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Abstract 

 

The excited state dynamics of the doubly deprotonated dianion of adenosine-5’-triphosphate, 

[ATP–H2]
2–, has been spectroscopically explored by time-resolved photoelectron spectroscopy 

following excitation at 4.66 eV. Time-resolved photoelectron spectra show that two competing 

processes occur for the initially populated 1ππ* state. The first is rapid electron emission by tunneling 

through a repulsive Coulomb barrier as the 1ππ* state is a resonance. The second is nuclear motion 

on the 1ππ* state surface leading to an intermediate that no longer tunnels and subsequently decays 

by internal conversion to the ground electronic state. The spectral signatures of the features are similar 

to those observed for other adenine-derivatives, suggesting that this nucleobase is quite insensitive to 

the nearby negative charges localized on the phosphates, except of course for the appearance of the 

additional electron tunneling channel which is open in the dianion.  
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Introduction 

DNA, together with its building-blocks and derivatives, represents one of the most important 

molecules of biological interest.1 DNA has a high stability imparted by hydrogen bonding and π-

stacking such that it is chemically unreactive. However, DNA can undergo significant damage when 

exposed to radiation or oxidizing agents.2, 3 Specifically, photo-oxidative damage represents one of 

the major causes of stress for the nucleobases, which can easily absorb ultraviolet light via their 

optically bright 1ππ* states.3 Despite this, the photo-induced damage quantum yield of DNA is less 

than 1%. This intrinsic photostability of the nucleobases arises from their non-radiative decay 

mechanisms.4, 5 Consequently, there has been extensive experimental as well as theoretical work 

aimed at understanding the relaxation pathways of nucleobases following UV excitation.  Adenine in 

particular has been the focus of much research, especially through gas-phase spectroscopy,6, 7 where 

it has been studied as an isolated nucleobase,8-11 but also as part of more complex structures, such as 

nucleotides and oligonucleotides.12-15 

 Adenosine-5’-triphosphate (ATP) is one of the most important adenine derivatives because of 

its pivotal role in intramolecular energy transfer. Due to the presence of three phosphate groups, ATP 

is generally negatively charged which can in principle affect its photo-physics. In the gas-phase, for 

example, the doubly-deprotonated form of ATP, [ATP–H2]
2–, is most readily generated by 

electrospray ionization. Isolated dianions like [ATP–H2]
2– (and polyanions more generally) have a 

Repulsive Coulomb Barrier (RCB), 16-19 that comes about from a balance between the long-range 

repulsive interaction between an electron and the mono-anion and the short-range attraction that 

forms the dianion. The RCB can be conveniently studied using photoelectron spectroscopy as the 

outgoing electron is naturally sensitive to the RCB and represents a barrier that needs to be overcome 

in order to successfully detach an electron from the molecule. From an electronic structure 

perspective, excited states of the dianion can lie above the adiabatic detachment energy (ADE) but 

below the RCB threshold. This therefore renders the excited state a resonance that is metastable 

towards electron tunneling through the RCB. The RCB has been the focus of multiple theoretical17, 
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18, 20 and experimental studies;19, 21 In particular, photoelectron spectroscopy and, more specifically, 

photoelectron imaging, have emerged as useful tools to probe the photo-physics of multiply charged 

anionic species.16, 19, 22-27 

Anionic DNA fragments and derivatives have been the subject of multiple spectroscopy 

studies in the past.12-15, 25, 28-38 Specifically, [ATP–H2]
2– has been probed by the Kappes group31 and 

the Dessent group,34 using photoelectron and photo-detachment action spectroscopy, respectively. 

We recently added to this work13 using photoelectron imaging. Following excitation of [ATP–H2]
2– 

with 4.66 eV light, we observed electron emission from the 1ππ* states on the nucleobase. The 

emission was directional and, in combination with theory, we could correlate this directionality to the 

nature shape of the RCB which peaks strongly around the negatively charged phosphates. We also 

provided evidence that the emission arose from electron tunneling through the RCB. That is to say 

that the 1ππ* state excited at 4.66 eV in [ATP–H2]
2– is a resonance. Part of this evidence was produced 

using time-resolved photoelectron yield measurements. Here, we add to our previous study and we 

report on the time-resolved photoelectron spectra. This allows us to spectroscopically distinguish 

between electron tunneling and nuclear dynamics on the excited 1ππ* state, which ultimately leads to 

internal conversion back to the ground electronic state of [ATP–H2]
2–. It also serves as a comparison 

between the 1ππ* state dynamics in [ATP–H2]
2– and in deoxy-adenosine monophosphate (dAMP–)12, 

