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Abstract  

There is a great interest in developing suitable nucleoside analogs exhibiting high 

fluorescence and triplet yields to investigate the structure, dynamics, and binding properties of 

nucleic acids and promote selective photosensitized damage to DNA/RNA, respectively. In this 

study, steady-state, laser flash photolysis, time-resolved IR luminescence, and femtosecond 

broadband transient absorption spectroscopies are combined with quantum chemical calculations 

to elucidate the excited state dynamics of 2-oxopurine riboside in aqueous solution and to 

investigate its prospective use as a fluorescent or photosensitizer analog. The Franck-Condon 

population in the S1 (ππ*) state decays through a combination of solvent and conformational 

relaxation to its minimum in 1.9 ps. The population trapped in the 1ππ* minimum bifurcates to 

either fluoresce or intersystem cross to the triplet manifold within ca. 5 ns, while another fraction 

of the population decays nonradiatively to the ground state. It is demonstrated that 2-oxopurine 

riboside exhibits both high fluorescent (48%) and significant triplet (between 10% and 52%) 

yields, leading to a yield of singlet oxygen generation of 10%, making this nucleoside analog a 

dual fluorescent and photosensitizer analog for DNA and RNA research. 
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Introduction 

Nucleosides are considered the basic building blocks of DNA and RNA and, subsequently, 

essential in nearly all biological processes.1 Canonical nucleosides, which are naturally 

nonfluorescent,2 3 4 can be modified by simple structural changes, maintaining a small molecular 

size, and hydrogen-bonding interactions to enhance their emissive properties and be suitable for 

the study of biological systems.5 This type of fluorescent nucleoside analogs is known as 

isomorphic and is an indispensable tool for understanding nucleic acid structures and interactions 

at the molecular level.6 7 For instance, fluorescent nucleoside analogs are extensively developed 

for DNA and RNA site-specific labeling applications,8 9 where they replace a canonical nucleoside 

in a particular position and report conformational and environmental changes through 

modifications in their fluorescent properties such as lifetime, emission maximum, and quantum 

yield.10  

Similarly, nucleoside analogs are currently being developed for photodynamic therapy 

applications.11 12 13 14 15 16 17 18 Here, minor chemical modifications are thought to minimize 

changes to the DNA and RNA structures and maximize hydrogen bonding and base stacking 

interactions. Either as fluorescent analogs or as photodynamic therapy agents, their photophysical 

and photodynamical properties must be investigated first to understand and interpret changes in 

their intrinsic fluorescence parameters6 or photochemical reaction pathways11 19 20 21 when 

incorporated in DNA/RNA polymers. 

2-Oxopurine riboside (2oxoP-r) contains a carbonyl group at the C2 position of the purine 

chromophore. 2OxoP-r is a constitutional isomer of inosine (i.e., hypoxanthine riboside), which 

has been reported to form alternative base pairs with canonical nucleobases such as adenine and 

cytosine.22 23 Computational work done by Corral and coworkers24 predicts a significant redshift 
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in the absorption spectrum of the N9H 2-oxopurine tautomer compared to the natural nucleobases, 

allowing its selective excitation when incorporated in RNA or DNA. Although the synthesis of 

2oxoP-r is known,25, 26 and it has been shown to be significantly fluorescent when incorporated in 

oligonucleotides,27, 28 its excited state dynamics and relaxation mechanism have not been 

investigated.  

In this work, we use steady-state absorption and emission spectroscopies and femtosecond 

broadband transient absorption spectroscopy to investigate the photophysics and excited state 

dynamics of 2oxoP-r in aqueous solution at pH 6. The experimental work is combined with the 

quantum chemical calculations recently reported by Corral and coworkers24 for the N9H tautomer 

of 2-oxopurine and with new transient absorption spectra simulations presented herein to unravel 

its primary electronic relaxation mechanism and assist in the interpretation of the experimental 

results. It is demonstrated that 2oxoP-r is a dual fluorescent and photosensitizer nucleoside analog 

that can be readily applied for DNA/RNA research. 

