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Unveiling the complex vibronic structure of the 
canonical adenine cation† 

Hong Yan Zhao,a Kai-Chung Lau, a Gustavo A. Garcia,  b Laurent Nahon,  b 

Stéphane Carniato,c Lionel Poisson,  d Martin Schwell,e Muneerah Mogren Al-Mogrenf 

and Majdi Hochlaf   *g 

 
Adenine, a DNA base, exists as several tautomers and isomers that are closely lying in energy and that 

may form a mixture upon vaporization of solid adenine. Indeed, it is challenging to bring adenine into 

the gas phase, especially as a unique tautomer. The experimental conditions were tuned to prepare a 

jet-cooled canonical adenine (9H-adenine). This isolated DNA base was ionized by single VUV photons 

from a synchrotron beamline and the corresponding slow photoelectron spectrum was compared to 

ab initio computations of the neutral and ionic species. We report the vibronic structure of the X+ 2A00 (D0), 

A+  2A 0  (D1)  and  B+  2A00  (D2)  electronic  states  of  the  9H  adenine  cation,  from  the  adiabatic  ionization 

energy  (AIE)  up  to  AIE  +  1.8  eV.  Accurate  AIEs  are  derived  for  the  9H-adenine  (X̃  1A0)  +  hn   - 

9H-adenine+ (X+ 2A00, A+ 2A0, B+ 2A00) + e— transitions. Close to the AIE, we fully assign the rich vibronic 

structure solely to the 9H-adenine (X 1A 0) + hn - 9H-adenine+ (X+ 2A00) transition. Importantly, we show 

that the lowest cationic electronic states of canonical adenine are coupled vibronically. The present 

findings are important for understanding the effects of ionizing radiation and the charge distribution on 

this elementary building block of life, at ultrafast, short, and long timescales. 

 

I. Introduction 

Adenine (A) is a DNA base of primary biological importance. 

The study of the mechanisms underlying the interaction of 

such compounds with ionizing radiation is crucial in under- 

standing the damage produced by ionizing radiation on larger 

biomolecules, such as DNA and RNA, and therefore the hazardous 

genetic mutations potentially mediated by ions, leading, for 

instance, to an enhanced risk of cancer.1–4 In addition, the 

interaction between VUV radiation and nucleobases has also 

been studied in an astrochemical context,5–7 because their higher 

survival rates compared to other small biological molecules, such 

as amino-acids, means they should be present in interplanetary 

and interstellar media. 

All of the above requires a comprehensive understanding of 

their electronic structure, their spectroscopy and the accurate 

determination of their thermochemical data, which explains 

the large number of studies on their ionization energy (IE) 

found in the literature since the 1970s (see ref. 8 for a recent 

   review). Briefly,  earlier  studies  consisted  of  photoelectron 
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f Chemistry Department, Faculty of Science, King Saud University, PO Box 2455, 

Riyadh 11451, Kingdom of Saudi Arabia 
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spectroscopy,9–12 photoionization mass spectrometry13 and electron 

impact mass spectrometry14 investigations. The past decade 

has seen an explosion of physical chemistry literature on this 

important molecule where modern experimental and theoretical 

methods have been applied. In the beginning of the 2000s, 

resonant two-photon ionization laser experiments exploring the 

mid-UV photochemistry of adenine and other nucleobases were 

carried out.15–19 The experimental He I photoelectron spectrum 

was re-examined in the mid 2000s20,21 and the first photoioniza- 

tion efficiency spectra using synchrotron radiation as an exciting 

light source  appeared.6  In  the latter  work, the  mechanisms 

of the various dissociative ionization reactions in the 6–22 eV 

range have been described in detail. More recently, single photon 

ionization of adenine in the gas phase was performed using third 

generation synchrotron sources.22,23 These studies confirmed the 
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earlier findings of Trofimov et al.20 and Jochims et al.6 At the 

same time, theoretical studies using various methods have been 

performed22–31 giving insights into the equilibrium geometry and 

the electronic structure of the adenine cation and its tautomers 

in their electronic ground and electronically excited states. They 

allowed an estimation of the vertical and adiabatic ionization 

energy of these species and helped in assigning the experimental 

spectra. Nevertheless, some disagreements exist on the nature 

and the ordering of the cationic excited states. 

