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Abstract

Photoelectron imaging of the isolated adenosine-5’-triphosphate dianion excited to the 'nn* states reveals
that electron emission is predominantly parallel to the polarization axis of the light and arises from sub-
picosecond electron tunneling through the repulsive Coulomb barrier (RCB). The computed RCB shows
that the most probable electron emission site is on the amino group of adenine. This is consistent with

the photoelectron imaging: excitation to the !

nn* states leads to an aligned ensemble distributed
predominantly parallel to the long axis of adenine, the subsequent electron tunneling site is along this
axis, and the negatively charged phosphate groups guide the outgoing electron mostly along this axis at
long range. Imaging electron tunneling from polyanions combined with computational chemistry may
offer a general route to probing the intrinsic photo-oxidation site and dynamics as well as overall structure

of complex isolated species.
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Photo-oxidation is an important source of biological damage, especially in DNA and its
derivatives. All the nucleobases possess bright 'mm* states that can readily absorb ultraviolet light.
Adenine in particular is a common nucleobase as it is present not only as one of the four DNA bases, but
also in adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide, which are central to cell
energy distribution and to metabolism, respectively.! > To gain an understanding of the intrinsic photo-
response of such molecules, gas-phase spectroscopy, in conjunction with electronic structure theory, has
played an important role.> * For example, gas-phase environments have been used to probe: the decay
dynamics of photo-excited nucleobases,’® nucleotides® and oligonucleotides;'° the ionization potential

of the nucleobase in nucleotides;” ! their geometric structures;!*'®

and their photo-dissociation
products.!” 18 The phosphate groups render most nucleotide derivatives negatively charged, and therefore
multiple phosphates lead to polyanions. While ubiquitous in the condensed phase, a polyanion of charge
Q can also exist in the gas-phase, but with the unique property that oxidation leads to a repulsive Coulomb
barrier (RCB) between the departing electron and the remaining molecule with overall charge O — 1.192
Here, we exploit the unique properties of the RCB to determine the location of photo-oxidation in isolated
doubly-deprotonated adenosine-5'-triphosphate dianions, [ATP-H,]*>, and as a crude probe of its
molecular structure.

The electronic RCB arises from a balance between short-range attraction and long-range

20,2123 and experimentally.?® 2* The latter

repulsion and has been extensively studied both theoretically
has been conveniently enabled by photoelectron (PE) spectroscopy of the polyanion.!'® 222327 Consider
a dianion, as in the case of [ATP-H,]*". In the absence of photo-excited states, the RCB height shown in
Figure 1(a) can be directly measured from an electron kinetic energy (eKE) cut-off in the PE spectra
below which a PE cannot be emitted. If an excited state of the dianion lies below the RCB but higher

than the adiabatic detachment energy of the dianion (ADE), then the excited state will be a resonance

and will be metastable with respect to electron tunneling through the RCB. This scenario is shown in



Figure 1(a). The tunneling lifetime can be directly measured using time-resolved PE spectroscopy.?®
Moreover, the RCB is not isotropic and depends on the relative location of the charged sites with respect
to the departing electron. This anisotropy can be clearly seen in the computation of the RCB and it can,
in principle, be probed experimentally through PE imaging.?® However, to do so requires a connection
between the laboratory and molecular frames of reference, as the experiment probes only the laboratory-
frame PE angular distribution. Such a connection can be most conveniently attained through photo-
excitation of a chromophore with a known transition dipole moment, as has been shown for a model
dianion.>* Whilst the PE spectroscopy of polyanions has been predominantly an academic curiosity, there
have been some PE spectroscopic measurements of polyanionic DNA fragments.!”- 3% In particular,
Schinle et al.** performed a study of adenosine diphosphate, [ADP-H]*", and [ATP-H,]*". For the latter,
they observed no PE emission for excitation at 4.66 eV, although the photo-detachment action spectrum
by Cercola et al.'’ clearly suggests there should be. Here, we observe this emission, show that it arises
from resonance tunneling, and, with the aid of electronic structure calculations, reveal that photo-
oxidation leads to electron emission from the amino group of adenine.