Experimental and Computational Details 

The phosphate buffer with a total phosphate concentration of 16 mM was freshly prepared 

using monopotassium and dipotassium phosphate salts in ultrapure water and adjusted to pH 6.0 

using a 0.1 M sodium hydroxide (NaOH) solution. 

 

 

Scheme 1. Synthesis of 2-oxopurine riboside (2oxoP-r). This synthesis was performed by 

modifying the synthesis of substituted xanthines in ref 29. 
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Synthesis of 2oxoP-r 

2-oxopurine riboside (2oxoP-r) was synthesized following a modified protocol reported 

previously (Scheme 1).29 To a stirred solution of 2-aminopurine riboside (250 mg, 0.94 mmol) in 

a mixture of acetic acid (2.7 mL) and water (0.3 mL) at 50 °C (132 °F), a solution of sodium nitrite 

(258.2 mg, 3.74 mmol, in 1 mL of water) is added dropwise for 15 minutes. The reaction mixture 

is left under stirring and heating for an additional 60 minutes. The reaction is then quenched by 

cooling and eliminating the solvent on a rotary evaporator. The mixture is redissolved in 10 mL of 

DMSO, filtered, and evaporated under reduced pressure to afford 2oxoP-r as an orange solid. 

Further water elimination by oven-drying is discouraged to prevent thermal instability and 

decomposition.  

 2oxoP-r was characterized by ultrahigh resolution mass spectroscopy (maXis™ UHR-

TOF), NMR spectroscopy (Figure S1), and Fourier-transform infrared (FT-IR) spectroscopy 

(Figure S2). FT-IR was measured using a JASCO ATR-FTIR-4600 spectrometer. MAXIS-MS 

Calculated: 291.0705 [M+Na]+, Found: 291.0700. 1H NMR (500 MHz, D2O) δ: 8.50 (s, 1H), 8.43 

(s, 1H), 5.96 (d, J = 5.5 Hz, 1H), 4.75 (t, J = 5.5 Hz, 1H), 4.42 (t, J = 4.8 Hz, 1H), 4.24 (q, J = 4 

Hz, 1H), 3.80 - 3.92 (m, 2H), 2.72 (DMSO),30 31 1.96 (Acetic acid).30  31 FT-IR (neat), νmax cm-1: 

3265 (w), 2918 (w), 1650 (m), 1569 (m), 1405 (m), 1104 (w), 1015 (s). The assignment of these 

bands was supported by the FT-IR spectrum of 2oxoP-r calculated in vacuum using density 

functional theory (DFT) at the B3LYP/6-311++G(d,p) level of theory with Gaussian 16 suite of 

programs.32 The FT-IR spectrum presents a broad band at 3265 cm-1, corresponding to the O-H 

stretch in the ribose and the N-H and C-H stretching signals of the purine chromophore. The band 

at 2918 cm-1 corresponds to the C-H stretch of the ribose. This spectrum also presents the 

distinctive band of the conjugated carbonyl at 1650 cm-1, followed by the C=C stretching at 1569 
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cm-1. Bands at 1405 and 1104 cm-1 were assigned to the C-C aromatic and C-N stretching, 

respectively. A strong band that corresponds to the C-O stretch in the ribose is observed at 1015 

cm-1.  

Steady-state measurements 

Steady-state absorption spectroscopy was performed using a Cary 300 Bio 

spectrophotometer using a 300 nm/min scan rate, a data interval of 0.5 nm, and an average time of 

0.1 seconds. Steady-state emission spectroscopy was performed using a Cary Eclipse 

spectrofluorometer using a scan rate of 120 nm/min, 5 nm slit widths, and a PMT voltage of 400 

V. The fluorescence quantum yield measurements were recorded on a ISS-PC1 photon-counting 

spectrofluorometer using 4 nm slit widths, step size of 1 nm, and 20 iterations. A quinine sulfate 

in 0.05 M sulfuric acid (H2SO4) solution was used as the standard.33 An average of five 

measurements was reported. These measurements were obtained using samples with an optical 

density of < 0.1 at the excitation wavelength, 308 nm, to minimize inner filter effects.  

