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a b s t r a c t 

2-Aminopurine (2AP) is a fluorescent nucleobase analogue of the DNA nucleobase adenine and can be inserted 
in place of adenine into nucleic acids with minimal structural perturbation. The inserted 2-aminopurine can be 
selectively excited, and the fluorescence observed used as a sensitive probe for local structure, in addition selec- 
tive ionization of 2-aminopurine within a nucleic acid is possible and once formed the ionized 2-aminopurine 
will oxidize nearby guanine bases, providing a route to study charge transfer within nucleic acids. Time resolved 
infrared spectroscopy is a powerful tool to study oxidation processes on picosecond, and longer timescales. There 
is a lack of availability of high quality IR spectra in the literature of the individual, short lived, photoproducts, 
required to fully elucidate the mechanism of the interaction of photoionized 2-aminopurine with guanine. Den- 
sity functional theory (DFT) methods (B3LYP/6–31G + (d) and EDF1/6–31G + (d)) have been used to calculate 
the energies and infrared spectra of 2-aminopurine, guanine and potential photoproducts that may result from 

photoionization reactions between 2-aminopurine and guanine. Direct comparison can therefore be made be- 
tween areas of bleaching of bands in the IR spectra of 2-aminopurine or guanine and the appearance of new 

transient bands of potential photoproducts. These potential photoproducts could include deprotonated neutral 
radical species, deprotonated anion species, radical cations and radical anions. It was found in the current work 
that the key intermediates in the oxidation reaction between photoionized 2-aminopurine and guanine were: 
2AP • ( − H ,N2) (formed from deprotonation from the 2AP • + amino group); G • ( − H ) (formed from deprotonation 
from the N1 nitrogen, or possibly the amino group, of the initially formed G 

• + ), and 2AP − ( − H ,N2) (formed from 

the reduction of 2AP • ( − H ,N2) by guanine). 

1. Introduction 

Solar UV radiation absorbed by DNA can cause damage to the DNA 

leading to mutations, the onset of cancer, oxidative stress and inflam- 
mation [14 , 15,32] . In cells, one-electron oxidation of the four natural 
DNA bases can lead to the formation of DNA base radicals, with guano- 
sine having the lowest ionization potential [43,86] and the lowest aque- 
ous solution oxidation potential [100 , 118] . One-electron oxidation of 
guanine in aqueous solution produces the guanine radical cation (G 

• + ), 
whose chemistry is extensively documented in the literature [12 , 48] . 
Experimental studies of G 

• + using widely differing techniques include: 
direct monophotonic ionization from 193 nm laser pulses [18 , 70 , 71] , 
direct biphotonic laser irradiation using high-intensity 248 nm and 
266 nm laser pulses [4 , 22 , 26 , 27 , 77] , UV–vis spectra after pulse radi- 
olysis [6 , 17 , 20 , 53 , 54 , 61 , 115 , 117] , electron spin resonance (ESR) spec- 
troscopy [1 , 3 , 7 , 41 , 92 , 102] , cyclic voltammetry [52 , 63] , laser flash 
photolysis [9 , 62 , 94 , 95 , 107 , 119 , 126] , transient absorption spectroscopy 
[8 , 40] , vibrational spectroscopy [87 , 124 , 128 , 134] , transient infrared 
spectroscopy [134] , mass spectrometry after electrospray ionization 
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(ESI) [30] , and theoretical methods [1 , 3 , 30 , 44 , 58] . The structure of gua- 
nine is shown in Scheme I . 

G 

• + is a Brønsted acid with a pKa = 3.9 (pKa for deoxyguano- 
sine = 9.4) in neutral aqueous solution [6 , 17 , 115] , thus the guanine 
radical cation is isolated only under acidic conditions with a lifetime of 
~3 ms in aqueous solution with a pH ≤ 2.5 [94] . Under such conditions 
hydration reactions take place to form 8–oxo–7,8-dihydroguanosine (8–
oxoG). At neutral pH levels (pH ≈ 7), G 

• + undergoes deprotonation to 
form the neutral guanine radical, G • ( − H ), with a lifetime of ~70 ms at 
pH = 8 [94] . The deprotonated guanine radical G • ( − H ) does not easily 
undergo hydrolysis, but instead reacts with dioxygen to form a variety 
of imidazolone and oxazolone products [12 , 13 , 47,73 , 14 , 32 , 95] . 