The most stable tautomer of adenine is 9H-adenine (known as 

canonical adenine), followed by two other tautomers, i.e. 3H- 

adenine and 7H-adenine, lying at energies of B0.3 eV with respect 

to 9H-adenine according to an earlier DFT study by Fonseca 

Guerra et al.27 (Scheme 1 and Table 1). Previous experimental 

studies assumed that gas-phase adenine produced by heating of 

a solid sample followed by jet-cooling leads efficiently to the 

predominance of the 9H-adenine isomer in the gas phase prior 

to ionization (see ref. 8 for more details). Nevertheless, this 

was never established rigorously since, within the experimental 

conditions of previous studies, contributions to the experimental 

spectrum (even small) of 3H and 7H-adenine low lying tautomers 

could  not  be  fully  excluded.  For  instance,  vaporization  of 

2-hydroxypyridone,  a DNA base analogue, leads predominantly 

to the keto tautomer pyridone in the gas phase, thereby showing 

that isomerization can happen during vaporization or jet 

expansion.32 Also, we showed recently that 5 tautomers are in 

a mixture upon vaporization of solid cytosine and subsequent 

jet expansion.33 This complicates the comprehension of 

adenine cation spectroscopy, spectral assignments and the 

determination of adenine thermochemical data (e.g. IEs for a 

specific adenine tautomer). For instance, it is not clear if the 

observed congestion in the previous photoelectron spectra of 

adenine is due to complex vibronic structures or the contribu- 

tion of several tautomers. 

Here, we present a theoretical investigation of 9H-adenine, 

3H-adenine and 7H-adenine using ab initio computations to 

determine the equilibrium structures, the energetics and the 

frequencies of both the neutral and ionic low lying adenine 

tautomers (cf. ESI†), without any energy scaling. These compu- 

tations are carried out using density functional theory (DFT) 

and configuration interaction methods, including explicitly 

correlated coupled clusters and multi reference configuration 

interaction techniques. We also recorded the VUV single 

photon ionization of jet cooled adenine from the adiabatic 

       ionization energy (AIE)  up to AIE  + 1.8 eV using advanced 

double imaging electron/ion coincidence (i2PEPICO) techniques 

in combination with synchrotron radiation. While previous photo- 

electron experimental spectra consisted of largely unresolved 

spectra, we measure here, for the first time, a rich vibronic 

structure in the photoelectron spectrum that is fully and solely 

assigned to the single tautomer transition 9H-adenine + hn - 9H- 

adenine+ + e—. The AIEs of the electronic ground state, X+ 2A00 (D0), 
Scheme 1   Structures   of   9H-adenine,   3H-adenine   and   7H-adenine. 

Between parentheses, we give the symbols used for their designation in 

the present study. For common atom numbering, please refer to the ESI.† 

and  those  of  the  two  lowest  electronic  states,  A+  2A0  (D1)  and 

B+ 2A00 (D2), of the 9H-adenine+ cation are determined accurately. 

Also,  we  show  that  A+  2A0  and  B+  2A00  are  coupled  vibronically. 

   Implications of these findings for the understanding of the charge 

Table 1 Relative energies (ER, eV) and adiabatic ionization energies 

(AIE, eV) of 9H-adenine (9A), of 3H-adenine (3A) and of 7H-adenine (7A) 

as computed at the (R)CCSD(T)-F12(b)/cc-pVTZ-F12 (+CV+SR+ZPVE) 

level. See Table S1 in the ESI for further details 
 

 

9A 3A 7A 
 

 

Relative energies 
E a 0.000 0.380 0.331 
BP86/QZ4Pb 0.000 0.295 0.325 

Adiabatic ionization energies 
Theory 
This work 8.262 8.120 8.462 
BP86/QZ4Pb 8.0274 8.0085 8.2203 
MP2/6-31+G(d)c 8.18 
B1LYP/6-311+G(d,p)c 7.95 
IP-CISD/6-31+G(d)d 8.13 
Experiment 
This work 8.264 0.003 — — 
VUV-SPIe 8.26 
PIEf 8.20     0.05 
PIMSg 8.20     0.03 

TPEPICOh 8.267    0.005 

a Energies are given with respect to 9A. b From ref. 27. c From ref. 26. 
d EOM-IP-CCSD/cc-pVTZ//IP-CISD/6-31+G(d), ZPE-corrected [oB97X-D/ 
6-31+G(d,p) frequencies]. From ref. 22. e From ref. 13. f From ref. 22. 
g From ref. 6. h From ref. 23. 

redistribution upon VUV light absorption of the canonical 

adenine DNA base are also discussed. 