Femtosecond broadband transient absorption spectroscopy 

The excited state relaxation mechanism of 2oxoP-r was elucidated using broadband 

transient absorption spectroscopy. The transient absorption setup used has been described in detail 

in previous publications.34 35 Briefly, a Ti:Sapphire oscillator (Vitesse, Coherent) seeds a 

regenerative amplifier (Libra-HE, Coherent) and produces 100 fs pulses with a 1kHz repetition 

rate (800 nm). The laser output seeds an optical parametric amplifier (TOPAS, Quantronix/light 

conversion), which was tuned to the excitation wavelength, 308 nm. A translating 2 mm CaF2 

crystal generates the white light continuum for probing, with a spectral range from 320 to 700 nm. 

Freshly prepared samples in 2 mm path length fused silica cells were used for the transient 

absorption measurements, where the solutions were continuously stirred by a Teflon-coated 
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magnetic stir bar. No photodegradation was observed in the solutions after transient absorption 

measurements (Figure S3). The data collection was performed using a homemade software, 

LabView program, while the data analysis was done using the Glotaran graphical user interface to 

the R-package TIMP software.36 

Quantum chemical calculations 

The Excited State Absorption Spectra were simulated on top of the CASSCF geometries 

reported in ref 24 using the same protocol, i.e., MS-CASPT2/SA-CASSCF(14,11)/6-31G(d,p), 

after increasing the number of roots up to 10.37 38 39 40 The IPEA shift was set to 0.0, and an IMAG 

shift of 0.3 was used.41 42 The calculations were done with OpenMolcas.43  

Laser flash photolysis 

Laser flash photolysis experiments were used to characterize the triplet state of 2oxoP-r. 

These experiments employed pulses generated by a Spectra Physics GCR-150-30 Nd:YAG laser 

with excitation wavelengths of 266 nm (5 ns pulse width) and a computer controlled system that 

has been described in detail elsewhere.44 Experiments were performed in a 1 cm optical cell with 

an absorbance at the excitation wavelength of ~0.3 in phosphate buffer (pH 6) and in ethanol. 

Deoxygenated solutions were prepared by purging with argon gas for at least 20 minutes.   

Singlet oxygen quantum yields 

Time-resolved luminescence spectroscopy was used to determine the singlet oxygen 

quantum yields for 2oxoP-r. A Spectra Physics GCR-150-30 Nd:YAG laser (266 nm, 5 ns pulse 

width) was used as the excitation source. Singlet oxygen phosphorescent decay traces were 

collected at 1270 nm using a modified Fluorolog-3 spectrometer (HORIBA, Jobin Yvon), with a 

near-IR sensitive photomultiplier tube (H10330A-45, Hamamatsu) as detector. The decay traces 

were stored on a digital oscilloscope (TDS 360, Tektronics). Solutions of 2oxoP-r and the 



 8 

phenalenone standard were prepared in phosphate-buffered D2O (pH 6) and in ethanol at an optical 

density of 0.3 at the excitation wavelength in 1 cm path length quartz cuvettes. The O2-saturated 

solutions were bubbled with O2 gas for at least 20 min prior to testing. Degradation of the samples 

was determined to be less than 3% over the course of the experiments based on their steady-state 

absorption spectra. The quantum yields were determined in back-to-back luminescence 

experiments of 2oxoP-r and phenalenone solutions under the same conditions, using the reported 

yield of 1O2 generated by phenalenone as a standard ( = 0.98).45 

Results  

Steady-state spectroscopy  

Previous experimental28, 46 and theoretical47 studies have shown that the 2-oxopurine in 

aqueous solution primarily exists in the keto form. Three pKa values of 1.69, 8.43, and 11.90 have 

been reported for 2-oxopurine,48 and a pKa of 9.28 has been observed for 9-methyl-2-

hydroxypurine.49 The Henderson-Hasselbach equation (1):50 

𝑝𝐻 = 𝑝𝐾𝑎 + 𝑙𝑜𝑔
[𝐴−]

