT, 46 0.03(1)  6.10(4)    
        

Ura (gas) EUV-TRPES 
(This work) 0.017(1)  0.44(1)e 

3.48(3) >30 0.45 0.55 

 XMS-CASPT2, 25 0.03      
adCyd 

bUpper limit 
cLower limit  
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d5-methyluridine 
eThe presence of two time constants for 1np* means either that there are two dynamical processes, or the 

photoionization cross-section is affected by electronic or structural variations. 
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I. Experimental details 

For high-order harmonic generation, the fundamental output (800 nm ()) of the amplifier was 

converted to 2 laser pulses in a 0.3-mm-thick -barium borate (BBO) crystal and focused using a 

quartz lens or concave mirror (f=500 mm) into a small gas tube filled with Kr. A single-order harmonic 

was isolated using a time-preserving monochromator.1 The full width at half maximum (FWHM) of the 

extreme ultraviolet (EUV) beam at the microjet was about 100-200 m. The photon flux in the 27.9 eV 

pulse (1011 photons/sec at 10 kHz) was more than one order of magnitude smaller than that at 21.7 eV; 

nevertheless, the pulse energy for unattenuated 27.9 eV radiation was sufficiently high to induce space 

charge effects even after monochromatization using a time-preserving monochromator for liquid sample. 

Thus, its intensity was attenuated to 109 photons/sec at 10 kHz. For the gas phase experiments, 

unattenuated 21.7 eV pulses (1011 photons/sec at 1 kHz) was used. 

The 267 nm pump pulses are the third harmonic (3) of a Ti:sapphire laser (), and we 

employed different generation procedures for them depending on the driving laser. In the case of the 1-

kHz amplifier (35 fs, 800 nm, 6 mJ/pulse), the 3 pulses were generated by four-wave mixing of the 

 and  pulses in filamentation propagation in Ar, as described previously.2-3 For the 10-kHz amplifier 

(35 fs, 800 nm, 0.7 mJ/pulse), 3 pulses were generated using nonlinear frequency mixing of the 

 and  pulses in a BBO crystal. For the Yb:KGW amplifier (90 fs, 1030 nm, 0.4 mJ/pulse), the 

fundamental output was frequency quadrupled using two BBO crystals to generate pulses with a 

wavelength of 257 nm. The optical path length of the pump pulses was controlled using a linear 

translation stage with a resolution of 5 nm for gas-phase experiments, and 1.7 m for the liquid-phase 

experiments. Ultraviolet (UV) and EUV pulses were focused into the photoionization chamber using a 

concave mirror and a toroidal mirror, respectively. The cross-correlation time between the pump and 

probe pulses was determined to be 47±3 fs (cross-correlation trace in Figure S1) for the gas-phase 

experiments, and 60±2 fs (Ti:sapphire) or 100±3 fs (Yb:KGW) for the liquid-phase experiments using 

a coherent artifact due to non-resonant (1+1’) ionization of solvent water with the UV and EUV pulses 

shown in Figure 2 in the main text. 

 

Figure S1. Non-resonant photoionization signal of Xe measured using the 267 and 57 nm pulses with 

the experimental setup for gas-phase experiments. Black dots are the experimental data, and a solid line 

is a best-fit Gaussian function. 



 3 

The photoelectron kinetic energy distribution was measured using a magnetic-bottle time-of-

flight electron-energy analyzer, the details of which have been previously described.4 The analyzer was 

calibrated using EUV and UV photoelectron spectroscopy of gaseous Xe, CS2 and NO. The probe 

photon energy was also determined from these measurements. Gaseous nucleobases were generated by 

heating their crystals up to about 483-493 K in a gas expansion nozzle. The mixed gas was expanded 

through a ⌀100 m pinhole at a stagnation pressure of about 0.2-0.3 atm. Aqueous solutions of 

nucleobases were pressurized using a high-performance liquid chromatography pump and discharged 

from a fused silica capillary with an inner diameter of 15 m into a photoionization chamber at a typical 

flow rate of 0.2 mL/min. The ionization point was about 1 mm downstream of the nozzle for both gases 

and liquids. The disintegrated liquid droplets were collected using a liquid nitrogen-cooled trap. 

Electrons were detected using a Chevron microchannel plate with a 38-mm effective diameter and a 

preamplifier, and electron counts were integrated using an analog-to-digital converter. The electron 

flight length was 1.3 m.  