 

 

II. Methods 
a. Computations 

The present computations have been done using DFT and post 

Hartree–Fock techniques as implemented in the GAUSSIAN0934 

and MOLPRO (version 2015)35 packages. They consist of geo- 

metry optimizations in the C1 point group and derivation of the 

harmonic and anharmonic frequencies of neutral and ionic 9H-

adenine, 3H-adenine and 7H-adenine in their electronic 

ground states. This was done at the PBE0/aug-cc-pVDZ level,36–38 

where all internal coordinates are set free (i.e. all relaxed) and 

where the standard options are used. Then, we carried out single 

point computations to deduce the accurate energetics. These 

computations were done at the (R)CCSD(T)-F12(b)/cc-pVTZ-F12 

(+CV+SR+ZPVE) level where the neutral and ionic species of 

adenine tautomers were taken at their optimized PBE0/aug- 

cc-pVDZ equilibrium geometries. The (R)CCSD(T)-F12(b)/ cc-

pVTZ-F12 (+CV+SR+ZPVE) composite scheme corresponds 
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P
vibrational modes,  , was limited to 6. For 

these computa- 

 

to (R)CCSD(T)-F12/cc-pVTZ-F12 (approximation b) explicitly 

correlated computations,39–41  where  we  take  into  account 

the core-valence (CV, as the difference between CCSD(T)/ cc-

pwCVTZ,42,43 energies with and without considering the core 

electron correlation), scalar-relativistic (SR, as the difference 

between CCSD(T)/cc-pVTZ-DK44–46 and CCSD(T)/cc-pVTZ energies) 

and zero point vibrational energy (ZPVE as obtained at the PBE0/ 

aug-cc-pVDZ level) corrections. Within the explicitly correlated 

computations, the cc-pVTZ-F12 explicitly correlated basis sets47 

and the corresponding auxiliary basis sets and density fitting 

functions48–51 were used. 

For 9H-adenine, further computations were carried out for 

the neutral ground state and for the lowest ionic doublet 

electronic states using MOLPRO. These computations con- 

sisted of geometry optimizations in the C1 point group, mapping 

of their potential energy surfaces and harmonic frequency 

determinations using the state-averaged complete active-space 

self-consistent field (SA-CASSCF)52,53 technique and the aug-cc- 

pVDZ basis set of Dunning and co-workers.37,54 The active 

space was constructed using 10 molecular orbitals from 

HOMO—4 up to LUMO+4 where the core orbitals and the first 

valence orbitals (up to HOMO—5) were considered as closed 

orbitals. We performed the explicitly correlated internally 

contracted Multi Reference Configuration Interaction (MRCI- 

F12)55–57 in conjunction with the cc-pVDZ-F12 basis set.47 

The MRCI-F12 space was constructed after considering single 

and double excitations from all the configurations of the CI 

expansion of the CASSCF wave functions. Based on these 

composite schemes, previous comparisons to experimental 

data33,58–60 determined the calculated adiabatic ionization 

energies for the ground state to overestimate the ionization 

energy by only a few meV (from 2 to 10 meV). For electronically 

excited states, the accuracy decreases to a few tens of meV, due to 

the computational limitations of the multireference approach 

needed to calculate the energy differences to the ground state. 

We present in the ESI† the geometrical parameters of 

neutral and ionic 9A, 3A and 7A species. We also give the full 

set of their harmonic and anharmonic frequencies and their 

identification in terms of normal modes. For  the  thymine 

DNA basis, Majdi et al.73 showed that the PBE0/aug-cc-pVTZ 

thymine ground state geometry compares well  to  those 

derived using X-ray measurements and using the costly 

CC/TVZP and CASSCF/aug-cc-pVDZ approaches. For anharmo- 

nic frequencies, the PBE0/aug-cc-pVDZ computed values for 

thymine differ by less than 20–30 cm—1 from the most accurate 

experimental determinations. Thus, the PBE0 achieved accu- 

racy is large enough for the assignment of the vibrationally 

resolved photoelectron spectra of the DNA bases that we 

discuss below. 

