
1 

Exploring the vibrational coherences in the ultrafast electronic relaxa-

tion of pyrimidine nucleobases and nucleosides 

Shutaro Karashima and Toshinori Suzuki* 

Department of Chemistry, Graduate School of Science, Kyoto University, Kitashirakawa-Oiwakecho, Sakyo-Ku, Kyoto 606-

8502, JAPAN 

KEYWORDS; Nucleobase, Conical intersection, Internal conversion, Ultrafast photoelectron spectroscopy, High harmonic 

generation, Extreme ultraviolet 

 

ABSTRACT: We studied the vibrational coherences during the ultrafast internal conversions (ICs) of pyrimidine nucleobases in 

aqueous solutions and the gas phase, with an instrumental resolution of 14 fs. The coherence of the same ring-breathing vibrational 

mode with a frequency of 750 cm–1 was observed. In the gas phase, the vibrational coherence was transferred during IC from the 1* 

to the 1n* state, and it survives for approximately 1 ps. In an aqueous solution, the vibrational dynamics develop in the 1* state 

because the 1n* state is energetically upshifted via hydrogen bonding with H2O, and the vibrational coherence is lost on a similar 

timescale as that of IC to the ground electronic state. 

Nucleobases strongly absorb deep ultraviolet light, which can 

lead to photochemically induced structural damage to deoxyri-

bonucleic acid (DNA), e.g., the formation of cyclobutane py-

rimidine dimers.1-5 Nucleobases minimize these risks via ultra-

fast electronic relaxation to their ground electronic states (S0), 

which may be a key factor responsible for the evolutionary se-

lection of these molecules as carriers of genetic data.6 However, 

cyclobutane pyrimidine dimers should also form on an ultra-

short timescale.7-12 Thus, observing nuclear motion during the 

ultrafast electronic relaxation of nucleobases is of considerable 

interest, and pioneering attempts to realize this have been re-

ported.13-14 Such experiments are highly challenging because 

they require extremely and sufficiently high temporal and spec-

troscopic resolutions, respectively, to observe the vibrational 

coherence and differentiate between signals with different ori-

gins. Borrego-Varillas et al. performed ultraviolet transient ab-

sorption spectroscopy (UV-TAS) using aqueous uridine (Urd) 

and 5-methyluridine with a temporal resolution of <30 fs, iden-

tifying the vibrational quantum beat associated with ring-

breathing vibrations based on the stimulated emission signal 

from an excited state to S0.
15 To the best of our knowledge, no 

similar detailed ultrafast spectroscopic studies of gaseous nu-

cleobases have been conducted. Therefore, to comprehensively 

understand the coherent dynamics of photoexcited pyrimidine-

based nucleobases, we applied extreme ultraviolet time-re-

solved photoelectron spectroscopy (EUV-TRPES) to nucleo-

bases in the gas phase and aqueous solutions, with a temporal 

resolution of 14 fs, which is the highest reported to date.16 

Figure 1(a) shows the EUV-TRPE spectra of thymine (Thy) 

molecules in the gas phase. The vertical axis represents the elec-

tron binding energy (eBE), which is the difference between the 

observed electron kinetic (eKE) and probe photon energies 

(21.7 eV). The horizontal axis represents the pump-probe delay. 

The bandwidth of the extreme ultraviolet radiation (~0.4 eV) 

exceeds that employed in our previous study (~0.1 eV)17, 

providing broader spectral features. The short-lived signal at 

approximately 5 eV is associated with the ionization from the 
1* to the –1 cationic state, and the signal at approximately 6 

eV is due to the ionization from the 1n* state generated via 

internal conversion (IC) to the n–1 cationic state. The 1* state 

is deactivated on an ultrashort timescale, and thus, no quantum 

beat can be identified for the 1* state. The 1* state exhibits 

no latency time prior to exponential decay in 36 ± 3 fs, which is 

consistent with recent computational results.18 In contrast, the 

signal representing the 1n* state clearly reveals a vibrational 

quantum beat that lasts for >500 fs. The ionization signal at ap-

proximately 8 eV also reveals a quantum beat, which is dis-

cussed later. Figure 1(b) shows the Fourier transforms of these 

waveforms. The signals at 5.7–6.0 and 6.8–7.1 eV, correspond-

ing to the lower and higher eBE boundaries of the signal asso-

ciated with ionization from the 1n* state, display the same vi-

brational frequency, with a prominent peak at 750 cm–1. These 

quantum beats exhibit a phase difference of  (Figure S8), indi-

cating that these signals represent ionization from the opposite 

turning points during vibrational motion. This mode corre-

sponds to the ring-breathing vibration associated with a large 

change in the N1C6C5 angle.15 We performed a Fourier trans-

form within a short time window to estimate the vibrational 

dephasing time, which is 0.75 ± 0.12 ps for the ~750 cm–1 beat 

of gaseous Thy (Figure 1(c)). 
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Figure 1. (a) Time-resolved photoelectron spectra of gaseous thy-