Samples purchased from Fujifilm Wako Pure Chemical Co. and Tokyo Chemical Industry Co. 

were used without further purification. The aqueous solution of cytidine (Cyd) (> 98.0% purity) was 

prepared with deionized solvent water (15.9 M·cm) and 0.05 M NaCl was added to minimize the 

electrokinetic charging effect; the measured pH value was 7.7. All uracil (Ura) and thymine (Thy) 

derivatives were prepared in a phosphate buffer. The measured pH was 6.98 for Ura (0.01 M, > 99.0% 

purity), 6.93 for uridine (Urd) (0.15 M, > 98.0% purity), 7.48 for uridine 5’-monophosphate (UMP) 

(0.15 M, > 98.0 % purity), 7.02 for Thy (0.01 M, >98.0% purity), and 6.89 for thymidine (Thd) (0.15 M 

and 0.015 M, >98.0% purity). UMP is doubly charged and electrically balanced with the counter ions 

(Na+). 

 

II. Aqueous solution 

A. Coherent artifact in pump-probe photoemission spectra 

Figure S2 shows the photoemission spectra before subtraction of the coherent artifact.  
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Figure S2. Pump-probe photoemission spectra for aqueous (a) 0.15 M Cyd, (b) 0.15 M Urd, (c) 0.01 M 

Ura, (d) 0.15 M UMP, (e) 0.15 M Thd, (f) 0.01 M Thy. The measurements of Cyd and Urd were 

performed with the cross-correlation time of 60 fs while those of Ura, UMP, Thd, and Thy with 100 fs. 

The temporal widths of the coherent artifact are different between these two types of measurements.  

 

B. Results of Global Fitting 

 

Scheme S1. Kinetic scheme employed for global fitting analysis of the spectra. 

 

The observed spectral features clearly indicate that the spectral evolution corresponds to the electronic 

relaxation process 1*→1n*→3*. Thus, we performed a global fitting analysis for the spectral 

evolution of aqueous nucleobases. We assumed a kinetic scheme shown in Scheme S1 which explicitly 

includes internal conversion to S0 state at each step. The analytical solution of the corresponding rate 

equations is as follows: 
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[𝐴] = 𝑒−𝑡/𝜏𝑎       (S1) 

[𝐵] = 𝑟𝑎𝜏𝑏 (
𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏
+

𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎
)     (S2) 

[𝐶] = 𝑟𝑎𝑟𝑏𝜏𝑐 (
𝜏𝑎𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏𝜏𝑎𝑐
+

𝜏𝑏𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎𝜏𝑏𝑐
+

𝜏𝑐𝑒−𝑡/𝜏𝑐

𝜏𝑐𝑎𝜏𝑐𝑏
)   (S3) 

[𝐷] = 𝑟𝑎𝑟𝑏𝑟𝑐𝜏𝑑 (
𝜏𝑎

2𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏𝜏𝑎𝑐𝜏𝑎𝑑
+

𝜏𝑏
2𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎𝜏𝑏𝑐𝜏𝑏𝑑
+

𝜏𝑐
2𝑒−𝑡/𝜏𝑐
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+
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2𝑒−𝑡/𝜏𝑑
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)  (S4) 

where [𝑋]  is the population in state X(X = A, B, C, D) , 𝜏𝑥 = (𝜏𝑥1
−1 + 𝜏𝑥2

−1)−1(𝑥 = 𝑎, 𝑏, 𝑐, 𝑑)  is the 

lifetime of state X, 𝜏𝑥𝑦 = 𝜏𝑥 − 𝜏𝑦 (𝑥, 𝑦 = 𝑎, 𝑏, 𝑐, 𝑑) , 𝑟𝑥 = 𝜏𝑥𝜏𝑥1
−1(𝑥 = 𝑎, 𝑏, 𝑐)  is the branching ratio. 

𝜏𝑥2 is obtained as 𝜏𝑥(1 − 𝑟𝑥)−1.  

In the global fitting analysis, we broke down [𝑋] into the contribution from each energy bin, 𝑃𝑋(𝑡, 𝐸𝑘), 

as follows: 

𝑃𝐴(𝑡, 𝐸𝑘) = 𝑐𝑎𝑘𝑒−𝑡/𝜏𝑎      (S5) 

𝑃𝐵(𝑡, 𝐸𝑘) = 𝑐𝑏𝑘𝜏𝑏 (
𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏
+

𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎
)    (S6) 

𝑃𝐶(𝑡, 𝐸𝑘) = 𝑐𝑐𝑘𝜏𝑐 (
𝜏𝑎𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏𝜏𝑎𝑐
+

𝜏𝑏𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎𝜏𝑏𝑐
+

𝜏𝑐𝑒−𝑡/𝜏𝑐

𝜏𝑐𝑎𝜏𝑐𝑏
)   (S7) 