[𝐻𝐴]
   (1) 

was used to determine that 2oxoP-r exists as the neutral species (>99%) in phosphate buffer at pH 

6, and thus, we will only consider the keto neutral form of 2oxoP-r in this investigation.  
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Figure 1. Top: Structure and standard ring numbering of 2oxoP-r (R = ribose). (a) Molar 

absorption (, red) and (b) normalized emission (blue, λexc = 313 nm) spectra of 2oxoP-r in 

phosphate buffer pH 6. The molar absorption coefficients were reported by ref. 25 for 9-(β-D-

Ribofuranosyl)-2-hydroxypurine in aqueous solution at pH 7. The dashed line indicates the 

excitation wavelength used for transient absorption measurements (308 nm). 

 

Figure 1 shows the normalized absorption (Figure 1a) and emission (Figure 1b) spectra of 

2oxoP-r in phosphate buffer at pH 6. 2OxoP-r contains three absorption bands centered at 313, 

240, and 214 nm, where the maximum of the lowest energy absorption band has a molar absorption 

of 6.8  103 M-1 cm-1 and extends to ca. 350 nm.25 The two lowest-lying absorption bands agree 

with calculations performed for the N9H 2-oxopurine tautomer at the CASPT2 level of theory.24 
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It should be noted that the lowest energy band maximum of 2oxoP-r is redshifted by only ca. 10 

nm compared to 2AP,35, 51 which enables its excitation at longer wavelengths into the UVA region. 

2OxoP-r also exhibits a single broad emission band with a maximum at 380 nm (Figure 1b),26, 28 

which extends over to 525 nm and is assigned to fluorescence emission due to the relatively small 

Stokes’ shift of 5,325 cm-1 (Figure S4). The transition energy between the lowest vibrational levels 

of the ground state and the first excited singlet state (E0,0) was obtained from the intersection point 

between the normalized excitation and emission spectra (Figure S4), getting a value of (29,167 ± 

85) cm-1 or 3.62 eV, comparable to the energy calculated (3.40 eV) for the S1 state of the N9H 2-

oxopurine tautomer in vacuum by Corral and coworkers.24 A fluorescence quantum yield (λexc = 

308 nm) of 0.48 ± 0.04 was measured for 2oxoP-r in phosphate buffer at pH 6, which is only ca. 

30% lower than the fluorescence yield reported for 2AP in phosphate buffer at pH 7.35  
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Femtosecond broadband transient absorption spectroscopy 
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Figure 2. Transient absorption spectra of 2oxoP-r in phosphate buffer pH 6 upon excitation with 

308 nm. Time zero was defined at the maximum amplitude of the stimulated emission band of 

2oxoP-r at 380 nm. The breaks mask the scattering of the pump beam that reaches the detectors. 

The stimulated Raman emission band of the solvent is observed around 345 nm in panel a. 

Femtosecond transient absorption experiments were performed to elucidate the excited 

state relaxation mechanism of 2oxoP-r. Figure 2 shows the transient absorption spectra in 

phosphate buffer at pH 6 following excitation at 308 nm.  Excitation of 2oxoP-r results in the 

observation of a broad transient absorption band with a maximum at 590 nm that blue shifts to 560 

nm within the cross-correlation of the pump and probe beams (Figure 2a), a shoulder at ca. 430 
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nm, an absorption depression around 380 nm, and a smaller band at 345 nm. The spectral 

depression is assigned to stimulated emission occurring in that spectral region, which agrees with 

the steady-state emission spectrum of 2oxoP-r presented in Figure 1b. The transient absorption 

band centered at 560 nm continues to blueshift to ca. 555 nm and narrows with a simultaneous 

increase in intensity, while a slight redshift is observed for the spectral feature at 380 and the band 

at 345 nm slightly increases and decreases (Figure 2b). After that, the transient band at 555 nm 

decreases in amplitude, with a simultaneous increase in intensity in the spectral region between 

350 and 420 nm, forming a new band in the latter region and an apparent isosbestic point at ca. 