The photoelectron spectrum was simulated as follows. As the 

process concerns ionization of the neutral closed-shell adenine 

monomer by removing one electron from the highest doubly 

occupied molecular orbital to form the C5H5N+ cation, the 

spectrum was simulated considering the change of geometry/ 

normal modes/frequencies between the neutral ground state 

and the low-energy final (ionized) state. For each normal 

mode (n), the Huang–Rhys (HR) vibronic coupling parameter, 

denoted as Sn, which takes into account the difference in 

equilibrium geometry and evaluates overlaps of the vibrational 

wave functions of the two shifted harmonic potentials between the 

initial and final state, was computed. Here, we use the harmonic- 

oscillator approximation, where each multidimensional vibra- 

tional wave function (initial/final) is expressed as a product of 

3N — 6 monodimensional wave functions to calculate the 

Franck–Condon factors (only the zeroth order term corres- 

ponding to a static electronic transition dipole is considered) 

for excitation from the vibrational ground state of the neutral 

molecule to the various vibrational states of the ionized mole- 

cule. Each (3N — 6) of the normal modes of the final state is 

projected onto the initial state (3N — 6) normal modes in order 

to take into account that a mixing of the normal modes occurs 

during the transition between the initial neutral ground state 

and the ionized final state within the Franck–Condon (FC) 

approximation. The transitions between the neutral ground state 

and the final ionized state were assumed to be vertical and the 

relative intensities between normal modes of different frequen- 

cies were calculated with the Katriel analytic expression.61 For 

each kth vibrational mode in the final state, the allowed vibra- 

tional level nk is between 0 and 4. The combination of different 

3N—6 

ni 
i¼1 

tions, the geometries and harmonic frequencies of adenine in its 

neutral electronic ground state and first (low-lying) cationic state 

have been calculated with a flexible large cc-pVDZ basis set at 

a DFT level of theory with the Becke 3-parameter hybrid 

exchange62 and the Lee–Yang–Parr63 gradient-corrected correla- 

tion functional (B3LYP). These calculations were executed using 

the GAMESS(US) package.64 

 
b. Experiment 

The present experiments were performed at the DESIRS beamline65 

of the French synchrotron SOLEIL. Pure adenine (Z99%) was 

purchased from Sigma Aldrich and placed inside an in-vacuum 

temperature-controlled oven heated to 220 1C. This temperature 

was chosen since it is the minimum value to provide a satis- 

factory signal-to-noise  ratio  and at  the  same  time it ensures 

a priori the promotion of a single adenine tautomer (i.e. 9H- 

adenine). At this temperature, the 3H-adenine/9H-adenine and 

7H-adenine/9H-adenine ratios are estimated to be B1 : 8000, 
according to the calculations shown in Table 1. The adenine 

vapor was then expanded through a 70 mm nozzle using 1.5 bars 

of Ar as the carrier gas. The recorded photoion images and 

derived translational energies for the adenine parent ion did not 

show any measurable contributions from the dissociative ioniza- 

tion of clusters, with the measured translational temperatures 

for the adenine around 80 K similar to that of the Ar carrier gas 

(see Fig. 1). In addition, the lowest energy isomer of the adenine 

dimer has been shown to be hydrogen-bonded, and one would 

expect to see a proton transfer prior to dissociation of the parent 

ion, yielding the fragment (AH)+, and indeed, production of the 

protonated monomer has been calculated to open at photon 
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Fig. 1 Ion kinetic energy distributions for the adenine (red filled circles) 

and argon (black circles) parent ions. The dotted lines represent Boltzmann 

fits to the data leading to translational temperatures of 85 K for adenine 

(red dashed line) and 65 K for argon (black dashed line). 
 

 

 

 

energies above 8.97 eV for the most stable isomer.66 However, 

in our experiments, although the mass spectrum does show a 

peak at m/z 136, its relative abundance corresponds to the 5% 

expected from the 13C natural abundance in adenine (C5H5N5, 

m/z 135), which further confirms the lack of dissociative ioniza- 

tion in the parent channel. 

After traversing a f = 1 mm skimmer, the molecular beam 

was crossed at a right angle by the VUV synchrotron radiation. 

The beamline’s monochromator was set to provide a photon 

bandwidth of 15 meV at 8 eV. A high spectral purity was 

achieved by filtering out the high harmonics emitted by the 

undulator with a gas filter67 located upstream from the mono- 

chromator and filled with Ar. The energy scale was auto- 

calibrated to a precision of 3 meV using trace signals from 

the ionization of Ar, the carrier gas, with second order light. 