𝑃𝐷(𝑡, 𝐸𝑘) = 𝑐𝑑𝑘𝜏𝑑 (
𝜏𝑎

2𝑒−𝑡/𝜏𝑎

𝜏𝑎𝑏𝜏𝑎𝑐𝜏𝑎𝑑
+

𝜏𝑏
2𝑒−𝑡/𝜏𝑏

𝜏𝑏𝑎𝜏𝑏𝑐𝜏𝑏𝑑
+

𝜏𝑐
2𝑒−𝑡/𝜏𝑐

𝜏𝑐𝑎𝜏𝑐𝑏𝜏𝑐𝑑
+

𝜏𝑑
2𝑒−𝑡/𝜏𝑑

𝜏𝑑𝑎𝜏𝑑𝑏𝜏𝑑𝑐
) (S8) 

where 𝑘 is an index for equally spaced electron binding energy (eBE) bins, 𝑐𝑥𝑘 (𝑥 = 𝑎, 𝑏, 𝑐, 𝑑) is an 

expansion coefficient. 𝑐𝑥𝑘 fulfills the following relation: 

∑ 𝑐𝑎𝑘∆𝐸𝑘 = 1       (S9) 

∑ 𝑐𝑏𝑘∆𝐸𝑘 = 𝑟𝑎       (S10) 

∑ 𝑐𝑐𝑘∆𝐸𝑘 = 𝑟𝑎𝑟𝑏       (S11) 

∑ 𝑐𝑑𝑘∆𝐸𝑘 = 𝑟𝑎𝑟𝑏𝑟𝑐       (S12) 

where ∆𝐸 is a width of eBE bin. 

The spectral evolution is expressed as: 

𝐼(𝑡, 𝐸𝑘) = 𝜎0{𝑃𝐴(𝑡, 𝐸𝑘) + 𝑃𝐵(𝑡, 𝐸𝑘) + 𝑃𝐶(𝑡, 𝐸𝑘) + 𝑃𝐷(𝑡, 𝐸𝑘)} ⊗ 𝑔(𝑡) (S13) 

where 𝜎0 is a photoemission cross-section that was assumed to be identical for all species, 𝑔(𝑡) is a 

Gaussian cross-correlation function for the laser pulses. 

We employed Eq. S13 for Cyd, Thd, and Thy. For Cyd, A corresponds to 1* in the Franck-Condon 

region, B and C to 1* after vibrational motions, and D to 1n*. For Thd and Thy, A and B correspond 

to 1* in the Franck-Condon region and after vibrational motions, and C and D to 1n* and 3*, 

respectively.  

For Urd and UMP, three components were sufficient to express the entire spectral evolution, 

because these molecules have an extremely short lifetime for the 1* state and the spectral evolution 

in 1* was not discernible. Thus, we employed the following Eq. S14 by removing the term for D. 

𝐼(𝑡, 𝐸𝑘) = 𝜎0{𝑃𝐴(𝑡, 𝐸𝑘) + 𝑃𝐵(𝑡, 𝐸𝑘) + 𝑃𝐶(𝑡, 𝐸𝑘)} ⊗ 𝑔(𝑡) (S14)  
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In these cases, A corresponds to 1*, and B and C to 1n* and 3*, respectively. We employed the 

following Eq. S15 in the analysis of Ura by further removing the term for C, because it was difficult to 

distinguish the 1n* and 3* states due to the extremely low signal level.  

𝐼(𝑡, 𝐸𝑘) = 𝜎0{𝑃𝐴(𝑡, 𝐸𝑘) + 𝑃𝐵(𝑡, 𝐸𝑘)} ⊗ 𝑔(𝑡)  (S15) 

The results of global fitting are shown in Figures S3, S4 and S5. The expansion coefficients in Eqs. S13, 

S14, and S15 provide the spectra extracted for each transient state, as shown in Figures 4(c), 5(c), (f), 

(i), 6(b), and (d). The best-fit results reproduce the observed spectra reasonably well, and the residuals 

are comparable to the noise level. 

 

Figure S3. Results of global fitting of spectra of aqueous solution of Cyd. Photoemission spectra 

for (a) 0.15 M Cyd, (b) reproduced spectra for (a), (c) residuals calculated from (a) and (b).  
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Figure S4. Results of global fitting of spectra of aqueous solution of Ura derivatives. Photoemission 

spectra for (a) 0.15 M Urd, (b) 0.15 M UMP, and (c) 0.01 M Ura, (d-f) reproduced spectra for (a-c), (g-

i) residuals calculated from (a-c) and (d-f). Figures 5(d), (e), (g) and (h) are generated by boxcar 

smoothing of the data shown in (b), (c). 
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Figure S5. Results of global fitting of spectra of aqueous solution of Thy derivatives. Photoemission 

spectra for (a) 0.15 M Thd and (b) 0.01 M Thy. (c, d) reproduced spectra for (a, b), (e, f) residuals 

calculated from (a, b) and (c, d). 