39 and bare adenine (Ade)8-10, 38, 40-49. 
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Methods  

The details of the anion photoelectron imaging instrument are reported elsewhere.50, 51 [ATP–H2]
2– 

anions were generated by electrospray ionization (ESI) of a ∼1 mM methanolic solution of adenosine-

5´-triphosphate disodium salt (Sigma Aldrich, UK) and introduced in the first vacuum region of the 

instrument. The negative ions were subsequently guided by a potential gradient through a series of 

ring-electrode ion guides, which culminated in a pulsed ion trap. Ions were ejected and focused into 

a colinear Wiley–McLaren time-of-flight mass spectrometer52 operating at 100 Hz. At the focus of 

the mass-spectrometer, a mass-selected ion packet was intersected with laser pulses obtained from a 

commercial Ti:Sapphire laser (Spectra Physics). The fundamental at 1.55 eV was used as a probe 

pulse. Its third harmonic at 4.66 eV served as the pump pulse and was generated by frequency 

doubling in a BBO (type I) crystal followed by a calcite plate, a half-waveplate and a second BBO 

(type I) crystal to mix the fundamental and second harmonic. Pump and probe pulses we delayed with 

respect to each other using a motorized delay stage. The time-resolution in the interaction region was  

~100 fs. Upon irradiation of the ion packet, the ejected photoelectrons were collected and imaged by 

a perpendicular velocity-map imaging (VMI) arrangement.53 Photoelectron spectra were extracted 

from the raw images using onion peeling in polar coordinates.54 The photoelectron spectrum of I− 

was used to calibrate the VMI spectrometer. The spectral resolution was approximately ∼5% of the 

electron kinetic energy, eKE. 

The pump light at 4.66 eV is sufficiently high in energy to cause significant PE noise from 

photon striking the VMI electrodes. To minimize this, we coated the electrodes with platinum, which 

has a work function of ∼4.6 eV.55 The reduction of noise is approximately an order of magnitude at 

hv = 4.66 eV. Additionally, PE images were collected both in the presence and absence of ions (by 

closing the ion trap) at ~1 Hz and actively subtracted. This removes the background photoelectron 

noise contribution from the image and also leads to larger ion signal levels. The latter arises because 

the loading rate of the trap is too low to fill the trap completely before it is emptied at 100 Hz. Hence, 
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when allowed to accumulate in the ions off cycle, there are many more ions to be extracted from the 

trap.  

 

Results and analysis 

 

 

Figure 1: Time-resolved photoelectron spectra of [ATP–H2]
2– taken at t = −200 fs (blue) and 0 fs (red). 

 

 

Figure 1 shows two pump-probe photoelectron spectra at delays of t = –200 fs and 0 fs. 

Because the probe photon energy (hvpr = 1.55 eV) is well below any excited states and the detachment 

threshold for [ATP–H2]
2–, the t = −200 fs PE spectrum is identical to the single-photon spectrum that 

we have acquired at hvpu = 4.66 eV. The intense feature centered at eKE = 0.55 eV has been assigned 

to tunneling emission through the RCB following excitation to the 1ππ* states.13 When the pump and 

probe pulses overlap in time (t = 0 fs), the feature at eKE = 0.55 eV is depleted and a new feature is 

seen at higher eKE that extends to eKE ~ 2 eV. 

Figure 2 shows a selection of the time-resolved photoelectron spectra of [ATP–H2]
2– in the 

200 ≤ t ≤ +300 fs range, where each spectrum has had an average of the spectra with t ≤ −200 fs 

subtracted to show only the time-resolved spectral changes. Additionally, to remove high-frequency 
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noise in the spectra, a moving average (10-point) has been applied to the photoelectron spectra. Figure 

2 shows three distinct features that evolve as a function of pump-probe delay; these have been 

highlighted in Figure 2 as shaded regions. The peak at eKE = 0.55 eV shows a negative signal that 

arises from the depletion seen in the photoelectron spectra shown in Figure 1. This depletion signal 

recovers rapidly and has essentially recovered fully by ~300 fs. At higher energy, there is a positive 

signal that decays as a function of pump-probe delay, but also appears to shift towards lower eKE. 

