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ABSTRACT. Experiments and theory have revealed that hydrogen bonds modify the excited-state lifetimes of nucleosides 

compared to nucleobases. Nevertheless, how these bonds impact the internal conversion is still unsettled. This work simulates 

the nonadiabatic dynamics of adenosine conformers in the gas phase with and without hydrogen bonds between the sugar and 

adenine moieties. The isomer containing the hydrogen bond (syn) exhibits a significantly shorter excited-state lifetime than the 

one without it (anti). However, internal conversion through electron-driven proton transfer between sugar and adenine plays 

only a minor (although non-negligible) role in the photophysics of adenosine. Either with or without hydrogen bonds, 

photodeactivation preferentially occurs following the ring puckering pathways. The role of the hydrogen bond is to avoid the 

sugar rotation relative to adenine, shortening the distance to the ring puckering internal conversion. 

DNA nucleobases and nucleosides are basic structural units 

of the building blocks of life, the nucleic acids. They strongly 

absorb in the ultraviolet (UV) region (240−290 nm), which 

could potentially cause substantial photochemical damage.1, 2 

However, DNA is remarkably photostable thanks to several 

efficient deactivation processes occurring on time scales 

ranging from subpicosecond in isolated nucleosides and base 

pairs to a few hundreds of picoseconds in DNA strands.1, 3-8 

In isolated nucleobases, these processes are due to ultrafast 

internal conversion to the ground state, triggered mainly by 

conical intersections involving puckering of the heterocyclic 

ring.9-15  In nucleosides, the presence of the sugar ring can 

open up an additional internal conversion pathway induced 

by the hydrogen bond between the nucleobase and a pentose’s 

hydroxyl.16-18  

Indeed, the shorter lifetime observed for some nucleosides 

compared to their nucleobases has been attributed to an 

efficient internal conversion induced by the presence of the 

sugar ring.19-21 Tuna et al. investigated the photodeactivation 

of adenosine using the algebraic diagrammatic construction 

to the second-order [ADC(2)] computational method.16 They 

considered two conformers, syn and anti, exhibiting an 

intramolecular hydrogen bond between the sugar and the 

adenine moiety. Exploring the excited-state reaction 

pathways, they claimed that this hydrogen bond should favor 

the internal conversion through electron-driven proton 

transfer (EDPT) for both conformers. The EDPT mechanism, 

which corresponds to a hydrogen transfer mediated by a 

charge-transfer state, creates a conical intersection with the 

ground state. Still according to Tuna et al., it would be 

responsible for shortening adenosine’s excited-state lifetime. 

Subsequently, De Camillis et al.19 invoked EDPT to 

rationalize their experimental results from pump-probe 

ionization of nucleosides in the gas phase. They suggested 

that this mechanism could also be operative in other 

nucleosides since the lifetimes for internal conversion to the 

ground state in adenosine, cytidine, and thymidine are 

reduced by a factor of two compared to their respective 

nucleobases. An exception was guanosine which displayed 

longer lifetimes. 

Figure 1.  Syn and anti conformers of adenosine optimized at 

ADC(2)/SV(P). 
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Zhao et al. investigated the possibility of EDPT being also 

valid for guanosine, the other canonical purine nucleoside.17 

(In their paper, they refer to EDPT as excited-state 

intramolecular proton transfer.) Exploring the internal 

conversion pathways using time-dependent density 

functional theory (TDDFT), they showed that the guanosine’s 

deactivation could occur either mediated by a C2-puckered or 

EDPT intersection. However, their conclusions differed from 

those reported by Tuna et al.16 For guanosine, although both 

pathways were energetically accessible, the C2-puckering 

was barrierless, while the EDPT would need activation 

energy of 0.7 eV from the S1 minimum. They concluded that 

both pathways could coexist, but the probability of internal 

conversion occurring through the ring puckering would be 

higher.  

The importance of EDPT has also been questioned for 

solvated nucleosides. For pyrimidine nucleosides in water, 

energy barriers of ~0.6 eV were reported for the 

intramolecular hydrogen transfer.22, 23 These high activation 

energies would prevent the hydrogen from being transferred 

in the sub-ps time scale. Moreover, a recent experimental-

theoretical paper reported that the primary deactivation 

mechanism for uridine in water is the ring puckering induced 

by the hydrogen out-of-plane bending on the hydroxyl group 

of the sugar.3  

At this point, the relevance of EDPT for the nucleosides’ 

internal conversion remains undefined. We decided to take a 

step back and assess the role of the hydrogen bond in the most 

fundamental prototypical case, adenosine in the gas phase. 