 

C. Decomposition of 1* and 1n* spectra 

In order to evaluate the quantum yield for 1n*, overlapping photoelectron bands in the spectra of 1* 

and 1n* were decomposed into individual bands. We performed least squares fitting using two Gaussian 

functions or two exponentially modified Gaussian (EMG) functions. Figures S6, S7, S8, S9, S10 and 

S11 show the fitting results for Cyd, Urd, Ura, UMP, Thd, and Thy, respectively; in all cases, the Gauss 

fit results are shown in (a) and the EMG fit results in (b). As shown in Figure S7(a), least-squares fitting 

of the spectrum using two Gaussian functions tends to underestimate the 1* band intensity, providing 

the upper bound for an estimated 1n* quantum yield (0.06). Fitting using two EMG functions provides 

a smaller 1n* quantum yield of 0.04 as shown in Figure S7(b). EMG is defined by  

𝑓(𝑒𝐵𝐸) = ∑ 𝑎𝑖exp {− (
𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖

√2𝜎𝑖

)

2

}  ⨂
1

𝑠𝑖
exp (

𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖

𝑠𝑖
) 𝑈(𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖)

2

𝑖
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= ∑ 𝑎𝑖√
𝜋

2

𝜎𝑖

𝑠𝑖
exp (

𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖

𝑠𝑖
+

𝜎𝑖
2

2𝑠𝑖
2) {1 − erf (

𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖

√2𝜎𝑖

+
𝜎𝑖

√2𝑠𝑖

)}

2

𝑖=1

     (S16) 

where 𝑈(𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖) is a step function which is unity for 𝑒𝐵𝐸 − 𝑒𝐵𝐸𝑖 > 0 and zero for otherwise, 

𝑎𝑖 is amplitude of the peak, 𝜎𝑖 is width of Gaussian, 𝑒𝐵𝐸𝑖 is center of Gaussian, and 𝑠𝑖 is inverse of 

rate parameter of exponential function. Thus, our best estimate of the 1n* quantum yield for Urd is 

0.04-0.06. In the case of Cyd, the signal to noise ratio in the 1n* spectrum was rather low, and the least-

squares fitting required some constraints. We fixed the FWHM to 1.2 eV for Gauss fit, and the shape-

determining parameter 𝜎𝑖 and 𝑠𝑖 to 0.41 and 0.47 eV for EMG fit, respectively. These are the same 

values with those determined for the 1* state. In the case of Ura, the signal to noise ratio in the 1n* 

spectrum is also rather low due to its low solubility. We fixed the FWHM to 1.2 eV for Gauss fit, and 

the shape-determining parameter 𝜎𝑖 and 𝑠𝑖 to 0.64 and 0.03 eV for EMG fit, respectively, which are 

similar values to those for Urd and UMP. 

 

 

 

Figure S6. Decomposition of 1* and 1n* signal measured for aqueous 0.15 M Cyd with (a) two 

Gaussian functions and (b) two EMG functions. Solid circles indicate experimental data points. The 

dashed lines show individual components, and the solid line is the sum of the two components. 
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Figure S7. Decomposition of 1* and 1n* signal measured for aqueous 0.15 M Urd with (a) two 

Gaussian functions and (b) two EMG functions. Solid circles indicate experimental data points. The 

dashed lines show individual components, and the solid line is the sum of the two components. 

 

 

Figure S8. Decomposition of 1* and 1n* signal measured for aqueous 0.01 M Ura with (a) two 

Gaussian functions and (b) two EMG functions. Solid circles indicate experimental data points. The 

dashed lines show individual components, and the solid line is the sum of the two components. 
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Figure S9. Decomposition of 1* and 1n* signal measured for aqueous 0.15 M UMP with (a) two 

Gaussian functions and (b) two EMG functions. Solid circles indicate experimental data points. The 

dashed lines show individual components, and the solid line is the sum of the two components. 

 

 

Figure S10. Decomposition of 1* and 1n* signal measured for aqueous 0.15 M Thd with (a) two 

Gaussian functions and (b) two EMG functions. Solid circles indicate experimental data points. The 

dashed lines show individual components, and the solid line is the sum of the two components. 
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Figure S11. Decomposition of 1* and 1n* signal measured for aqueous 0.01 M Thy with (a) Gaussian 

function and (b) EMG function. Solid circles indicate experimental data points. The solid line is best 

fitting result. 

 

 

D. Simulation of bleach recovery signal observed using transient absorption spectroscopy (TAS) 

In order to illustrate experimental difficulty in TAS of the ground-state bleach recovery, we performed 

a model calculation with the scheme shown in Figure S12(a). The results are shown in Figure S12(b). 