The photon flux was measured using a dedicated photodiode 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Fig. 2   2D photoionization matrix of adenine providing the electron signal 

as a function of its kinetic energy and the photon energy. The photon 

energy step is 5 meV. Lower trace: Slow photoelectron spectrum (SPES) 

deduced from the 2D spectrum after considering all electrons having 

kinetic energies between 0 and 50 meV, leading to a total resolution of 

18 meV. The vertical combs correspond to the computed adiabatic 

ionization  energies  of  9H-adenine  (9A(X  1A 0)  -  9A+(X+  2A00 ,  A+  2A0,  B+ 
2A00)), 3H-adenine (3A(X 1A 0) - 3A+(X+ 2A00)) and 7H-adenine (7A(X 1A 0) - 

7A+(X+ 2A00)) (Tables 1 and 2). We also give the assignment of the bands of 

the A+ 2A 0 and B+ 2A00 states. See text. 

(AXUV, IRD)  placed  downstream  from  the  photon/sample    

interaction region and used to correct the data. 

The electrons and ions formed at the center of the DELI- 

CIOUS3 spectrometer68 that combines a Velocity Map Imaging 

(VMI) electron analyzer69 with a photoion momentum imager 

were analyzed in coincidence so that the photoelectron images 

filtered by ion mass and translational energy can be derived in 

a multiplex manner. The corresponding photoelectron spectra 

at each photon energy point in the  scan were obtained  by 

Abel inversion of these images.70 In this work, only the photo- 

electrons from cold adenine (m/z 135) parent ions having 

translational   energies   r50   meV   were   considered.   The   2D 
photoelectron signal was then obtained as a function of the 

electron kinetic energy and photon energy (see Fig. 2) from 

which the ionization threshold can be extracted by choosing 

the appropriate projection. Then, the slow photoelectron spec- 

trum (SPES) was derived,32,71 due to its better compromise 

between the resolution and signal-to-noise ratio with respect 

to other threshold methods. For instance, here, although 

photoelectrons between 0 and 50 meV are integrated to build 

the SPES, the electron resolution is estimated at 10 meV, 

leading to a total resolution of 18 meV. 

III. Results and discussion 

Fig. 2 (upper panel) displays the 2D photoionization matrix of 

jet cooled adenine in the 7.9–10.0 eV photon energy region. 

It shows the number of photoelectron/photoion coincidences 

vs. the photoelectron’s kinetic energy and the photon energy. 

As discussed in ref. 32 and 71 the bright diagonal lines of the 

slope (hn IEi)/eKE = 1 correspond to the population of the ith 

levels of the adenine+ cation by direct ionization. The photo- 

electron spectrum can be extracted from this matrix in the form 

of a SPES, which is displayed in Fig. 2 (lower trace). This 

spectrum starts with an intense peak (at 8.264 0.003 eV) 

followed by a well resolved rich structure. A second, broader 

band starting above 9 eV, also shows a few resolved bands 

superimposed on a mostly structureless background. 

The 9A and 3A tautomers of adenine possess a planar 

electronic ground state, whereas 7A has a C1 symmetry. Their 

corresponding ions have a planar structure with a X+ 2A00 space 

symmetry due to the ejection of an electron from the outermost 

(6a00) molecular orbital (MO) (p type).27 The AIE of adenine 
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corresponds  to  the  energy  of  the  adenine  (X̃  1A0)  +  hn   - 

adenine+ (X+ 2A00)  + e— photoionization transition, where both 

the neutral and the ion are in their vibrationless level. At the 

(R)CCSD(T)-F12(b)/cc-pVTZ-F12 (+CV+SR+ZPVE) level, the AIEs 

of 9A, 3A and 7A are computed to be 8.262 eV, 8.120 eV and 

8.462 eV (Table 1). 

The first intense peak in the SPES is measured at 8.264    

0.003 eV. This value coincides, within the error bars of the 

calculations, with our computed AIE of 8.262 eV for 9A, so that 

we deduce an AIE(9A) = 8.264 0.003 eV. For 3A, the computed 

AIE is 8.120 eV, and the lack of signal in this region combined 

with the proven precision of the calculations in the 9A case rules 

out the contribution of 3A in the present experiment. We also 

re-calculated the thermodynamic stability of the three tautomers 

with higher precision than in the earlier work27 (cf. Table 1). 

In view of these results, we can thus conclude that since 7A is as 

stable as 3A, it is very unlikely that this tautomer is present in the 

molecular beam prior to ionization even though definite proof 

cannot be given here because the calculated AIE, 8.462 eV, falls in 

a dense region of the SPES. Therefore, we believe that the SPES of 

Fig. 2 is solely due to 9A photoionization. 