We simulated the excited-state nonadiabatic dynamics of 

conformers with and without a hydrogen bond (Figure 1) 

using surface hopping to appraise the preponderance of the 

EDPT and ring puckering mechanisms explicitly.  

Adenosine in the gas phase has multiple conformers.24 We 

worked on two of them, a syn conformer with a hydrogen 

bond and an anti conformer without it. We do not expect 

these two conformers to be particularly relevant for DNA. At 

the ground state, the syn conformer is more stable than the 

anti by 14.2 kcal/mol, while in the excited state, this 

difference decreases to 12.3 kcal/mol. The vertical excitation 

energies and state characterization are reported in the 

Supporting Information SI-1. Anti conformers can also form 

a hydrogen bond using the 2-OH group.24 (Tuna et al.16 

investigated one of those.) However, we choose to work with 

a conformation without this hydrogen bond to have baseline 

results.  

We have run four sets of trajectories (see Computational 

Methods). The first two to compare the conformers, the third 

to evaluate the impact of the initial excitation energy, and the 

fourth to assess the influence of the basis set on the results. 

We start the discussion with the first two sets. In both, the 

conformers were excited into the lower region of the first 

absorption band, similarly to the experimental window.19 We 

labeled this excitation window LB (low band) to distinguish 

it from excitations into the band center (CB), discussed later. 

After the nonadiabatic propagation, the excited-state lifetime 

is obtained by fitting the state occupation with the exponential 

decay function 
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where 1 is the latency time to initiate the internal conversion, 

2 is the exponential decay time constant, and y0 is the fraction 

of the population remaining in the excited state. The lifetime 

(τ) is given by 
1 2  = + . Details about these fittings are 

reported in SI-2. 

The excited-state lifetimes are presented in Table 1. The 

anti conformer’s lifetime, 3.5 ps (Set 1), is significantly 

longer than the syn conformer’s lifetime, 2.1 ps. At first 

glimpse, we were tempted to attribute this difference to the 

EDPT enabled by the hydrogen bond present only in the syn 

conformer. However, only 21% of the syn trajectories decay 

through this pathway. C2- and C6-puckering (their structures 

are shown in Figure 2 for syn and SI-3 Figure S12 for anti) 

are the dominant pathways in both conformers. For the syn, 

puckering is responsible for 79% of the decay, splitting 

approximately half between C6 and C2 atoms. The hydrogen 

bond is always present during the syn dynamics.  
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Table 1. Lifetime ( ) and main pathway yields predicted by surface hopping dynamics for syn- and anti-adenosine computed at ADC(2) 

with SV(P) (sets 1 to 3) and cc-pVDZ+ (set 4). LB: excitation in the lower region of the first absorption band. CB: excitation at the center of 

the absorption band. Margins of errors for a 95% confidence interval. In all cases, y0 = 0 [Eq. (1)]. 

Set   (ps) % C2 puckering % C6 puckering Total puckering % EDPT  

1. anti

(LB) 
3.5 ± 0.9 68 ± 13 23 ± 12 91 ± 6 9 ± 8 

2. syn 

(LB) 

2.1 ± 0.5 41 ± 14 38 ± 13 79 ±11 21 ± 11 

3. syn 

(CB) 

1.9 ± 0.7 59 ± 18 14 ± 12 73 ± 16 23 ± 15 

4. syn 

(CB, cc-pVDZ+) 
1.5 ± 0.5 60 ± 18 16 ± 13 76 ±15 20 ± 14 

Figure 2. Structures at the S1/S0 state crossing for the syn conformer.

Interestingly, the syn trajectories that followed the EDPT 

pathway finished at shorter times than those that followed the 

puckering paths (SI-2 Table S4). As the starting structure of 

the anti conformer does not have the hydrogen bond, the vast 

majority (90%) of the S1/S0 crossings are due to puckering of 

the adenine ring, mainly at C2 atom (68%). Nevertheless, in 

a few trajectories, a rotation of the 2’-OH group allowed a 

hydrogen bond to the N3 atom, enabling EDPT in 9% of the 

trajectories. In this case, EDPT takes longer than puckering 

due to the time needed to form the hydrogen bond.  

We also investigated the influence of the excitation window 

by using initial conditions generated from excitations of the 

syn conformer at the center of the absorption band (Set 3). 

The results are shown in Table 1. The lifetime computed for 

the two spectral windows, LB and CB, using SV(P) is 

essentially the same (~2 ps). Puckering is still the dominant, 

mainly at the C2 atom. 