The cross-correlation time for the pump and probe pulses was assumed to be 200 fs. The cascaded 

electronic relaxation process shown in Figure S12(a) is expressed using the following rate equations, 

𝑑[𝑃]𝐹𝐶

𝑑𝑡
= −(𝑘𝐹𝑁 + 𝑘𝐹𝑒𝑞 + 𝑘𝐹𝑉)[𝑃]𝐹𝐶 

𝑑[𝑃]𝑒𝑞

𝑑𝑡
= 𝑘𝐹𝑒𝑞[𝑃]𝐹𝐶 − 𝑘𝑒𝑞𝑉[𝑃]𝑒𝑞 

𝑑[𝑁]

𝑑𝑡
= 𝑘𝐹𝑁[𝑃]𝐹𝐶 − 𝑘𝑁𝑉[𝑁] 

𝑑[𝑉]

𝑑𝑡
= 𝑘𝐹𝑉[𝑃]𝐹𝐶 + 𝑘𝑒𝑞𝑉[𝑃]𝑒𝑞 + 𝑘𝑁𝑉[𝑁] − 𝑘𝑉0[𝑉] 

𝑑[𝑆]𝑒𝑞

𝑑𝑡
= 𝑘𝑉0[𝑉] 

𝐴𝐵𝑆 = [𝑉] ∗ 𝑋 + [𝑆]𝑒𝑞     (S17) 

where [𝑃]𝐹𝐶 , [𝑃]𝑒𝑞 , [𝑁], [𝑉],  and  [𝑆]𝑒𝑞  are the population in the Franck-Condon region, the 

vibrationally randomized state in 1*, the 1n* state, the highly vibrationally excited states in S0, and 

the thermally relaxed state in S0, respectively. 𝑘𝑥 is 𝜏𝑥
−1 (𝑥 = 𝐹𝑁, 𝐹𝑒𝑞, 𝐹𝑉, 𝑒𝑞𝑉, 𝑁𝑉, 𝑉0). ABS is the 

transient photoabsorption and stimulated emission intensity at the probe wavelength, and 𝑋 (0 ≤ 𝑋 ≤

1) is the sensitivity factor for [𝑉]. Figure S12(b) shows three curves for X=0.0, 0.5 and 1.0. When 

highly vibrationally excited molecules in S0 produced by internal conversion does not absorb the probe 
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light (X=0.0), bleach recovery occurs slowly at the vibrational relaxation time (several picoseconds), 

whereas if vibrationally excited molecules absorb the probe light in a similar manner to those in thermal 

equilibrium (X=1.0), a large fraction of the bleach recovery occurs immediately and is undetected using 

TAS. When this ultrafast component of bleach recovery due to direct internal conversion from 1* to 

S0 is neglected, the quantum yield associated with direct internal conversion is underestimated, leading 

to overestimation of the 1n* quantum yield. 

 

Figure S12.  (a) Kinetic model for relaxation of aqueous nucleobase and (b) the results of 

computational simulation of the ground-state bleach recovery. The parameters are 𝜏𝐹𝑉 = 0.1  ps, 

𝜏𝐹𝑒𝑞 = 0.3 ps, 𝜏𝐹𝑁 = 1.1 ps, 𝜏𝑒𝑞𝑉 = 0.1 ps, 𝜏𝑁𝑉 =35.0 ps, and 𝜏𝑉0 = 1.0 ps. The relaxation from 

the Franck-Condon region in the 1* state to S0 is assumed to proceed via three pathways. The shaded 

region illustrates a hypothetical blind time (200 fs) of observation due to experimental disturbance such 

as coherent spikes. With the assumed 𝜏𝐹𝑉, internal conversion occurs from the 1* state to S0 in this 

blind time range. The three curves in panel (b) illustrate how different bleach recovery is anticipated 

depending on the spectral overlap of hot and thermal molecules at the probe wavelength. When the 

overlap is 100%, the bleach recovery occurs with the time constant of 𝜏𝐹𝑉, while it occurs with 𝜏𝑉0 

for 0%.  
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E. Comparison with previous studies 

Table S1. Excited-state lifetimes (ps) for nucleobases in liquid phase 

Molecule Method 
Pump 

(nm) 

Probe 

(nm) 
1 2 3 4 Year, Ref 

Cyd 
FU, 

TAS 
267 416 0.24(3) 1.8(1) 35(2)  2015, 5 

 TRPES 266 238 0.35    2015, 6 

 FUa, b 267 330 0.22(1) 0.96(7)   2017, 7 

 TRPES 270 44.4 0.07(1) 0.21(2) 1.3(3) 6(1) 2022, This Work 

         

Ura TAS 267 250  1.9(1) 24(2)  2007, 8 

 TAS 270 260-285 
0.054-

0.128 
0.11-1.64   2016, 9 

 FUa 267 330 0.096(3)    2017, 10 

 TRPES 258 46.8 0.067(3)  >20c  2022, This work 

         

Urd TAS 263 
570, 

600, 630 
0.21    2004, 11 

 TAS 275 650-270 0.097 0.48   2021, 12 

 TRPES 270 46.8 0.12(2) 5(1)   2022, This work 

         