Figure 1(b) shows the PE spectrum of mass-selected [ATP—H:]*, taken with 4.66 eV light pulses
derived from either a nanosecond laser (~5 ns pulse duration) or a femtosecond laser (~80 fs pulse
duration). The PE spectra using the different light sources are essentially indistinguishable and show a
dominant detachment feature that peaks at eKE = 0.55 eV, with a slight shoulder at higher eKE. The PE
spectra were obtained from their respective PE images, an example of which is shown inset in Figure
1(b). The PE feature at eKE = 0.55 eV is correlated with the intense and anisotropic inner ring. The
anisotropy of this feature peaks parallel to the polarization axis of the light, €. The PE angular distribution,
1(0) o 1 + p2(3cos’(0) — 1), where 6 is the angle between € and the velocity vector of the emitted electron,
can be quantified using the anisotropy parameter, £.**** For the dominant feature at eKE = 0.55 eV, >

=+0.69+0.07.
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Figure 1: (a) Schematic of repulsive Coulomb barrier indicating its height (RCB) as a function of the
distance between [ATP-Hz] and the free electron, and the adiabatic detachment energy (ADE). (b)
Photoelectron spectra of [ATP-H2]*" taken at 4.66 ¢V with femtosecond (blue) and nanosecond (black)
light pulses. Inset is a photoelectron image of [ATP-H,]*" taken at 4.66 eV with nanosecond light pulses,
with the polarization vector, &, indicated. (c) Integrated pump-probe photoelectron signal following
excitation to 'nn* states.

Schinle et al.** determined the adiabatic and vertical detachment energy of [ATP-H,]*" to be
3.35+0.11 eV and 4.01+0.08 eV, respectively, and estimated the RCB to have a height of ~1.9 eV.
Accordingly, the PE spectrum in Figure 1(b) would arise from resonance tunneling. We have verified
this using time-resolved PE spectroscopy, which probed the initially excited state pumped at 4.66 eV
with a 1.55 eV probe photon. The probe detaches a fraction of the excited state population generating
electron signal at higher eKE. Concomitantly, the peak at 0.55 eV depletes as less population is available
to tunnel. The integrated time-resolved PE signal over the energy range 0.9 < eKE < 2.0, which probes
the excited state population as a function of pump-probe delay, z, is shown in Figure 1(c), together with
a fit to the data. The measured excited state lifetime is 19030 fs. This decay depends on the electron
tunneling lifetime, wwun, as well as any other decay processes that may compete, such as internal
conversion that is known to be fast in adenine following excitation to the 'nn* states.> ¢ Unfortunately,
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the signal-to-noise in the time-resolved PE spectra was insufficient to analyze the data further. However,

1.'7 have measured the relative quantum yields of electron emission and photo-dissociation.

Cercola et a
Assuming a simple competitive 1% order kinetic model might then suggest that zwn is ~2.5 times the

observed lifetime, such that we can estimate that zw, ~ 475 fs.
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Figure 2: (a) Repulsive Coulomb barrier (RCB) for [ATP—H2]" + e in the plane passing through the
calculated transition dipole moment of the excitation to the 'nn* state and including the adenine ring;
each contour line represents an increment of 1 eV. (b) Map scaled to a maximum RCB of 1 eV; each
contour line represents an increment of 0.05 eV. RCB maps are computed at MP2/def2-SVP level of
theory.