Deprotonation of the guanine radical cation, G 

• + could potentially 
occur by loss of a proton from either the N1, N2, N2’ or C8 positions 
[103 , 105,106 , 108] . The preferred site of deprotonation is proposed to 
be from the guanine N1 position [1 , 2 , 17 , 58 , 92 , 115] . However, a con- 
trasting view was proposed by Hole et al. [41] using ESR and EN- 
DOR spectroscopy who argued in favour of deprotonation from the NH 2 
group of G 

• + . Adhikary et al. [3] found proton release from the N1 or 
N2 position of G 

• + to be temperature sensitive. 
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Scheme I. Numbering and atom labelling for: (a) 7H–2-Aminopurine (7H–
2AP), (b) 9H–2-Aminopurine (9H–2AP), and (c) Guanine (G). 

The rate of deprotonation from G 

• + into the solvent is faster for the 
guanine monomer and single-stranded DNA (ssDNA) than in double- 
stranded DNA (dsDNA) [53 , 54] . In ssDNA deprotonation of G 

• + is ki- 
netically favoured (taking place over several seconds) over hydration of 
G 

• + which results in producing 8–oxoG [95] . However, the formation of 
8–oxoG becomes more kinetically favourable in dsDNA than in ssDNA 

[4 , 47 , 124] . This is attributed to the guanine radical retaining more of its 
cationic character in dsDNA than in ssDNA. In dsDNA, G 

• + can react in 
two different ways, firstly, by hydration to form 8–oxoG and, secondly, 
deprotonation to the solvent to form the [G( − H ) • :C] base pair which 
does not undergo further reactions with water [95] . 

It has long been known that DNA damage is more prone to 
occur at GG and GGG sites than at sites of isolated guanine 
[5 , 35 , 37 , 62 , 96 , 97 , 103] . Gasper and Schuster [35] used a 5 ′ –end- 
capping quinone to introduce charge into a 25-mer DNA sequence. Ir- 
radiation at 350 nm, followed by treatment with piperidine results in 
strand cleavage at 5 ′ –G of the distal GG-doublet which is more than 
40 Å away from the anthraquinone group. These results have been in- 
terpreted in terms of the migration of a radical cation (electron hole) 
from the point of generation near the anthraquinone, transported along 
the duplex DNA to its point of reaction mostly at the 5 ′ –G of the GG steps 
[35] . Several authors, [5 , 39 , 45 , 80 , 89 , 97 , 101] have also observed that 
reactivity is higher at the 5 ′ –G end than at the 3 ′ –G end of GG-doublets 
when the base at the 3 ′ – position is cytosine or thymine. Where adenine 
is at the 3 ′ – position, both the 5 ′ – and 3 ′ – guanines are oxidized. 