UMP TAS 267 250  2.3(2) 147(7)  2007, 8 

 TAS 267 345-700 0.20(5) 0.43(5) 365(20)  2019, 13 

 TRPES 258 46.8 0.095(3) 1.2(2) >20c  2022, This work 

         

Thy TAS 267 250  2.8(4) 30(13)  2007, 8 

 TRPES 266 238 0.07(1) 0.41(4)   2015, 14 

 TAS 270 260-285 
0.068-

0.151 
0.13-2.21   2016, 9 

 FUa 267 330 0.20(2) 0.63(2)   2017, 10 

 TRPES 261.5 200 0.36(6)    2019, 15 

 TRPES 258 46.8 0.15(9) 0.16(9) 2.5(8) >20c 2022, This work 

         

Thd TRPES 266 238 0.12(1) 0.39(1)   2015, 14 

 TRPES 261.5 200 0.39(7)    2019, 15 

 TAS 275 650-270 0.10    2021, 12 

 TRPES 258 46.8 0.087(3) 0.25(1) 3.1(2) >20c 2022, This work 

afluorescence up-conversion.  
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bdeoxycytidine 

ctoo long to be determined by the limited measurement time window. 

F. Molecular dynamics (MD) simulations 

We employed the SPC/E model16 for water, the general AMBER force field (GAFF)17 for Ura, Urd, and 

UMP, with partial charges set to fit the electrostatic potential generated at the B3LYP/6-31G(d,p) level 

using the RESP model,18 and a force field model for ions that is compatible with the SPC/E model.19 

Initial configurations were prepared in the following way: a rectangular simulation box, which contains 

water and solute molecules (the number of molecules contained in the box is shown in the inset of the 

figure for each number density profile) as a slab geometry with the interface parallel to the x-y plane. 

The simulation box dimensions 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧 were set to 40 Å × 40 Å × 250 Å. Initially, water and 

solute molecules were placed in random positions and orientations in the central region of the cell (see 

Figure S13) using the PACKMOL package.20 The steepest descent method was carried out to remove 

initial overlap of molecules. Newton’s equation of motion was solved using the leapfrog algorithm21 

with a time step of ∆t = 2.0 fs with three-dimensional periodic boundary conditions, where the bonds 

to H were constrained using the LINCS algorithm.22 In the equilibration step, an NVT (constant volume 

and temperature) ensemble simulation was carried out, where the system temperature was kept at T =

298.15 K using a Nose-Hoover thermostat.23-24 The long-range Coulombic interaction was treated using 

the particle-mesh Ewald method.25-26 The cutoff distance for the Lennard-Jones potential and the real-

space part of the Ewald sum were taken to be 10 Å. By checking the time evolution of averaged profiles, 

it was found that the MD system needed at least a 40-ns equilibration run to reach a steady equilibrium 

state. The subsequent 10 ns production run was conducted with 32 parallel computations starting with 

different initial configurations, and hence a total ensemble average was taken for 320 ns. The Gromacs 

package (version 5.1.2)27 was employed for the trajectory calculation. 

 

 

Figure S13. Snapshots of configuration after equilibration of solution in MD simulation, where 3000 

water and 8 Ura molecules are considered. 

 

The surface potential ∆𝜙 was calculated using: 

∆𝜙 = 𝜙(𝑧1) − 𝜙(𝑧0) = − ∫ 𝑑𝑧′
𝑧1

𝑧0

𝐸𝑧(𝑧′)              (S18) 
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𝐸𝑧(𝑧′) =
1

𝜀0
∫ 𝑑𝑧′

𝑧

𝑧0

𝜌𝑞(𝑧′)                                         (S19) 

where 𝐸𝑧(𝑧) and 𝜌𝑞(𝑧) are the normal component of the electric field and the charge density at 𝑧, 

and 𝜀0 is the dielectric permittivity of free space. 

 

Liquid water (3000 water molecules) 

 

Figure S14. Upper left panel: number density (depth) profiles 𝜌(𝑧) for water oxygen (OW). The inset 

shows the number of water molecules contained in the MD system. Upper right panel: 𝜌〈𝑐𝑜𝑠𝜃〉 profiles, 

where 𝜌 is the number density for water molecules and 〈𝑐𝑜𝑠𝜃〉 is the average direction cosine (𝜃 is 

the angle between the OH bond and the surface normal unit vector, as schematically shown in the figure). 