Both the newly determined experimental and computed AIE 

values agree well, while being more precise, with the recent 

determinations such as that deduced from using the equation- 

of-motion coupled-cluster (of 8.13 eV),22 from PIE (of 8.20 

0.05 eV),22 from photoionization mass spectrometry (PIMS) 

(8.20 0.03 eV)6 and from Threshold Photoelectron Photoion 

Coincidence (TPEPICO) (of 8.267   0.005 eV)23 spectroscopy. 
Note that the DFT AIE values are off by 0.2 eV compared to ours 

 

 

Fig. 3 Superposed structures (optimized at the CASSCF/aug-cc-pVDZ 

level) of the 9A and 9A+ states under investigation in the present study. 

9A(X 1A 0) is not planar and 9A+(A+ 2A 0) is in Cs symmetry. For ground states, 

the matching between the neutral and ionic structures is even better when 

using PBE0/aug-cc-pVDZ. 
 

 

 

 
once more the predominant population of this form in the jet 

cooled molecular beam. 

Among the 39 vibrational modes  of  9A+  (cf.  Table  S6  of 

the ESI†), the simulation of the SPES leads to a tentative 

assignment  of  all  the  features  in  the  experimental  spectrum 

by  considering  6  modes:  n+,  n+ ,  and  n+ ,  which  are  of  a0 
symmetry  and  the  even  quanta  of  n+ ,  n+ ,  and  n+ ,  which 

32 36 39 

(Table 1). 

Upon ionization of 9A to populate the 9A+ ground state, the 

main geometrical changes occur for the six and five membered 

aromatic ring distances. Nevertheless, these changes are 

relatively small (Fig. 3). Indeed, the bond lengths differ by less 

than 0.05 Å and the in-plane angles are only slightly affected 

(by less than 11) (Table S3 of the ESI†). We found also that there 

is a slight influence of ionization on the out-of-plane angles 

are of a00 symmetry. The corresponding PBE0/aug-cc-pVDZ 

anharmonic frequencies are 1489, 729, 600, 644, 428 and 139 

(in  cm—1),  respectively.  These  modes  correspond  mostly  to 

the stretching and deformations of the C–NH2 moiety of 9A 

together with some out-of-plane wagging, twisting and t torsion 

vibrations of the rings. For some of them, we cannot however 

fully exclude the contribution of the  modes  having  close 

energies used for the assignment (Fig. 4). For example, the 
(cf. Table S3, ESI†). Because of the favorable Franck–Condon mode of n+ , corresponding to the C –C stretching is computed 

10 4 5 

factors, the photoionization experimental spectrum should 

therefore consist of relatively short vibrational progressions 
corresponding to the population of certain vibrational modes 

at 1446 cm—1, which is close in energy to n+. Since both modes 

are  of  a0  symmetry,  they  are  most  likely  mixed  and  form 
anharmonic resonances (e.g. 362 and 322 bands). This displaces 

0 0 

of the cation for which the 0–0 origin transition should be the 

most intense. The measured spectrum is consistent with these 

findings. Indeed, Fig. 4 displays an expansion of the SPES of 9A 

in the 7.9–9.0 eV photon energy region. This spectrum presents 

rich, well resolved structures due to the population of the 

vibrational levels of 9A+(X+ 2A00) from the vibrationless ground 

state of the neutral molecule. Since planar structures are found 

for the neutral and ionic species (Cs point group), only ionic 

vibrational states of a0 symmetry are active upon single photon 

ionization of 9A. They correspond to the population of the 

levels of a0 modes, to even overtones of a00 vibrational modes 

and to their combination modes that are a0. Fig. 4 also gives a 

first principles simulation of the SPES. As can be seen in this 

figure, the SPES close to the AIE X+ 2A00 state is relatively well 

reproduced by considering solely the 9A isomer, confirming 

the energies of the unperturbed levels, as given in Table S6 

(ESI†). In our assignment, pure vibrational progressions (e.g. 36n, 

n = 0, 2, 4) or combination modes (e.g. 32291) are found. We are 

quite confident in the assignments of the fundamentals since 

they correspond to isolated peaks in the experimental spectra, 

whereas the deduction may be tentative for the combination and 

overtone bands because of the congestion of the spectrum at 

these energies. 