Shifts in eKE can arise from changing Franck-Condon factors associated with vibrational wavepacket 

dynamics along an excited state potential energy surface and/or from changes in electronic state 

following a nonadiabatic transition.  

 

Figure 2: Time-resolved photoelectron spectra of [ATP–H2]
2– taken from −200 fs to +300 fs and 

plotted in terms of eKE. An average of the spectra at t ≤ −200 fs was used for background subtraction. 
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The dynamics were analyzed using two approaches. First, the integrated photoelectron signal 

over three spectral windows in Figure 2 were taken and are shown in Figure 3. Also shown is the total 

integrated signal. The spectral windows 0.45 < eKE < 0.60 eV, 0.60 < eKE < 1.50 eV, and 1.50 < 

eKE < 2.10 eV are representative of the dynamics associated with the depletion, the high eKE feature 

and the red-shifted positive feature, respectively. These data clearly show that the high eKE feature 

is associated with depletion of the peak at 0.55 eV and that there is a second feature that appears and 

decays in the 0.6 < eKE < 1.5 eV spectral range. We can approximate that the fastest component at 

high eKE (which is concerted with the depletion recovery) occurs on a timescale similar to, or lower 

than, the cross-correlation between pump and probe pulses, i.e. <100 fs. The intermediate signal 

decays to a value of 1/e at ~300 fs. The key limitation with the analysis shown in Figure 3 is that 

there is significant spectral overlap between the differing features such that it is difficult to assess the 

overall spectral shape of the individual contributions.  

 

Figure 3: integrated photoelectron signal plotted as function of time over four different energy ranges. 
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As a second analysis method, a global fit to the time-resolved data was performed. The global 

fit has the form (eKE, ) ( ) (eKE)exp( / )i i

i

f t g t c t =  − , where ci(eKE) represent photoelectron 

spectra that are associated with specific decays with lifetime τi (so-called decay-associated spectra). 

These are convoluted with the instrument response function, g(t) (the cross-correlation of pump and 

probe pulses, which is assumed to be a Gaussian function with full-width at half-maximum of 100 

fs). The minimum number of decays required to fit the data was two. In other words, the data are best 

represented by a 3-state model 1 → 2 → 3, in which 1 and 2 are observable and 3 is some final state 

that cannot be probed by the current experiment.  

Figure 4 shows that the photoelectron spectra associated with decays τ1 and τ2, where τ1 = 54 

± 50 fs and τ2 = 211 ± 100 fs. The first is within the time-resolution of the experiments and so should 

be taken as τ1 < 100 fs. The kinetics are consistent with those estimated from Figure 3. The τ1-

associated spectrum has positive signal at 1.2 < eKE < 2.3 eV and negative signal between 0.4 < eKE 

< 1.2 eV. Positive signal corresponds to signal decaying with a lifetime of τ1, while negative signal 

indicates population growing with the same lifetime. The τ2-associated spectrum simply decays as 

the final state is not observable.  

 

Figure 4: Decay associated spectra obtained from a global fit to the time-resolved photoelectron 

spectra, a selection of which was shown in Figure 3. Red and green lines represent the spectra 

associated with τ1 and τ2, respectively. The grey line is the sum of both decay associated spectra and 

represents the time-resolved photoelectron spectrum arising from the initially excited state.  
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Inspection of the τ1-associated spectrum shows that the negative peak at eKE = 0.55 eV and a 

positive peak with a maximum around eKE ~ 1.9 eV. However, there is also negative signal between 

0.6 < eKE < 1.2 eV. This overlaps with the τ2-associated spectrum, showing that some signal in the 

1.2 < eKE < 2.3 eV range leads to the τ2-associated spectrum (the other fraction leads to the recovery 

of the bleach at 0.55 eV). For a three-state model, the time-resolved photoelectron spectrum 

associated with the initial excited state can be obtained by the sum of the τ1- and τ2-associated 

spectra.56 This spectrum is also included in Figure 4.   