420 nm. The transient absorption bands persist for longer than the time delay of 3 ns used in this 

study (Figure 2c).  

Figure 3 depicts the global and target analyses of the transient absorption data of 2oxoP-r. 

The spectral region from 350 to 700 nm was satisfactorily analyzed using a three-component 

sequential kinetic model (Figure 3a). Lifetimes of 1.9 ± 0.4 ps and 5 ± 2 ns were extracted for 

2oxoP-r. A third lifetime (>> 5 ns, see below) was required to fit the residual transient absorption 

spectra in Figure 2c, associated with the blue EADS in Figure 3b.  
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Figure 3. (a) Representative kinetic decay traces of 2oxoP-r, featuring global and target analyses 

using a three-component sequential kinetic model. Note that the abscissa is linear until 1 ps, after 

which a log scale is used. (b) Evolution associated difference spectra (EADS) presented for 2oxoP-

r in the 350 to 700 nm region. The spectral region from 320 to 350 nm was not included to avoid 

fitting the signal from stimulated Raman emission of the solvent. (c) Simulated excited state 

absorption spectra of the S1min, T1min, S1/T2/T1 crossing, and S1/S0 conical intersection calculated 

at the CASPT2 level of theory in vacuum for the N9H 2-oxopurine tautomer. 

Quantum chemical calculations 

Quantum chemical calculations performed by Corral and coworkers24 for the N9H 2-

oxopurine tautomer in vacuum at the CASPT2 level of theory were used to understand the 

electronic relaxation pathways of 2oxoP-r. At the Franck Condon (FC) region, MS-CASPT2 
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predicts that the S1 state has a ππ* character with an oscillator strength ( f ) of 0.0903 (3.86 eV), 

comparable to the results reported by Mburu et al. at the CASSCF/MRMP2 level.52 The S2 (nπ*) 

state is dark (f = 0.0004) and has an energy of 4.97 eV, and should not be populated upon excitation 

at 308 nm. Minimum energy path calculations for the N9H 2-oxopurine tautomer at the same level 

of theory describe a barrierless path from the S1 state in the FC region to the minimum, S1min, with 

an energy of 3.40 eV (365 nm) above the ground state minimum.24 A S1/S0 conical intersection 

(CI) was located at 4.03 eV, around 0.6 eV above the S1min; hence, nonradiative decay to the ground 

state from the S1min is not play a major role in vacuum. It should be noted, however, that ADC(2) 

and TD-DFT approaches predict a more accessible internal conversion funnel, with an energy only 

slightly above the one predicted for the S1min. Corral and coworkers also located a S1/T2/T1 crossing 

close to the S1min (3.49 eV) and calculated a significant spin-orbit coupling with the T2 state of 62 

cm-1
.
24 Using their nuclear coordinates, simulations of the absorption spectra have for the S1min, 

T1min, S1/T2/T1 crossing, and S1/S0 conical intersection of the N9H 2-oxopurine tautomer have been 

performed in this study, calculated at the CASPT2 level of theory in vacuum (Figure 3c). 
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Laser flash photolysis and singlet oxygen quantum yields 
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Figure 4. Transient absorption spectra of 2oxoP-r triplet states after pulsed laser excitation at 266 

nm (delay 100 ns, gate width 3s) of argon purged phosphate buffer solutions (16 mM, pH = 6) 

(a) or ethanol (EtOH) solutions (c) of 2oxoP-r. Corresponding triplet absorbance decay traces 

monitored at 400 nm are shown in (b) and (d). 

 

Laser flash photolysis experiments were performed to characterize the triplet state of 

2oxoP-r in both phosphate buffer and in ethanol (EtOH). The transient absorption spectrum of the 

triplet state of 2oxoP-r was recorded after pulsed laser excitation at 266 nm. The solutions of 

2oxoP-r in both solvents were purged with argon to measure the triplet-triplet absorption spectra 
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(Figures 4a and c, respectively). The triplet decay traces for 2oxoP-r are presented in Figure 4b in 

phosphate buffer at pH 6 and in Figure 4d in EtOH. Triplet decay lifetimes of tT = 10 µs and tT = 

30 µs were obtained in phosphate buffer at pH 6 and in EtOH, respectively.  