Because of the hydrogen bond between the N3 and the 

hydrogen on the 5’OH, the dynamics may be sensitive to the 

basis set, requiring diffuse basis functions. To examine this 

effect, we ran an additional set of trajectories (Set 4), adding 

diffuse functions (aug-cc-pVDZ) to N3  and keeping all other 

atoms with the cc-pVDZ basis set (we refer to it as cc-

pVDZ+) to make the dynamics cost affordable. These 

trajectories were also initially excited into the band center 

(CB). The cc-pVDZ+ basis set shortens the lifetime to 1.5 ps 

but does not change the balance between EDPT and puckered 

intersections. The percentage of trajectories following the 

hydrogen transfer coordinate was still around 20%. Most of 

them decay through a C2-puckered intersection.  

The dominance of the ring puckering over EDPT raises a 

few main questions: (i) experiments19 tell that adenosine’s 

excited state lifetime is shorter than that of adenine, but why 

would it be so if both follow similar puckering pathways? (ii) 

Why is the puckering favored over EDPT? (iii) As the EDPT 

trajectories are, on average, faster than the puckering ones, 

why is EDPT not the preferential decay pathway? (iv) Why 

does the hydrogen bond speed up the ring puckering of 

adenosine in the gas phase? 

Based on time-resolved pump-probe spectroscopy, De 

Camillis et al.19 reported that the excited-state lifetime of 

adenosine in the gas phase (0.57 ps) is shorter than that of 
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adenine (1.1 ps, according to Ref. 25). However, if ring 

puckering dominates the internal conversion like in adenine, 

we are left with no reason for such time shortening. In fact, 

our simulations predict the excited-state lifetime of the syn 

conformer (1.5 ps with ADC(2)/cc-pVDZ+) to be comparable 

to that of adenine (1.4 ps, according to ADC(2)/aug-cc-pVDZ 

simulations of Ref.11). This divergence seems to originate in 

the experimental setup, not considering the strong ionization 

potential (IP) variations along the excited-state pathway. In 

the SI-4, we show that while total pump plus probe energy is 

enough to ionize adenosine at the ground state minimum 

geometry, it cannot ionize the molecule along the entire 

puckering pathways, not even at the S1 minimum. Thus, 

adenosine should leave the probe detection window26 much 

before the internal conversion, underestimating the excited-

state lifetime. 

To address the other questions, we calculated the potential 

energy profiles connecting the S1 minimum to the S1/S0 

minimum energy crossing points at ADC(2)/SV(P) level. The 

linearly interpolated coordinates (LIIC) are shown in Figure 

3 (see also SI-5). 

These energy profiles immediately answer the second 

question: C2 and C6 puckerings have significantly smaller 

energy barriers (about 0.38 eV) than EDPT (1.24 eV) for the 

syn conformer. Therefore, we expect puckering to be 

primarily favored. Constrained optimization of the EDPT 

barrier (open red points in Figure 3b) reduces it by a mere 0.2 

eV, still favoring ring puckering mechanisms.   

The computed S0/S1 density difference along the energy 

profiles shown in Figure 3 sheds light on the energy barrier’s 

origin. (Density differences over the entire energy profiles are 

shown in SI-5.) The S0/S1 density differences for C2- and C6- 

puckerings are concentrated in the adenine moiety along the 

whole path (Figure 3a and SI-5 Figure S18 and S20). This 

means that the electron density from the S1 minimum (an nπ* 

state) to the state intersection does not drastically change 

along the reaction pathway. On the other hand, in the EDPT 

coordinate, the electronic density needs to be strongly 

rearranged over the whole molecule to cross the barrier 

(Figure 3b). At first, the density is concentrated on the 

adenine moiety at the S1 minimum. Along the path, the 

hydrogen transfer is accompanied by a strong charge transfer 

from the lone pair of 5’-OH of the sugar, the negative region 

(green), to the π* orbital of the adenine moiety, the positive 

region (orange). 

To answer the third question, note that most trajectories of 

syn-adenosine quickly relax toward the S1 minimum. From 

there, they deactivate via ring puckering due to its lower 

barriers. However, it takes some time, as climbing these 

barriers requires relatively large ring distortions, 2.1 amu1/2Å 

(Figure 3a) for C2 and 3.6 amu1/2Å for C6 (Figure S15-b). On 

the other hand, a few trajectories, reach the EDPT barrier, 

near the Franck Condon region (1.1 amu1/2Å; Figure 3b), 

before relaxing to the S1 minimum. Their subsequent proton 

transfer quickly induces internal conversion. Thus, the EDPT 

trajectories are fast but rare. 