mine (Thy), as measured using 267 nm pump and 21.7 eV probe 

pulses. The photoelectron spectrum in the electronic ground state 

(S0) is shown on the right. (b) Frequency spectra of the 5.7–6.0, 

6.8–7.1, and 8.5–8.8 eV regions obtained via Fourier transform 

analysis. The sticks at the bottom show band positions and intensi-

ties of the resonance Raman spectra, taken from Ref. 19. (c) Two-

dimensional time-frequency map obtained via the short-time Fou-

rier transform of the 5.7–6.0 eV region with a time window of 400 

fs. The time profiles integrated over 700–800 cm–1 and results of 

single-exponential fitting are shown on top.  

Figure 2 shows the (a) EUV-TRPE spectra, (b) frequency 

components of the quantum beats, and (c) 2D time-frequency 

map of gaseous uracil (Ura). The overall spectral features are 

very similar to those of Thy. The 1* state exhibits no latency 

time prior to exponential decay in 17 ± 2 fs. The signals in the 

5.7–6.0 and 6.8–7.1 eV regions reveal a phase shift for  (Figure 

S9). The signal at 8.1–8.4 eV in the time profile exhibits a slow 

oscillation, which is a clear difference from Thy. The signals at 

5.7–6.0 and 6.8–7.1 eV exhibit the same frequency, with a 

prominent peak at ~750 cm–1 that lasts for 0.93 ± 0.12 ps. 

We evaluated the branching between 1* → 1n* and 1* 

→ S0 IC via global fitting analysis (See Supporting Information 

for details). The estimated quantum yields of the 1n* states 

(QY(1n*)) of Thy and Ura are 0.9 ± 0.1 and 0.5 ± 0.1, respec-

tively. These values are reasonably consistent with the corre-

sponding values of approximately 1 and 0.45 by Miura et al., 

respectively.17 The high temporal resolution in this study ena-

bles the clearer separation of the 1* and 1n* signals, leading 

to a more accurate estimation of the QY(1n*). The ground-

state bleach signals in the eBE region of 10.2–10.7 eV reveal 

respective recoveries of 20–40% and 30–50% for Thy and Ura, 

which are broadly consistent with the estimated QY(1n*) val-

ues. 

Figure 2. (a) Time-resolved photoelectron spectra of gaseous ura-

cil (Ura), as measured using 267 nm pump and 21.7 eV probe 

pulses. The photoelectron spectrum in the electronic ground state 

(S0) is shown on the right. (b) Frequency spectra in the 5.7–6.0, 

6.8–7.1, 8.1–8.4, and 8.8–9.1 eV regions, as obtained via Fourier 

transform analysis. The sticks at the bottom show band positions 

and intensities of the resonance Raman spectra, taken from Ref. 20. 

(c) Two-dimensional time-frequency map obtained via the short-

time Fourier transform of the 5.7–6.0 eV region with a time win-

dow of 400 fs. The time profiles integrated over 700–800 cm–1 and 

results of single-exponential fitting are shown on the top. 
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Figure 3. (a)–(d) Time-resolved photoelectron spectra of 150 mM thymidine (Thd), 10 mM thymine (Thy), 150 mM uridine (Urd), and 10 

mM uracil (Ura) in H2O, as measured using 267 nm pump and 21.7 eV probe pulses. The coherent artifact at the time origin has already been 

subtracted. (e)–(h) Intensity-time profiles integrated over 2.5–5.3 eV for Thd and Thy and 3.0–5.7 eV for Urd and Ura. The experimental 

results and best-fit curves are shown as black dots and solid blue lines, respectively, and the residuals are shown at the top. 

 

Figures 3(a)–(d) show the TRPE spectra of aqueous 150 mM 

thymidine (Thd), 10 mM Thy, 150 mM Urd, and 10 mM Ura, 

respectively. The coherent artifact observed at the time origin 

has already been subtracted from these spectra (Supporting In-

formation). Very similar spectra are observed for Thd and Thy, 

and Urd and Ura, indicating that ultrafast dynamics are dictated 

by nuclear motion within the pyrimidine ring. The signal-to-

noise ratios of nucleosides exceed those of nucleobases, primar-

ily because the sample concentrations of the former are higher. 