Lower left panel: charge density distribution 𝜌𝑞(𝑧). Lower middle panel: normal component of electric 

field at z, 𝐸𝑧(𝑧)  calculated using Eq. S19. Lower right panel: difference in electric potential  ∆𝜙 

calculated using Eq. S18 where the numerical value indicates the estimated surface potential. 
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Aqueous Ura solution 

 

 

Figure S15. MD simulation results for aqueous Ura solution. Upper left panel: number density (depth) 

profiles 𝜌(𝑧) for water oxygen (OW), nitrogen (N), oxygen (O), and carbon (C3) atoms in pyrimidine 

rings in solutes. The inset shows the number of molecules contained in each MD system. The numerical 
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value in each figure indicates the average bulk number density. Upper middle panel: 𝜌〈𝑐𝑜𝑠𝜃〉 profiles 

computed for each aqueous solution, where 𝜌 is the number density for water molecules, and 〈𝑐𝑜𝑠𝜃〉 

is the average direction cosine (𝜃 is the angle between the OH bond and the surface normal unit vector). 

Upper right panel: Molecular structure of Ura and snapshot of MD simulation for four Ura and 3000 

water molecules. Gray horizontal lines represent the boundaries of the simulation box. Lower left panel: 

charge density distribution 𝜌𝑞(𝑧) for each system. Lower middle panel: normal component of electric 

field at z, 𝐸𝑧(𝑧), for each system calculated using Eq. S19. Lower right panel: difference in electric 

potential ∆𝜙  for each system calculated using Eq. S18, where the numerical value in each figure 

indicates the estimated surface potential. 

 

Aqueous Urd solution 
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Figure S16. MD simulation results for aqueous Urd solution. Upper left panel: number density (depth) 

profiles 𝜌(𝑧) for water oxygen (OW), nitrogen (N) and oxygen (O) atoms in pyrimidine rings, and 

oxygen in methylol in solutes. The inset shows the number of molecules contained in each MD system. 

The numerical value in each figure indicates the average bulk number density. Upper middle panel: 

𝜌〈𝑐𝑜𝑠𝜃〉  profile computed for each aqueous solution, where 𝜌  is the number density for water 

molecules and 〈𝑐𝑜𝑠𝜃〉 is the average direction cosine (𝜃 is the angle between the OH bond and the 

surface normal unit vector). Upper right panel: Molecular structure of Urd and snapshot of MD 

simulation for two Urd and 3000 water molecules. Gray horizontal lines represent the boundaries of the 

simulation box. Lower left panel: charge density distribution 𝜌𝑞(𝑧) for each system. Lower middle 

panel: normal component of electric field at z, 𝐸𝑧(𝑧), for each system calculated using Eq. S19. Lower 

right panel: difference in electric potential ∆𝜙 for each system calculated using Eq. S18, where the 

numerical value in each figure indicates the estimated surface potential. 
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Aqueous UMP solution 

 

 

 

Figure S17. MD simulation results for aqueous UMP solution. Note that UMP is doubly charged and 
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two Na+ per one UMP are added for charge balancing. Upper left panel: number density (depth) profiles 

𝜌(𝑧) for water oxygen (OW), nitrogen (N) and oxygen (O) atoms in pyrimidine rings, and phosphorus 

(P) in solutes. The inset shows the number of molecules contained in each MD system. The numerical 

value in each figure indicates the average bulk number density. Upper middle panel: 𝜌〈𝑐𝑜𝑠𝜃〉 profiles 

computed for each aqueous solution, where 𝜌 is the number density for water molecules and 〈𝑐𝑜𝑠𝜃〉 

is the average direction cosine (𝜃 is the angle between the OH bond and the surface normal unit vector). 

Upper right panel: Molecular structure of UMP and snapshot of MD simulation for eight UMP and 3000 

water molecules. Gray horizontal lines represent the boundaries of the simulation box. Lower left panel: 

charge density distribution 𝜌𝑞(𝑧) for each system. Lower middle panel: normal component of electric 

field at z, 𝐸𝑧(𝑧), for each system calculated using Eq. S19. Lower right panel: difference in electric 

potential Δ𝜙  for each system calculated using Eq. S18, where the numerical value in each figure 

indicates the estimated surface potential. 

 

 

III. Gas Phase 

A. Least-squares fitting of photoelectron intensity time profiles 

The photoelectron signal upon ionization from 1* to the lowest cationic state (-1) appears in the eBE 

region of 3.6-5.2 eV for gaseous Thy and 4.0-5.4 eV for gaseous Ura, as shown in Figures 7(c) and 7(d) 

in the main text. We performed least-squares fitting of the profiles using the following functions: 

[𝐴] = 𝑒−𝑡/𝜏𝑎      (S20) 

[𝐵] = (1 − 𝑒−𝑡/𝜏𝑎)     (S21) 

𝐼(𝑡) = (𝑐𝑎[𝐴] + 𝑐𝑏[𝐵]) ⊗ 𝑔(𝑡)    (S22) 

where 𝑔(𝑡)  is a Gaussian cross-correlation function for the laser pulses and 𝑐𝑥 (𝑥 = 𝑎, 𝑏)  is an 

expansion coefficient. The results are summarized in Table S2. The components of A and B correspond 

to 1* and 1n* signals, respectively. The profiles predominantly reflect the population in the 1* 

state, and the 1n* lifetime is undetermined from this profile. The lifetime of the 1n* state is discussed 

later. 