It is worth mentioning that there are noticeable intensity 

deviations between the simulated and experimental curves, 

particularly above 8.8 eV, where the simulated signal is zero 

but the measured SPES shows a signal, even in the FC gap 

region before the first calculated excited state at 9.047 eV 

(Table 2). These deviations are commonly due to resonant 

autoionization processes72 or to vibronic coupling. 
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0 

 

 

Fig. 4 Upper trace: Simulated (red line) and SPES of 9A (black line) in the 8.1–9 eV range. The tentative assignment of these peaks is given in Table S2 of 

the ESI.† Lower trace: Normal modes of 9A used for the assignment. The computed intensities are renormalized to that of the 00 transition. 

 

The assigned peaks in the SPES of Fig. 4 are consistent with 

the removal of an electron  from  the  outermost  p MO  of  the 

9A molecule when forming the ground state of the cation, as 

stated in ref. 22. For instance, Fig. 5, which displays the bi-

dimensional contour plots of the electronic density differ- ences 

between 9A(X 1A0) and 9A+(X+ 2A00), shows that there is a 

lowering of the electron density over the whole molecule and 

specifically from the C4–C5 bond forming the junction between 

the two rings. Also, we observe a redistribution of the electron 

density where the CN bonds and H–N9 are affected. 

The  AIEs  of  the  9A+(A+  2A0)  and  9A+(B+  2A00)  excited  states 

were computed at B9.07 and B9.15 eV (Table 2). These states 

are obtained after ejection of one electron from the (5a00) and 

(29a0) MOs, respectively. Their equilibrium structures are given 

in Table S4 of the ESI,† and drawn in Fig. 3, where they are 

superposed  onto  that  of  neutral  9A(X  1A0).  This  figure  shows 

that relatively large differences between excited cationic and 

neutral  geometries  exist.  The  planar  structure  for  A+  2A0  is 

associated with an imaginary frequency (i.e. a transition state), 

and indeed a slightly   lower   energy   equilibrium   structure 

(all 40 frequencies) with a lower C1 symmetry is found for this 

state. Thus, we expect non-favorable Franck–Condon factors for 

the population of the bands  of  these  states  upon  ionizing 

neutral 9A. This may result in long vibrational progressions 
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Table 2    Dominant electronic configurations of (A+ 2A 0) and (B+ 2A00) states of 9H-adenine+ and their adiabatic ionization energies (AIE, eV), which are 

computed as the energy difference between the ground state of the neutral species and the electronic excited state of the cation where each species is 

taken at its equilibrium geometry 

 
AIE 

 

Electronic configuration CASSCF (R)CCSD(T)-F12/cc-pVTZ-F12 (+CV+SR+ZPVE)a Exp.d 

A+ 2A0b (29a0)1(4a00)2(5a00)2(6a00)2 
A+  2A 0 c 

9.066 
9.047 

9.075 
— 

9.085    0.005 

B+ 2A00b (29a0)2(4a00)2(5a00)1(6a00)2 9.153 — 9.168    0.005 

a Based on the PBE0/aug-cc-pVDZ optimized structure. See Table S11 (ESI) for more details. b SA-CASSCF/aug-cc-pVDZ full optimization (closed 30, 
occ 40) in the Cs point group. c SA-CASSCF/aug-cc-pVDZ full optimization (closed 30, occ 40) in the C1 point group. d Position of the first assigned 
peak in Fig. 2. 

 
 

 

 

 

 

 

 

Fig. 5 Difference contour plots of electronic densities between neutral 

9A(X 1A 0) and its cation 9A+(X+ 2A00), where both species are taken at the 

equilibrium geometry of the neutral. The blue (red) lines correspond to 

regions where the density in 9A is higher (lower) than in 9A+. We plot 

the first contour for 0.02 e Bohr—3. The step between the contours is 

0.02 e Bohr—3. These computations are done at the CASSCF/aug-cc-pVDZ 
level and drawn using the MOLDEN package.75 

Fig. 6 MRCI-F12/cc-pVDZ-F12 one dimensional cuts of the potentials of 

the lowest 3 doublet electronic states (X+ 2A00 , A+ 2A 0 , B+ 2A00) of 9-adenine+ 

for  planar  configurations  along  the  normal  coordinate  from  X+  2A00  to 

A+ 2A 0 equilibrium geometry. These curves are given in energy so that the 

energy of 9A+(X+ 2A00) corresponds to the (R)CCSD(T)-F12(b)/cc-pVTZ-F12 

(+CV+SR+ZPVE) computed AIE. The vertical arrows indicate the equilibria 

of 9A+(X+ 2A00 , A+ 2A 0). The vertical dashed-dotted line corresponds to the 

middle of the Franck–Condon (FC) region. The green circles indicate the 

regions of conical intersections. 
 