In addition, time-resolved luminescence spectroscopy was used to measure the singlet 

oxygen quantum yield () of 2oxoP-r in both solvents. Figure 5 shows the singlet oxygen 

phosphorescence measurements for singlet oxygen quantum yield determination for 2oxoP-r in 

EtOH and in phosphate buffer at pH 6 (Figure 5a and b, respectively). A 10% singlet oxygen 

quantum yield was obtained for 2oxoP-r in both solvents. The triplet lifetimes and singlet oxygen 

quantum yields of 2oxoP-r are collected in Table 1. 
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Figure 5. Singlet oxygen phosphorescence decay traces monitored at 1270 nm generated by pulsed 

photoexcitation (266 nm) of 2oxoP-r or phenalenone in O2-saturated ethanol (a) and O2-saturated 

D2O buffer solution (phosphate 10 mM, pH = 6) (b). 
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Table 1. Singlet oxygen quantum yields and triplet lifetimes of 2oxoP-r 

Solvent EtOH Phosphate buffer 

 (O2-saturated) 0.10 ± 0.02 0.10 ± 0.02a 

 (air-saturated) 0.10 ± 0.02 0.09 ± 0.02a 

t
T
 (µs) (Ar-saturated) 30 µs 10 µsb 

a
 D

2
O/phosphate buffer, pH 6 

b
 phosphate buffer, pH 6 

 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

Discussion 

Based on our experimental measurements and the computational results for the N9H 2-

oxopurine tautomer,24 we can propose a deactivation mechanism for 2oxoP-r in phosphate buffer 

at pH 6 (Scheme 2). Excitation at 308 nm initially populates the S1 (ππ*) state in the FC region 

with excess vibrational energy, from where the population traverses to the S1min after 

conformational and solvent dynamics. Hence, we propose that 1.9 ± 0.4 ps corresponds to both 

inter- (solvent-solute) and intramolecular vibrational relaxation from the initially populated S1 

(ππ*) state to its minimum, where solvation dynamics is the rate-limiting step. This assignment is 

supported by the observation of an initial blueshift and band narrowing in the spectral region from 

ca. 400 to 700 nm (Figures 2a and b), a redshift in the stimulated emission band (Figure 2b), and 

by the agreement of the absorption spectrum of the S1min shown in Figure 3c with the black EADS1 

in Figure 3b. We note that the quantum chemical calculations for the S1min of N9H 2-oxopurine 

predict the stretching of the C2-O and N3-C4 bonds and a reinforcement of the C2-N3 bond relative 



 18 

to the ground state geometry.24 Therefore, the black EADS1 in Figure 3b is associated with the 

excited state absorption of the S1 (ππ*) state near its minimum. 

 

Scheme 2. Proposed excited state relaxation mechanism of 2oxoP-r in phosphate buffer at pH 6. 

The green circle represents the S1/T2/T1 crossing point with a spin-orbit coupling of 62 cm-1 

reported by Corral and coworkers for the N9H 2oxoP tautomer in vacuum.24 Inter- and 

intramolecular vibrational relaxation competes with nonradiative decay to the ground state through 

a S1/S0 conical intersection (not shown)24 and intersystem crossing to the T1 state that can sensitize 

singlet oxygen in a 10% yield. 