 

Table S2. Best-fit parameters determined by least-squares fitting of the time profile integrated 

over 3.6-5.2 eV (Thy) and 4.0-5.4 eV (Ura) using Eq. S22. 

 

Parameters 
Time constant Expansion coefficients 

𝜏𝑎 𝑐𝑎 𝑐𝑏 

Thy 37±1 fs 1.0 0.01 

Ura 15±1 fs 1.0 0.003 
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B. Global fitting analysis 

We also performed a global fitting analysis for the results of gaseous sample using Eq. S13. The results 

are shown in Figures S18 and S19, and the best-fit parameters are summarized in Table S3. The accuracy 

of the 𝜏𝑑  value is limited because of the measurement time window of 30 ps. The expansion 

coefficients of 𝑐𝑥𝑘 (𝑥 = 𝑎, 𝑏, 𝑐, 𝑑) provide the spectra extracted for each electronic state, as shown in 

Figures S18(b) and S19(b). From their spectral features, the spectra corresponding to 𝐴, (𝐵, 𝐶) and 𝐷 

are ascribed to 1*, 1n* and 3* states, respectively. The quantum yield for 1n* was estimated using 

Eq. S10. 

 

 

 

Figure S18. Results of global fitting analysis using EUV-TRPES for gaseous Thy. The horizontal axis 

is linear up to 0.5 ps and logarithmic thereafter. (a) Experimental two-dimensional map of photoemission 

spectra. (b) Two-dimensional map of fitted photoemission spectra and extracted spectra for each 

electronic state using Eq. S13. (c) Difference between (a) and (b). 
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Figure S19. Results of global fitting analysis using EUV-TRPES for gaseous Ura. The horizontal axis 

is linear up to 0.5 ps and logarithmic thereafter. (a) Experimental two-dimensional map of photoemission 

spectra. (b) Two-dimensional map of fitted photoemission spectra and extracted spectra for each 

electronic state using Eq. S13. (c) Difference between (a) and (b). 

 

Table S3. Best-fit parameters in eBE range of 3.5-8.5 eV using Eq. S13. 

Parameters 
Time constants 

𝜏𝑎 𝜏𝑏 𝜏𝑐 𝜏𝑑 

Thy 39±1 fs 0.28±0.01 ps 5.79±0.04 ps > 30 ps 

Ura 17±1 fs 0.44±0.01 ps 3.48±0.03 ps > 30 ps 

     

Parameters 
Areas of the spectrum 

𝐴 𝐵 𝐶 𝐷 

Thy 

(Integration range) 

1.00 

(3.8-6.0 eV) 

1.06 

(5.2-7.2 eV) 

0.74 

(5.2-7.2 eV) 

0.64 

(5.7-8.0 eV) 

Ura 

(Integration range) 

1.00 

(4.0-6.2 eV) 

0.45 

(5.3-7.5 eV) 

0.31 

(5.3-7.5 eV) 

0.33 

(5.9-8.2 eV) 
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C. Comparison with previous studies 

 

Table S4. Excited-state lifetimes (ps) for Thy in gas phase 

Pump (nm) Probe (nm) 1 2 3 Year, Ref 

267 800   6.4, >100 2002, 28 

250 200 <0.05 0.49 6.4 2004, 29 

267 400  0.105 5.12 2005, 30 

272 800  0.13 6.5 2005, 31 

266 800  0.1 7 2007, 32 

267 800  0.1 7, >1000 2008, 33 

266 400/800  <0.1 7 2009, 34 

266 2.19  0.2-0.3  2014, 35 

260 295  0.175 6.13, >1000 2016, 36 

267 2.25-2.38 0.06±0.03 1.9±0.1 10.5±0.2 2017, 37 

267 88.9 0.08±0.03  3.5±0.3 2019, 38 

267 57 0.039±0.001 0.28±0.01 5.79±0.04 2022, This work 

      

Theory      

MRSF-

TDDFT 

 0.03±0.01  6.10±0.04 2021, 39 

 

Table S5. Excited-state lifetimes (ps) for Ura in gas phase 

Pump (nm) Probe (nm) 1 2 3 Year, Ref 

267 800   2.4 2002, 28 

250 200 <0.05 0.53 2.4 2004, 29 

267 400  0.130 1.05 2005, 30 

260 295  0.17 2.35, >1000 2016, 36 

267 157 0.03   2021, 40 

267 57 0.017±0.001 0.44±0.01 3.48±0.03 2022, This work 

      

Theory      

XMS-

CASPT2 

 0.03   2021, 40 
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