Ward et al. [125] reported that 2-aminopurine, a structural isomer 
of the base adenine (6-aminopurine), was highly fluorescent and could 
be selectively excited in the presence of natural nucleotide bases. 2- 
Aminopurine (2AP) has two major tautomers, 9H − 2AP and 7H − 2AP 
(as shown in Scheme I ) which exist in aqueous solutions in a 60:40 
ratio, respectively [75] . When 2AP is incorporated into a nucleic acid 
only the 9H tautomeric form need be considered, but if experiments 
are performed with the free base the presence of both tautomeric forms 
must be considered. Other properties of 2AP are an excitation maxi- 
mum of 305 nm [112] which is red-shifted compared to adenine which 
has an excitation maximum at a wavelength of 260.5 nm [16 , 123] . 2- 
Aminopurine generally has minimal perturbation to the structure of a 
nucleic acid when it is substituted for adenine as they are both struc- 
turally similar, and can form a Watson-Crick base pair with thymine in 
DNA and uracil in RNA [28 , 114] . One of the most useful properties of 
2AP is the quenching of its fluorescence when it is incorporated in single- 
stranded nucleic acid and in double-stranded nucleic acid the fluores- 
cence of 2AP is quenched further still [93 , 125] . Fluorescence quenching 
of 2AP in DNA has been attributed to DNA stacking interactions, hy- 
drogen bonding, collisional interactions and charge transfer processes 
between the DNA nucleobases and electronically excited 2AP and this 
property has been applied in the study of charge transfer dynamics in 
DNA [31 , 46,51 , 59 , 60 , 81 , 82 , 83 , 84 , 85,90,103 , 113 , 133] . 

The low energy absorption maximum of 2AP allows selective and di- 
rect excitation when it is incorporated within a synthetic DNA sequence 
[42] . The use of intense light from a pulsed laser source can result in 
biphotonic absorption which results in photoionization of 2AP to form a 
radical cation, 2AP • + and a solvated electron, e h − [17 , 18 , 116] . The sol- 
vated electron may then react with molecular oxygen, O 2 , if present, 
which efficiently removes solvated electrons from the chemical system 

with a rate constant of k = 1.9 × 10 10 L mol − 1 s − 1 [11 , 17 , 18 , 115] . Once 
formed, the O 2 

• − radical anion is relatively unreactive towards 2AP • + , 
but can react with 2AP • ( − H ) radicals, which decay on a ~100 μs time 
scale with the possible formation of hydroperoxides [104] . The 2AP rad- 
ical cation (2AP • + ) is a Brønsted acid with a p K a = 2.8 ± 0.2 [104] , 
which rapidly deprotonates from one of a number of possible positions 
(which for the N9 tautomer are N2, N2’, C6, or C8) to form neutral 
2AP • (-H) radicals. 

It was shown by Shafirovich et al. [103] that 2AP • ( − H ) is capable of 
oxidising guanine but not the other DNA bases, adenine, cytosine and 
thymine [36 , 66,75 , 103–107 , 118,129] . Thus, it was proposed that two 
photon absorption of 2AP leads to 2AP • + , which deprotonates to form 

2AP • ( − H ), which in turn can oxidise guanine, leading to the reforma- 
tion of 2AP. The oxidised guanine will deprotonate such that G • ( − H ) is 
produced. When 2AP is present in an oligomer of DNA containing more 
than one guanine residue the preference for oxidation of different gua- 
nines may be predicted. Misiaszek et al. [73] have suggested G • ( − H ) can 
undergo a reaction with the O 2 

• − radical anion at the C 5 (carbon centred 
radical) position with a rate constant of 3 × 10 9 M 

− 1 s − 1 [19] . This is 
the first step in a complicated reaction sequence described by Misiaszek 
et al. [73] that leads to the formation of an end product, 2,2,4–triamino–
5(2 H )–oxazolone. 

From the preceding discussion it can be seen there has been exten- 
sive spectroscopic work examining the fate of the guanine radical cation 
(G 

• + ) and the neutral guanine radical G • ( − H ) in DNA and to a lesser ex- 
tent for the radical ions of 2-aminopurine. However, the system is still 
not completely understood. The majority of experiments involve explor- 
ing the UV/visible absorption spectra of the reaction mixtures. There 
is a paucity in the use of vibrational spectra to understand the excited 
state chemical, photophysical and photochemical processes and their ef- 
fect upon biological activity of the nucleic acid bases of DNA. Examples 
where vibrational spectroscopy has been utilised in the study of DNA 

nucleobases include areas such as their vibrational modes [79 , 34] , tau- 
tomerism [21 , 38 , 74 , 78 , 99] , hydrogen bonding [33 , 10] ; and interaction 
of the nucleic acid bases with H 2 O clusters [64 , 110 , 111 ]. 