Previous experimental and theoretical studies indicate that me-

thyl substitution at the C5 position hinders nuclear (puckering) 

motion toward the conical intersection between the1* and S0 

states and increases the lifetimes of the 1* states of Thy and 

Thd.15 Figures 3(e)–(h) show the time profiles of the integrated 

photoelectron intensities over the selected eBE ranges, along 

with the results of least-squares fitting (Supporting Infor-

mation). Aqueous Thd exhibits a latency time of 88 ± 15 fs prior 

to decay, with a time constant of 350 ± 10 fs. Aqueous Thd, Thy, 

Urd, and Ura exhibit similar latencies, with larger values for 

Thy derivatives. The exponential decay time constants of Thy 

derivatives are also larger (Table I). The decay profiles shown 

in Figures 4(a) and 4(b) were measured at the lower eBE bound-

aries of the 1* photoelectron bands. The Fourier transforms 

of the oscillatory components display peaks at ~750 cm–1, 

which are consistent with the corresponding gas-phase results 

shown in Figures 1 and 2, in addition to the results of UV-TAS 

of 5-methyluridine reported by Borrego-Varillas et al.15 (Thd 

exhibits a deoxyribose component, whereas 5-methyluridine 

displays a ribose component). Vibrational coherence is gener-

ated upon photoexcitation, and it is maintained in the 1* state 

in an aqueous solution, whereas it is transferred from the 1* 

state to the 1n* state in the gas phase. 

Figure 4. (a), (b) Intensity-time profiles integrated over 2.5–3.3 

and 3.0–3.9 eV for thymidine (Thd) and uridine (Urd), respectively, 

in H2O. The experimental results and best-fit curves are shown as 

black dots and solid blue lines, respectively, and the residuals are 

shown at the top. (c), (d) Frequency spectra of Thd and Urd, as 

obtained via Fourier transform analysis of the residuals after 14 fs. 
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The high-frequency beats of gaseous Thy in the 8.5–8.8 eV 

region and Ura in the 8.8–9.1 eV region clearly differ from 

those in lower eBE regions.21 These spectral features, with char-

acteristic intensities in the 1200–1700 cm–1 region, are con-

sistent with the resonance Raman spectra previously measured 

at 266 nm.19-20 Thus, these beats are attributed to the wavepacket 

in S0 generated via impulsive Raman scattering induced by ul-

trashort pump pulses. 

As previously noted by Miura et al., gaseous Ura exhibits a 

characteristic beat with a low frequency of ~300 cm–1 in the re-

gion eBE = 8.1–8.4 eV.17 Similar results are observed for 6-

methyluracil (6MU, Supporting Information).22 This vibrational 

coherence is likely associated with the motion of the C5–H moi-

ety, which is the major structural difference between Ura, Thy, 

and 6MU. The different manifestations of the vibrational quan-

tum beats in the eBE regions 5.7–7.1 and 8.1–8.4 eV are 

tentatively attributed to the differences in the topographies of 

the cationic potential energy surfaces responsible for these ion-

ization transitions. 

In summary, EUV-TRPES with a temporal resolution of 14 

fs enabled the observation of vibrational coherence during the 

ultrafast electronic relaxation of gaseous and aqueous nucleo-

bases and -sides. The similarity in the spectral features of 

Ura/Urd and Thy/Thd indicated that ultrafast dynamics oc-

curred primarily in the pyrimidine ring. The vibrational coher-

ence in the ring-breathing mode (750 cm–1) generated in the 
1* state was maintained in an aqueous environment, whereas 

it was transferred to the 1n* state in an isolated molecule. This 

vibrational coherence was more clearly observed for Thd com-

pared to that of Urd. These findings deepen our understanding 

of nuclear motion in the ultrafast IC of pyrimidine nucleobases, 

-sides, and -tides and possibly in DNA photolesions. 

 

Table I. Experimental cross-correlation times (XCT) between the pump and probe pulses, lifetimes (𝝉), latency times (𝒕𝒍𝒂𝒕), 

and quantum yields (QYs) of the 1n* states of the gaseous and aqueous nucleobases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a Values in parentheses represent the standard deviation evaluated from multiple experimental data sets. 
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