The energy barriers for C2-puckering are identical for anti 

and syn conformers (0.39 and 0.38 eV, respectively). They 

are also similar for C6-puckering, 0.36 eV for syn, and 0.32 

eV for anti. However, the excited-state lifetime of the anti 

conformer (3.5 ps; Table 1) is much longer than that of the 

syn conformer (2.1 ps). Therefore, the intramolecular 

hydrogen bond's presence accelerates the dynamics 

somehow. As we can see comparing Figure 3a and c, the 

molecular distortions needed to reach the C2-puckered 

intersection are much smaller for syn than for anti. The mean 

mass-weighted distortion between the S1/S0 crossing point 

and the initial geometry considering all trajectories doing C2 

puckering is 5 amu1/2Å for syn and 12 amu1/2Å for anti (SI 

Table S5). Among those doing C6 puckering, the mean 

distortion is 8 amu1/2Å for syn and 11 amu1/2Å for anti. The 

smaller distortions in syn are due to hydrogen-bond 

constraint, which prevents the sugar’s rotation around the 

covalent bond, attaching it to adenine. 

To conclude, we investigated the gas-phase nonadiabatic 

dynamics of two adenosine conformers with and without a 

hydrogen bond. Our findings show that hydrogen bond 

significantly speeds up the dynamics of the syn conformer. 

Nevertheless, the dynamics is dominated by ring puckering. 

EDPT, the alternative intramolecular hydrogen-transfer 

mechanism, was operative only for 20% of the trajectories. 

Moreover, adenosine dynamics should be slower than that of 

adenine. Previous experimental results claiming the opposite 

seem to have underestimated the time constant by not 
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considering the ionization potential dependence on the 

excited-state pathways. The main effect of the hydrogen bond 

in syn-adenosine’s dynamics is to speed up the internal 

conversion through puckering by imposing restrictions on the 

sugar-adenine relative orientation. 

Computational Methods 

A comprehensive description of the computational 

methodology is delivered in the SI-6 and SI-7. In brief, 

nonadiabatic molecular dynamics were simulated using 

decoherence-corrected27 fewest-switches surface hopping28 

(DC-FSSH), using the local diabatization algorithm,29, 30 as 

implemented in Newton-X v2.2-B15 program.31 Initial 

conditions were generated with a correlated quantum 

harmonic oscillator distribution. Four trajectory sets were run 

to test the conformer, the initial excitation energy, and the 

basis set effects. Their parameters are summarized in Table 

2. Trajectories were propagated for up to 2 ps. Only hoppings

between excited states were computed. Trajectories reaching 

an S1/S0 energy gap smaller than 0.15 eV were ended, and the 

corresponding time step was taken as a proxy for the excited-

state deactivation time. 

Table 2. Characterization of the four sets of trajectories. Initial conditions were selected within a narrow (0.1 eV) energy window either 

at the lower region (LB) or the center (CB) of the first absorption band. For each geometry sampled, the bright state may have an adiabatic 

position within the energy window between S1 and S3. Thus in Set 3, for example, 12 trajectories started in S2 and 18 in S3. cc-pVDZ+ stands 

for aug-cc-pVDZ in N3 and cc-pVDZ in all other atoms. 

Set Conformer Excitation (eV) Level # trajectories Initial states 

1 anti LB: 5.10.1 ADC(2)/SV(P) 50 50 S2 

2 syn LB: 5.10.1 ADC(2)/SV(P) 50 18 S1 ; 24 S2 ; 8 S3 

3 syn CB: 5.30.1 ADC(2)/SV(P) 30 12 S2; 18 S3 

4 syn CB: 5.10.1 ADC(2)/cc-pVDZ+ 30 6 S1; 12 S2; 12 S3 

Figure 3.  Energy profiles between the S1 minimum and (a) C2-puckering intersection (syn); (b) EDPT intersection (syn); (c) C2-puckering 

intersection (anti). All LIIC calculations were done with ADC(2)/SV(P). Open circles on (b) denote optimized geometries imposing 

constraints to the 5ʹ-OH---N3 and 5ʹ-O---H bond lengths. Electron density difference maps (iso-value 0.005) along the proton transfer LIIC 

for syn and anti conformers at their S1 minimum and S1/S0 intersection are shown as inserts. Negative regions (electron density decreasing) 

are shown in green and positive regions (electron density increasing) in orange. 
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The electronic structure method used in the dynamics and 

reaction pathways was the resolution-of the-identity algebraic 

diagrammatic construction to second-order [RI-ADC(2)]32-36 

as implemented in Turbomole 7.3.37  Trajectories sets 1 to 3 

employed the SV(P) basis set. In Set 4, diffuse functions were 

added to N3 to test their effect on the EDPT pathway. The 

MP2 method was used for obtaining ground-state equilibrium 

geometries. For the S1/S0 crossing points, we used the CIOpt 

program.38 Linearly interpolated pathways were computed 

between the S1 minimum and the puckered intersections for 

both conformers. For syn, it was also computed between the 

S1 minimum and the EDPT intersection. 
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