 

Discussion 

Two-photon resonance-enhanced photoelectron spectroscopy has previously shown the 

electron affinity of [ATP–H2]
– to be ADE ~ 4.1 eV.13 Hence, excitation at hvpu = 4.66 eV is above 

the adiabatic energy of [ATP–H2]
2–. This is consistent with the pump-probe spectrum in Figures 1 

and 2 that shows the photoelectron extends to eKE ~ 2.1 eV. However, even though it is above the 

adiabatic energy, the excitation energy does not overcome the RCB. Hence, electron emission 

following one-photon excitation at hvpu = 4.66 eV requires the tunneling of an electron through this 

RCB. The initial excitation is resonant with the bright 1ππ* states on adenine and it is this population 

that tunnels through the RCB.13  At t = 0, some population of the 1ππ* states on adenine that would 

otherwise have tunneled has now been projected higher in energy by hvpr =1.55 eV. Hence, a 

depletion is observed in the peak at eKE = 0.55 eV and a new feature is seen at higher eKE. As the 

total energy is above the RCB (hvpu + hvpr > ADE + RCB), this photoelectron feature is associated 

with direct detachment from the 1ππ* states on adenine. The observed dynamics in the high eKE 

feature in Figure 3 is thus a reflection the population in the 1ππ* states and its temporal evolution. 

Note that the monoanion, [ATP–H2]
–, has a large electron affinity and cannot be probed by hvpr. The 

overall dynamics are shown schematically in Figure 5.  
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Figure 5: Schematic representation of the dynamics of [ATP–H2]
2– following excitation at 4.66 eV 

and probing at hvpr =1.55 eV. The lifetimes relate to the decays obtained from the global fit, with τ1
−1 

= τtun
−1 + τnuc

−1. 

 

The kinetics of the feature at eKE = 0.55 eV are mirrored by those of the feature at high eKE. 

This is most clearly demonstrated in Figure 4, where the decay associated spectrum of the initial 

process has both positive and negative components that should be interpreted as the high eKE peak 

that decays with τ1 < 100 fs also leads to recovery of the peak at 0.55 eV with the same time constant. 

This comes about because, with increasing delay of hvpr, more population has tunneled from the 1ππ* 

states to form [ATP–H2]
–. Hence, the recovery dynamics of the peak at eKE = 0.55 eV is a measure 

of tunneling. However, it is clear from Figure 3 that not all of the initially excited 1ππ* state 

population decays by autodetachment, otherwise the total integrated positive and negative transient 

signals should cancel.57, 58 This population can be identified in the τ1-decay associated spectrum in 

Figure 4 by the negative signal between 0.8 < eKE < 1.3 eV, which shows that some population from 

the initially excited 1ππ* states produces the photoelectron signal in this range. This range coincides 

with the τ2-associated spectrum and thus shows that population flows from the initial 1ππ* states (with 

τ1 < 100 fs) to an intermediate that has a photoelectron spectrum given by the τ2-associated spectrum 

(shown schematically in Figure 5). The fact that not all population decays by tunneling through the 

RCB is consistent with the conclusions of Cercola et al.34, who clearly showed that photofragments 
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were generated following excitation at 4.66 eV. Photofragmentation is most likely a ground state 

process and, hence, we can associate the τ2 decay dynamics with internal conversion from the 

intermediate to the ground state. The intermediate does not decay by tunneling through the RCB as 

this would have resulted in a negative signal associated with such dynamics. A small negative 

contribution can be seen in the τ2-associated spectrum in Figure 4, suggesting that perhaps a small 

fraction of the population can still tunnel. We suspect that this appears because of inaccuracies in the 

global fitting procedure because Figure 3 does not show a similar negative signal.  Nevertheless, if 

this signal was real then it only amounts to 10% of the observable intermediate population. Note also 

that the spectral shape of this transient suggests that we are probably not probing all the population 

of the intermediate and that some signal is likely cut-off by an RCB at lower eKE, as can be seen at 

eKE = 0.55 eV in the τ2-associated spectrum. In order to observe a larger portion of the intermediate, 

we have attempted to repeat the experiments with hvpr =3.10 eV, but these experiments were 

unsuccessful. Hence, we conclude that the majority (i.e. >90 %) of the intermediate state population 

decays by internal conversion to the ground electronic state.  

Note that the observed τ1 dynamics arise from competing dynamics: decay by tunneling (τtun) 

and decay by nuclear motion on the 1ππ* states (τnuc), as shown in Figure 5. The τ1 lifetime is thence 

defined by τ1
−1 = τtun

−1 + τnuc
−1. Unfortunately, we cannot independently determine τtun and τnuc.  

The τ2-associated spectrum is that of the intermediate produced (Figure 5). To assign the 

nature of the intermediate, we consider two likely processes. First, the initially populated vibrational 

wavepacket moves on the 1ππ* surface away from the Franck-Condon region to this transient state. 