 The steady-state fluorescence yield shows that 48% of the population trapped in the S1min 

decays by fluorescence, while the time-resolved luminescence experiments demonstrate the 

generation of singlet oxygen with a quantum yield of 10% (Table 1). In addition, Figure 2c shows 

a slight increase in intensity of the transient absorption band with maximum at 555 nm for up to 

ca. 165 ps, which is associated with the red EADS2 shown in Figure 3b. We assign this relaxation 

process to a bifurcation of the population trapped in the S1min that is either decaying by fluorescence 

emission (48%) or intersystem crossing to the triplet manifold through a S1/T2/T1 crossing region 

located by Corral and coworkers.24 As shown in Figure 3c, both the S1min and the S1/T2/T1 crossing 



 19 

absorb in the UV and visible regions according to CASPT2 calculations. The population crossing 

the S1/T2/T1 crossing region internally converts to the T1 state. This process is associated with the 

observation of a new absorption band around 380 nm in Figure 2c and Figure 4a,c, while the band 

with maximum at 555 nm continues to decay for a time delay longer than 3 ns. The calculated 

absorption spectrum for the T1min shown in Figure 3c supports the assignment of the absorption 

band at 380 nm to the triplet state. Hence, we assign the lifetime of 5 ± 2 ns to a competition 

between fluorescence emission from the 1ππ* state minimum and intersystem crossing to the triplet 

manifold. The residual transient absorption signal absorbing both in the UV and visible regions, 

and associated with the blue EADS3 in Figure 3b, is assigned to a linear combination of the 

absorption spectra of the population still trapped in the S1 and T1 minima at 3 ns. This is consistent 

with the absorption spectrum of the triplet state reported in Figure 4a,c using nanosecond laser 

flash photolysis, which evidences that the absorption spectrum of the T1 state has significant 

absorption intensity around ca. 380 nm with a broad and smaller absorption band that extends 

above 800 nm and decays back to the ground state in 10 s in aqueous buffer solution. We were 

unable to measure the triplet yield because of the lack of a convenient triplet standard; however, 

the triplet quantum yield can be capped to be between 10% and 52%, according to the fluorescence 

and singlet oxygen quantum yields in aqueous buffer solution. We also note that according to the 

calculations for the N9H 2-oxopurine tautomer in vacuum,24 some of the S1 population could 

intersystem cross to the triplet manifold through the S1/T2/T1 crossing region on a faster time scale, 

but given the broad absorption spectra of these species, we cannot unequivocally support or rule 

this possibility with the experimental and computational data currently in hand.  

The excited state population that does not decay by fluorescence emission (48%) or 

intersystem cross to the triplet state (between 10 to 52%) decays back to the ground state 
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nonradiatively. The participation of nonradiative decay from the S1 state to the ground state is in 

good agreement with the calculations presented by Corral and coworkers for the N9H 2oxoP 

tautomer,24 which predict a competition between nonradiative internal conversion to the ground 

state via a S1/S0 conical intersection and intersystem crossing to the triplet state.   

Conclusions 

2oxoP-r shows promising photophysical properties such as a significant redshifted 

absorption compared to other isomorphic fluorescent nucleoside analogs,6 such as 2AP,35 53 54 8-

vinyl-deoxyadenosine,55 56 8-vinyl-2′-deoxyguanosine57 58 in aqueous solution, and a high 

fluorescence quantum yield of 48%. The high fluorescence quantum yield positions 2oxoP-r 

amongst the fluorescent nucleosides currently used as isomorphic fluorescent analogs.6 Through 

the combination of steady-state absorption and emission, nanosecond laser flash photolysis, time-

resolved IR luminescence, and femtosecond broadband transient absorption spectroscopies, in 

combination with quantum chemical calculations, the key electronic relaxation pathways for 

2oxoP-r in aqueous solution were elucidated, demonstrating that both fluorescence (48%) and 

nonradiative decay (52%) occur simultaneously in this nucleoside. The nonradiative decay is due 

to a combination of internal conversion to the ground state and intersystem crossing to the triplet 

state, with a triplet yield between 10% to 52%. Importantly, the triplet state of 2oxoP-r is long-

lived (t = 10 s in aqueous solution) and can generate singlet oxygen with a 10% quantum yield. 

The generation of singlet oxygen by 2oxoP-r is important because it is well-documented that 

singlet oxygen can damage DNA.59 60 61 62 Therefore, the experimental results presented in this 

work demonstrate that 2oxoP-r can be used both as an isomorphic fluorescent analog and as a 

UVA-photosensitizer in DNA and RNA research.  
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