More recently, techniques using time-resolved infrared (TRIR) mea- 
surements on picosecond or femtosecond time scales [122] have been 
used by various spectroscopists in order to investigate the ultrafast pro- 
cesses which take place in polynucleotide DNA, individual nucleic acid 
bases and nucleobase analogues such as 2-aminopurine. TRIR can be 
used to provide detailed structural information of transient species and 
also to monitor the relaxation process after initial excitation. The variety 
of structures and systems studied using TRIR methods include the B and 
Z forms of [poly(dG–dC)] 2 [24] , the interaction of [Ru(phen) 2 (dppz)] 2 + 

with DNA [88] , cytosine rich i-motif structures [50] , the nucleotide 
5 ́–GMP and polynucleotides poly[(dGdC) • poly(dGdC)] and [poly(G)] 
[56 , 68] , stacked G-tetrad structures [67] , chemistry of the guanine rad- 
ical cation G 

• + [87] , the dinucleotide composed of 5 ́–8 − oxoguanine 
anion and neutral 3 ́–adenine, [130] the formation of the 2AP radical 
cation 2AP • + and its subsequent deprotonation to form the neutral rad- 
ical 2AP • ( − H ) [57] , 1-methylcytosine and 5 ́–dCMP [49] , thymine and 
thymidine [131] , the Flavin chromophore [55] , and stacked adenine–
thymine systems [25] . 

Whilst TRIR is a powerful technique in its ability to record the 
changes that take place during the rapid processes associated with the 
ultrafast electronic and energetic perturbations that follow photon ab- 
sorption. Identifying the nature of transient products is difficult without 
access to reliable calculated infrared spectra. In this paper we present 
energies and calculated infrared spectra for 2-aminopurine, its radical 
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Table 1 

Structures of the potential photoproducts of 9H-2-aminopurine, 7H-2-aminopurine and guanine considered in this work. Equilibrium 

geometries energies and vibrational frequencies were calculated. Numbers in brackets refer to positions where a proton has been lost 
from a carbon atom or from a nitrogen atom. 

anion, radical cation, deprotonated neutral radical structures and de- 
protonated anions. In the case of guanine, the infrared spectra of the 
radical cation and deprotonated neutral radical structures. The infrared 
spectra of 2-aminopurine and guanine are applied to the oxidation of 
guanine by photoexcited 2-aminopurine to highlight the spectroscopic 
signatures of the potential species involved. 

2. Computational methods 

Ground state (S 0 ) geometry optimization calculations were per- 
formed on each of 7H–2AP, 9H–2AP and guanine together with their 
respective predicted photoproducts as shown in Table 1 in order to 

find their optimised geometries, energies and related properties such 
as vibrational spectra. Geometry optimizations and frequency calcula- 
tions were carried out using two density functional methods, B3LYP 
and EDF1 with the 6–31 + G (d) basis set throughout. Previous stud- 
ies [109 , 29 , 57 , 65 , 69 , 87 , 110 , 127 , 91] have demonstrated that the DFT 

methods B3LYP and EDF1 give good predictions of the geometries and 
vibrational frequencies of the nucleic acid bases and their analogues. No 
symmetry constraints were applied during geometry optimization. The 
intramolecular distances calculated by the B3LYP and EDF1 methods 
are within 0.021 Å and 0.030 Å, respectively, when compared to the 
crystal structure of 2AP ∙H 2 O determined by Neely et al. [76] ; for gua- 
nine, the B3LYP and EDF1 intramolecular distances are within 0.024 Å

3 
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Table 2a 

Final electronic energies and zero point corrected electronic energies for the 7H and 9H tautomers of 2-aminopurine. Molecules are grouped according 
to charge and multiplicity with ΔE being the energy difference between the lowest energy photoproduct of each group (highlighted by 0.000 in table). 
Zero point energies have been scaled by 0.9636 [72] and calculations have been performed at B3LYP/6 − 31 + G (d) level. 