Second, initial motion on the 1ππ* surface can lead to internal conversion to a nearby 1nπ* state 

through a conical intersection. The role and the relative position of the optically dark 1nπ* state has 

been extensively debated for nucleobases and nucleotides.12, 59, 60 We have previously calculated that 

the 1nπ* state lies about 0.3 eV lower in energy than the 1ππ* state in [ATP–H2]
2–. For the case of 

deprotonated deoxyadenosine monophosphate (dAMP–), the two states are very close in energy.12 

However, it should be noted that the relative energies depend sensitively on the level of theory used. 
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The 1nπ* state could also decrease in energy in proximity of a conical intersection, as happens in the 

case of isolated Ade and 9-methyl-adenine (9-Me-Ade).12, 61 Finally, the relative energies between 

the 1ππ* and 1nπ* states differs in differing environments: in aqueous solution, the 1nπ* state increase 

in energy for Ade, 9-Me-Ade and dAMP–.62-64  

The decay mechanism of [ATP–H2]
2– bears close similarities with that of dAMP–. The time-

resolved photoelectron spectroscopy of dAMP–, excited at 4.66 eV and probed at 3.10 eV, could 

similarly be fitted with a 3-state model with lifetimes of τ1 ~ 30 fs and τ2 = 290 fs.12 These values are 

similar to those observed here, where τ1 is less than the cross-correlation and τ2 = 210 fs. However, 

the most striking similarities are between the decay-associated spectra. The τ1-associated spectrum 

has a similar overall spectral shape peaking at high eKE as seen in Figure 4, while obviously no 

tunneling takes place in dAMP– and therefore no negative peak at 0.55 eV was observed, although 

some negative signal was seen indicating that the initial population decays into an intermediate. The 

τ2-associated spectrum of the intermediate of dAMP– is also remarkably similar in [ATP–H2]
2–. This 

offers some evidence that the same intermediate is formed in both cases and that the decay from this 

intermediate is similar. For dAMP–, evidence could be given to support that the intermediate seen 

corresponds to nuclear motion on the 1ππ* state, without any involvement of the optically dark 1nπ* 

state.12 Given the overall similarity of the observed dynamics between dAMP– and [ATP–H2]
2–, we 

suggest that the intermediate in Figure 3 and 4 also corresponds to a different geometry of the 1ππ* 

state. Note that in the study on dAMP–, similarities between it and 9Me-Ade were drawn so that we 

conclude that the dynamics are in fact very similar to those of just the nucleobase.  

It is perhaps surprising that there are such clear similarities in the dynamics between dAMP– 

and [ATP–H2]
2– (and 9Me-Ade). The negative charge has a clear effect on the energies of the π 

molecular orbitals of Ade relative to the ionization energies, which decrease from 8.26 eV for Ade to 

5.65 eV for dAMP– to 4.1 eV for [ATP–H2]
2–. Nevertheless, the excited 1ππ* states appear at 

approximately the same excitation energy, and their dynamics – which one might envisage being very 

sensitive to any external factors such as nearby negative charges – are very similar. Hence, while the 
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energies of the π molecular orbitals have changed substantially relative to the ionization energy, the 

relative energies between the π and π* orbitals on the Ade nucleobase appear to not have changed 

significantly. 

 

Conclusions 

The excited state dynamics following excitation at 4.66 eV of the isolated doubly-

deprotonated dianion of ATP, [ATP–H2]
2–, has been probed using time-resolved photoelectron 

spectroscopy. The initially excited 1ππ* state population undergoes decay with a fraction of the 

population decaying by electron tunneling through the repulsive Coulomb barrier (RCB), while 

another fraction decays by nuclear motion on the 1ππ* state, which leads to a discernable intermediate, 

that subsequently decays on a ~200 fs timescale by internal conversion to the ground electronic state. 

A global analysis reveals that the dynamics of [ATP–H2]
2– are similar to the dynamics observed in 

dAMP−, where the intermediate was assigned to population on the 1ππ* state surface that has moved 

away from the Franck-Condon region. This population can no longer tunnel through the RCB of 

[ATP–H2]
2– and decays to its ground electronic state. This excess energy then leads to fragmentation 

as has been observed in the photo-fragmentation action spectra reported by Cercola et al..34 In a drive 

to understand ever larger and more complex systems, such as oligonucleotides and DNA fragments, 

these data offer an important glimpse into the role of electron tunneling in these systems. 
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