Figure 2 shows the computed RCB for [ATP—H;]™ + ¢~ in the xz plane containing the adenine ring
system, as shown. Details of the calculation of the RCB are given in supporting information (section
S1.2), as well as a larger region of the plane (Figure S2). The loss of a  electron from adenine results in
an RCB that is highest near the phosphate groups where most of the negative charge resides. However,
also on adenine itself, the potential energy is highly structured. The lowest energy saddle-point of the
RCB can be found at the amino group, as more clearly shown in Figure 2(b), and has a computed barrier
height of 0.57 eV. Although this is different from the estimated 1.9 eV RCB by Schinle et al.**, caution
should be applied regarding the previous PE spectrum. Firstly, the PE spectrum by Schinle et al. was
taken at a photon energy of 6.42 eV, which is likely to be resonant with excited states not just on the
nucleobase, but also the sugar and phosphate. It has been shown that the presence of resonances can lead
to significant complications in terms of assigning the RCB from the PE spectrum.?? Secondly, at a photon
energy of 6.42 eV, electron emission (direct or by tunneling) can arise from several sites of [ATP-H,]*"
and it is not known a priori which one results in the strongest signal.!! In the present experiment, the
photon energy of 4.66 eV is only resonant with excited states localized on the nucleobase such that the
electron is removed exclusively from the nucleobase.*’ In a separate experiment, we focused the
femtosecond 4.66 eV light in the interaction region to obtain the 2-photon resonance-enhanced PE
spectrum shown in Figure 3(a). This shows an onset of the eKE signal at ~5.2 eV, which yields the ADE
associated with the nucleobase: ADEA = 2 x 4.66 — 5.2 = 4.1 eV. However, the highest occupied
molecular orbital is also on the nucleobase, so this ADEaA measured is probably equivalent to the ADE
of [ATP-H,]*". The computed RCB is consistent with our measurements. Given zun < 1 ps, the resonance
leading to the peak at eKE = 0.55 eV will be near the lowest RCB saddle point (as previously seen for
the fluorescein dianion)?®, which is energetically close to the calculated RCB height of 0.57 eV. The
RCB for a plane perpendicular to the nucleobase was also computed (see Figure S3 of the supporting

information), but the emission barrier along the yz plane was found to be higher than that of the xz plane.



While the signal at 0.55 eV is consistent with tunneling through the RCB, it may also arise from direct
detachment or autodetachment from the 'nn* states. We explored these possibilities by measuring the PE
over a range of photon energies from 4.43 to 4.77 eV (280 to 260 nm) as shown in Figure 3(b). The PE
peak at eKE = 0.55 eV does not shift despite the change in 4v by 0.34 eV, which should be readily
observable. This observation excludes direct detachment. Autodetachment could still be consistent, but
in that case, the electron simply tunnels through a different potential barrier and does not affect the
following arguments concerning the angular distributions. Finally, we briefly comment on the possibility
that the peak at 0.55 eV arises from thermionic emission (i.e. statistical electron emission from the ground
state of the dianion following internal conversion from the !nn* states). After all, some ground state
recovery does take place as shown by Cercola et al..!” We have delayed an electronic gate on the detector
to show that all electron emission takes place within 100 ns, thus excluding thermionic emission which
proceeds on a much longer timescale. Moreover, the photoelectron spectrum and angular distribution

would be inconsistent with such a process.
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Figure 3: PE spectra of [ATP-H,]* taken with (a) focused 4.66 eV femtosecond light and (b) variable
wavelength nanosecond light. In (a), a resonance enhanced 2-photon photoelectron spectrum is obtained.
the red line shows the high eKE edge of the photoelectron spectrum which intersects the 0 signal (dashed
line) at ~5.2 eV. In (b) the red line shows the position of 0.55 eV and highlights that the change in
wavelength does not lead to a change in photoelectron spectrum of the tunneling peak.

An electron produced by tunneling will subsequently move along a trajectory determined by the
RCB. Given the RCB in Figure 2(a), intuition suggests that such a trajectory will avoid the high potential
associated with the phosphate groups. The PE image inset in Figure 1(b), in principle, contains this
directional information. The resonance initially excited on the nucleobase involves the optically bright

states of adenine, the 'mn* states.***¢ Our calculations show that the transition with the highest oscillator



strength is of this character (details in supporting information). Upon excitation with linearly polarized
light of polarization, €, only those [ATP—H2]> molecules within a cos?p distribution will be excited,
where ¢ is the angle between € and the transition dipole moment (TDM). In Figure 2, [ATP-H>]*>" has
been aligned in such a way that the vertical axis (z) is aligned with the TDM of the brightest transition.
Hence, from Figure 2, we anticipate that the PE will be emitted predominantly parallel to €. This is
consistent with the PE image in Figure 1(b) and its positive f» value.