 

 
 

Based on our calculations, the two peaks observed at 9.085   
   0.005 and 9.168      0.005 eV in the experimental spectrum are 

assigned to the AIEs of the A+ 2A0 and B+ 2A00 excited states in 

the Cs symmetry, where the curves remain uncoupled. The tail 

that may overlap and lead hence to spectral congestion. 

Moreover, we depict in Fig. 6 the MRCI-F12/cc-pVDZ-F12 one- 

dimensional cuts of the potentials of the three lowest doublet 

states of 9A+. This figure points out the existence of conical 

intersections between 9A+(A+ 2A0) and 9A+(X+ 2A00) in the region 

of  the  9A+(A+  2A 0)  minimum.  We  also  found  that  B+  2A00  is 

coupled to A+ 2A 0 vibronically, especially in the Franck–Condon 

region accessed from the neutral ground state. In the vicinity of 

these conical intersections, a strong mixing between the wave 

functions of both states is expected, which again may lead to 

congestion in the spectra, especially at the  threshold.  The 

analysis of the SPES of 9A for photon energies above 9 eV 

(Fig. 2) – where we expect the population of the upper vibronic 

levels of the ground cationic state and those of the A+ 2A0 and 

B+ 2A00 excited states – confirms these assumptions, showing a 

broad and a poorly structured band due to congestion. 

starting around 8.95 eV and the broad structure of the spectrum 

is attributed to the excitation of modes correlated to the conical 

intersection, out of Cs symmetry. Close examination of this part 

of the spectrum shows that there exist two vibronic progres- 

sions that could involve mode 23 (a0) (i.e. planar ring breathing) 

and even the quanta of mode 38, as assigned in Fig. 2. These 

features are superimposed onto a non-zero real signal, forming 

a broad profile. 

The existence of conical intersections between the doublet 

states of the adenine cation was suggested by Stolow and co-

workers,21 who performed the time-resolved photoelectron 

spectroscopy of adenine. Also, these doublet states are coupled. 

As a consequence, their electron wavefunctions are mixed and 

exhibit a strong multiconfigurational character. From a theore- 

tical point of view, simple Koopmans’ correlations and mono- 

configurational methodologies are hence not suitable to shed 
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light on the electronic structure  of  this  DNA  base  and  on 

the processes occurring upon its interaction with energetic 

photons. Our findings are of primary importance to understand 

the fast and ultrafast dynamics of adenine after ejection of an 

electron from the outermost MOs of this DNA base. Our work 

suggests that this is accompanied by nuclear and electronic re-

arrangement phenomena, which are most likely coupled, 

complicating even more the dynamics upon ionization. 

 

 

IV. Conclusions 

Because of the geometrical changes induced by ionization, the 

AIEs of the 9A, 3A and 7A tautomers are quite different (by 

several hundredths of meVs). In this study, we were able to 

disentangle the vibronic structure of  the  canonical  adenine 

cation using combined theoretical and experimental SPES 

techniques. We confirm that the canonical DNA base form is 

predominantly present in the molecular beam prior to  ioniza- 

tion, as expected by the relative energies and experimental 

conditions. For the ground state of the 9A+ cation, the experi- 

mental spectrum presents rich vibrational structures that were 

assigned via the good agreement found with a pure  first 

principles simulated spectrum that goes beyond the usual 

Franck–Condon approximation. We also derived, unambigu- 

ously, the AIEs of X+ 2A00, A+ 2A 0 and B+ 2A00 of the 9A+ cation with 

unprecedented precision. Such well-defined AIEs are available 

only for thymine73 and some cytosine tautomers.33 The spectrum 

for the excited doublet excited states is complex and shows band 

overlaps and congestion. The origins of such congestions were 

examined. Specifically, we identified conical intersections 

between these states. These findings are important to fully 

understand the effects of ionizing  radiation  in  this DNA base 

and the corresponding induced  dynamics  at  ultrashort,  short, 

and long timescales,74 which are of great relevance for the 

understanding of the multi-timescale cascading events  asso- 

ciated with radiation damage. 
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