9H-2AP 7H-2AP 

Molecule / Potential 
photoproduct 

Electronic energy / 
Hartree 

Sum of electronic energy 
and scaled ZPE / Hartree ΔE / kcal mol − 1 

Electronic 
energy / Hartree 

Sum of electronic energy 
and scaled ZPE / Hartree 

ΔE / kcal 
mol − 1 

2AP − 467.09431 − 466.98693 0.00000 − 467.09246 − 466.98564 0.81246 

2AP • ( − H ,N2 ′ ) − 466.43601 − 466.34073 0.00000 − 466.43317 − 466.33754 2.00030 

2AP • ( − H ,N2) − 466.43554 − 466.34031 0.26678 − 466.43298 − 466.33728 2.16789 

2AP • ( − H ,C6) − 466.42062 − 466.32541 9.61446 − 466.41901 − 466.32390 10.56077 

2AP • ( − H ,C8) − 466.40308 − 466.30822 20.40370 − 466.40042 − 466.30472 22.59705 

2AP ●+ − 466.87965 − 466.76918 0.00000 − 466.87585 − 466.76506 2.58600 

2AP ●− − 467.15940 − 467.05517 0.34168 − 467.15944 − 467.05571 0.00000 

2AP − ( − H 

+ ,N2’) − 466.59551 − 466.50028 0.52832 − 466.59054 − 466.49603 3.19364 

2AP − ( − H 

+ ,N2) − 466.59516 − 466.50112 0.00000 − 466.59055 − 466.49549 3.52950 

2AP − ( − H 

+ ,C6) − 466.55256 − 466.45808 27.00534 − 466.55548 − 466.46086 25.26140 

2AP − ( − H 

+ ,C8) − 466.56868 − 466.47393 17.06283 − 466.56960 − 466.47453 16.68255 

and 0.048 Å, respectively, when compared to the crystal structure of 
guanine monohydrate [121] . Calculations in solution phase were com- 
pleted using the polarizable continuum model. The software used for 
this work was GAMESS–US (General Atomic and Molecular Electronic 
Structure System) [98] version 12-JAN-2009 (R3). Each individual band 
was convoluted using a Lorentzian shape. 

The existence of 2-aminopurine as two main tautomers (7H–2AP and 
9H–2AP) in solution phase [75] needs to be accounted for if a single cal- 
culated IR spectra of free 2-aminopurine is to be presented. Calculating 
the expected ratio of 7H − 2AP and 9H − 2AP at equilibrium using the 
Boltzmann equation will enable a single calculated spectrum for 2AP to 
be determined with the expected contributions from 7H– and 9H–2AP 
tautomers. 

The harmonic vibrational frequencies, performed at the minimum- 
energy geometries, calculated by electronic structure methods tend to 
be larger than the frequencies observed experimentally. Reasons why 
these discrepancies arise are due to the neglect of anharmonicity effects, 
and also because of incomplete incorporation of electron correlation and 
the use of limited basis sets [72] . The nature of the overestimation is 
usually uniform, and so for a particular theoretical procedure and basis 
set, generic frequency scale factors may be applied. For the present study 
the scale factors used for B3LYP are 0.9636 [72] . A scaling value for 
the EDF1 functional with the 6–31 + G (d) basis set was not found in the 
literature. However, a value (0.9820) for EDF1 using the 6–31 + G (d,p) 
basis set was published by Merrick et al. [72] and was the scaling factor 
used in this study. 