In principle, one could simulate the emission using classical molecular dynamics of an electron
under the influence of the RCB.*” However, we refrain from performing such a simulation here because
there are several factors that would undermine such a quantitative prediction and potentially even the
qualitative reasoning provided thus far. Firstly, the ions are thermalized at ~300 K and therefore,
rotational motion of the [ATP-Hz]* could blur the alignment.’* Based on the computed rotational
constants, the rotational dephasing time*® of [ATP-H]* at 300 K is 5 ps and exceeds tun by at least one
order of magnitude. Hence, rotational motion will not be a significant factor. Secondly, at ~300 K a
number of isomers could be present in the gas-phase sample. Infrared multiphoton dissociation
experiments and calculations show that [ATP-H:]*" is predominantly off deprotonated, and that it forms
an intra-molecular hydrogen bond between the p phosphate and a neighboring oxygen atom.!% 1634
Thirdly, even if a single dominant isomer was present, significant thermal motion could be associated
with the phosphates, which could lead to dramatic changes in the RCB. Figure 4 shows the results of a
ground state ab initio molecular dynamics simulation over 4 ps (details in Section S1.3). This shows the
conformational flexibility of [ATP-H>]*" around the minimum energy structure. Inset is the root mean
squared deviation (RMSD) calculated along the simulation time. While the phosphates clearly move,
their location relative to the adenine remains quite similar and therefore will not qualitatively affect the
RCB and thus also not the angular distribution of the emitted electrons. Fourthly, as demonstrated by the

results of Cercola et al.'’, excited state dynamics compete with tunneling. On the ground state potential
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energy surface, [ATP—H:]*" dissociates rather than losing an electron,!” so this cannot contribute to the
PE signal. However, substantial nuclear motion clearly takes place on the 'nn* states, and 'nn* states
may also be involved in the decay mechanism.*® #*-5! The nuclear dynamics are likely not to have a major
impact on the photoelectron angular distribution because the relative position of the phosphates to the
nucleobase do not change significantly over the timescale of the dynamics (lifetime is 190 fs). Electronic
dynamics on the other hand will alter the relevant molecular orbitals that should be considered. For
example, in the case of an 'nn* state, the orbital from which the electron is removed will differ as will
the final states in [ATP—H:]". The former could be accounted for by calculating the RCB for loss of an
electron from the non-bonded orbital located on the amino nitrogen atom. The consequence of this should
be reflected in a different final eKE of the emitted electron. Note that Figure 1(b) (and Figure 3(b)) shows
a shoulder to higher eKE, which also has a slightly reduced anisotropy (5> = +0.48+0.33, where the much
larger error reflects the reduced signal intensity). This feature could be consistent with emission from the
'nm* state, although there would also be a different RCB associated with such a process and thus different
lifetime, which is not seen in the experiment; we stress that the data is not of sufficient quality at present
to be assertive on this conclusion. Alternatively, the shoulder could also arise from hot-bands and/or
different isomers, or from direct- and/or autodetachment. It is interesting to notice that in Figure 3(b),
the shoulder appears to become more prominent as 4v increases. This observation is very reminiscent of
the behavior in the fluorescein dianion,?® where direct detachment contributes once the lowest saddle
point of the RCB is surpassed.

The above discussion shows that MD simulations would provide only limited added insight. In
any case, such simulations would only be feasible if a high level of approximation (e.g. no conformational
space investigation, low-dimensional analytical potentials, poor level of theory) would be considered,
which in turn lowers the significance of any quantitative results. Despite the complications highlighted

above, we can conclude that, following photoexcitation to the 'nn* states, resonance-tunneling in [ATP—
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H,]*" is qualitatively consistent with emission from the amino group of adenine. Moreover, it provides a
crude structural measure of isolated [ATP-H,]*>" by showing that the negative charges are located on
phosphate groups and that these are located around the sugar. This latter observation is in agreement with
IR multiphoton dissociation spectra of [ATP-H,]>" and computational work.'> ' 3% Tunneling
detachment from the amino groups is expected to result in a > that approaches +2. The reduced value
observed here likely arises from the fact that the phosphate lies out of the xz plane (Figure 4) which will

impose a Coulombic force on the outgoing electron along the y axis, thus reducing the overall anisotropy

observed experimentally.
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Figure 4: Superimposition of equidistant (every 100 fs) 10 [ATP-H,]*" geometries along the first ps of
the ab initio molecular dynamics simulation. Inset is the root mean squared deviation (RMSD) calculated
along the 4 ps ground state dynamics.