3. Results 

The molecules of 7H/9H 2-aminopurine and guanine, subjects of the 
current investigation, consist of 15 and 16 atoms, respectively. Depro- 
tonated ( − H / − H 

+ ) structures are defined by subtracting a single pro- 
ton from the amino (NH 2 ) group, the C6 or the C8 positions of 2- 
aminopurine ( Table 1 ). For guanine, a single proton is removed from 

the amino group, the N1 or C8 positions ( Table 1 ). 
The zero point corrected (ZPE) electronic (B3LYP) energies of 2- 

aminopurine and guanine are shown in Tables 2a and 2b . The results 
presented in Tables 2a and 2b were calculated using the B3LYP func- 
tional and an identical pattern of relative energy differences are ob- 
served for the ZPE energies of 2-aminopurine and guanine calculated 
using the EDF1 functional (see Table S1 in supplementary information). 
From Table 2a it can be seen that the 9H– tautomer of 2AP is predicted 
to be the more stable, but with a significant fraction, around 20%, ex- 
isting in the 7H– form in aqueous solution, in line with experimental 
observations. The 9H– form is predicted to be the dominant (around 
99%) form following oxidation of 2AP to form 2AP • + , e.g. as formed 

Fig. 1. Harmonic B3LYP/6 − 31 + G (d) calculated IR spectra for 2-aminopurine 
(2AP) for the 𝜈NH 2 spectral region (3250 – 3650 cm 

− 1 ). Vibrational frequencies 
were calculated at B3LYP/6 − 31 + G (d) level and scaled by 0.9636 [72] . 2- 
Aminopurine consists of a weighted mixture of 7H–2AP (12%) and 9H–2AP 
(88%). Assignments: 𝜈as , anti-symmetric stretching; 𝜈, stretching; 𝜈s , symmetric 
stretching. 

following two photon absorption. Loss of a proton from 2AP, to yield 
2AP − ( − H 

+ ), or loss of a proton from 2AP • + to form 2AP • ( − H ) (equiva- 
lent to overall loss of hydrogen from 2AP) are both predicted to occur 
by loss of a hydrogen from N2, as the 2AP − ( − H 

+ , N2) and 2AP • ( − H , N2) 
tautomeric forms are substantially more favourable on thermodynamic 
grounds than loss of a proton from the other possible positions. 

In the case of guanine, deprotonation of G 

• + to form G • ( − H ) from 

the N1 position is found to be only slightly more favourable than 
loss from the N2 position. The two species G • ( − H , N1) and G • ( − H , 
N2) are expected to be present in the ratio of 60:40 at equilibrium 

at room temperature. Comparing the difference in energy between 
2AP/2AP • + /2AP • ( − H ) with G/G 

• + /G • ( − H ) it can be seen that the oxida- 
tion of G by 2AP • ( − H ) + to form G • ( − H ) and 2AP is favourable, again, 
in agreement with experimental findings [103] . 

3.1. Interpretations of IR spectra 

The nomenclature used to describe vibrational modes is as follows: 
𝜈, stretching; 𝜈s , symmetric stretch; 𝜈as , asymmetric stretch; 𝛽, in-plane 
bending; 𝛾, out-of-plane bending; 𝜎, scissoring; 𝜔 , wagging; 𝛿, rocking; 
𝜏, torsion. The detailed descriptions for the vibrational assignments of 
2-aminopurine and guanine are summarised in the following sections. 

3.2. NH 2 vibrations 

Fig. 1 shows the B3LYP calculated IR spectra of 2AP in the v NH 2 
stretch spectral region (3250 – 3650 cm 

− 1 ). Three sharp bands are 

4 
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Table 2b 

Final electronic energies and zero point corrected electronic energies for guanine. Molecules are grouped 
according to charge and multiplicity with ΔE being the energy difference between the lowest energy 
photoproduct of the G • ( − H ) group (highlighted by 0.000 in table). Zero point energies have been scaled 
by 0.9636 [72] and calculations have been performed at B3LYP/6 − 31 + G (d) level. 