The above observations of electron tunneling following photoexcitation of adenine in a
polyanionic system potentially offer some insight into the photoemission observed in larger DNA

complexes studied by the Gabelica and Dugourd groups.'® 3133 Specifically, they studied polyanions of
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31:32 a5 well as a 4-tetrad G-quadruplex.®

6- and 20-mer single strands and 12-base pair double strands,
A general conclusion of their work is that only the purine nucleobases (adenine and guanine) appear to
show enhanced electron emission compared to dissociation: for homo-base 6-mer single strand, this was
observed over the 'nn* absorption band regardless of charge state (from —2 to —4).!® The Kappes group
have also measured the PE spectra at 4.66 eV for the —3 charge state of the homo-base 6-mer single
strands.’” However, these are difficult to interpret without knowledge of which features arise from direct
detachment and which from tunneling. Note that even if a resonance is above the RCB saddle point, it
may still be subject to emission by tunneling as shown for the fluorescein dianion®® and the bisdisulizole
tetraanion.?’” Very recently, Daly et al. have shown that electron circular dichroism can be observed for
chiral DNA strands.’* Here, we show that tunneling may be efficient in DNA fragments and that PE
imaging may offer some insight into the emission process.

Our method provides a new route to understanding photo-oxidation sites and overall structures of
polyanions. Looking ahead, reducing the internal temperature of [ATP-H>]*" using cryogenic ion traps

t>> > and may enable quantitative determination of the

will provide a more controlled environmen
emission process. A computational perspective on the excited states dynamics of the molecule may in

the end allow to obtain a complete picture on the photo-oxidation of this molecule.

Experimental details

The details of the TR-PEI instrument can be found elsewhere.>* 3 A ~1 mM methanolic solution of
adenosine-5'-triphosphate disodium salt (Sigma Aldrich, UK), was pushed through a syringe and
introduced in the first vacuum region through a capillary. A potential gradient led the ions through a
series of ring-electrode ion guides, until they reached a pulsed ion trap. Ions were ejected and focused

into a collinear Wiley—McLaren time-of-flight mass spectrometer®® at 10 Hz. At the focus of the mass-
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spectrometer, a mass-selected ion packet was irradiated with laser pulses either from a commercial
Ti:Sapphire laser (producing femtosecond pulses) or a Nd:YAG pumped OPO (producing nanosecond
pulses). For time-resolved measurements, the third harmonic of the fundamental at 1.55 eV was used as
a pump pulse and the fundamental as a probe. The time-resolution of the experiment was ~100 fs.
Following the interaction of the light with the ion packet, emitted photoelectrons were collected and
imaged by a perpendicular VMI arrangement.>’ A 300 ns electronic gate was applied to the microchannel
plates so that only signal over this window was collected. PE spectra were obtained from the PE images
using polar onion peeling.’® The PE images were calibrated using the well-known PE image of I". The

spectral resolution was approximately ~5% of the kinetic energy.

Computational details

[ATP-H,]* was optimized with the Mgller-Plesset second-order perturbation theory using the resolution
of identity approximation (RI-MP2)*® and the def2-TZVP basis set.®® The ground state energy was then
refined with the def2-QZVP® basis set. The first five excitation energies were obtained with the
Algebraic Diagrammatic Construction scheme for the polarization propagator at the second order
(ADC(2))®! method and the same def2-QZVP® basis set. The RCB was calculated using the Local Static
Approximation model,*? in which the energy for the monoanion plus a point-charge electron (in the
geometry of the [ATP-H,]*>") was calculated with an interval of 0.5 A. Two planes (xz and yz) were
considered, which pass through the transition dipole moment vector connecting the So and S, state. RCB
calculations were performed at MP2/def2-SVP level of theory. Ground state ab initio molecular
dynamics were carried out at B3LYP%* %/aug-cc-pVDZ® level of theory, starting from the [ATP-H,]*
minimum energy geometry. Further computational details are given in Section S.1 of the supporting

information.
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Supporting Information
Computational details and results of calculations on ground state optimization and excited states;

repulsive Coulomb barrier; and ab initio molecular dynamics.
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