Molecule / Potential 
photoproduct 

Electronic energy / 
Hartree 

Sum of electronic energy and 
scaled ZPE / Hartree ΔE / kcal mol − 1 

G − 542.31733 − 542.20495 0.00000 

G • ( − H ,N1) − 541.66823 − 541.56805 0.00000 

G • ( − H ,N2’) − 541.66760 − 541.56769 0.22870 

G • ( − H ,N2) − 541.66334 − 541.56283 3.27650 

G • ( − H ,C8) − 541.62534 − 541.52511 26.94388 

G ●+ − 542.10713 − 541.99130 0.00000 

Table 3 

Vibrational modes and frequencies (in cm 

− 1 ) of 2-aminopurine, guanine and their potential photo- 
products in the NH 2 spectral range (3250 - 3650 cm 

− 1 ). Vibrational frequencies were calculated at 
B3LYP/6 − 31 + G (d) and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 0.9820, respectively 
[72] . Experimental data is taken from 

a Seefeld et al. [99] and b Szczepaniak and Szczesniak [120] . 
Assignments: 𝜈as , anti-symmetric stretching; 𝜈, stretching; 𝜈s , symmetric stretching. 

2AP Potential 

Photoproducts 

B3LYP EDF1 

𝜈as NH 2 𝜈N 7,9 H 𝜈s NH 2 𝜈as NH 2 𝜈N 7,9 H 𝜈s NH 2 

2AP 3556 (3579) a 3497 (3508) a 3449 (3463) a 3571 3521 3457 

2AP • ( − H ,N2) 3498 3521 

2AP • ( − H ,N2 ′ ) 3499 3519 

2AP • ( − H ,C6) 3573 3491 3462 3593 3522 3461 

2AP • ( − H ,C8) 3533 3513 3422 3587 3537 3457 

2AP ●+ 3508 3499 3377 3576 3521 3461 

2AP − ● 3499 3510 3404 3521 3511 3423 

2AP − ( − H 

+ ,N2) 3504 3524 

2AP − ( − H 

+ ,N2 ′ ) 3516 3534 

2AP − ( − H 

+ ,C6) 3517 3484 3413 3531 3494 3424 

2AP − ( − H 

+ ,C8) 3527 3521 3422 3554 3505 3450 

Guanine Potential 

Photoproducts 

B3LYP EDF1 

𝜈as NH 2 𝜈N 9 H 𝜈s NH 2 𝜈as NH 2 𝜈N 9 H 𝜈s NH 2 

G 3559 (3570) b 3493 (3493) b 3457 (3455) b 3578 3514 3472 

G • ( − H ,N1) 3581 3502 3461 3612 3519 3488 

G • ( − H ,N2) 3503 3525 

G • ( − H ,N2 ′ ) 3493 3515 

G • ( − H ,C8) 3576 3511 3472 3596 3528 3490 

G ●+ 3529 3492 3417 3563 3517 3444 

shown at 3556 cm 

− 1 , 3597 cm 

− 1 and 3449 cm 

− 1 which are in the order 
of the asymmetric NH 2 ( 𝜈as NH 2 ) stretch, the free 𝜈N7,9H stretch and the 
symmetric NH 2 ( 𝜈s NH 2 ) stretch, respectively. Table 3 lists the B3LYP 
and EDF1 scaled harmonic vibrational frequencies for 2-aminopurine 
and potential 2AP photoproducts. The scaled B3LYP (0.9636) and EDF1 
(0.9820) frequencies for the 𝜈N7,9H stretch are underestimated by 
11 cm 

− 1 and overestimated by 13 cm 

− 1 compared to experimental val- 
ues [99] , respectively. Similarly, the scaled B3LYP calculated 𝜈as NH 2 
and 𝜈s NH 2 stretches are underestimated by 23 cm 

− 1 and 14 cm 

− 1 , re- 
spectively and underestimated by 8 cm 

− 1 and 6 cm 

− 1 , respectively when 
calculated using EDF1. 

The free 𝜈N7,9H stretch is common to all potential 2-aminopurine 
photoproducts ( Table 3 ) and are reasonably consistent in frequency 
with a range of 3494–3521 cm 

− 1 . In those potential 2AP photoprod- 
ucts where a proton has been removed from the amino group only two 
peaks are observed, the free 𝜈N7,9H stretch and the free NH stretch of 
the former amino group. 

The scissoring NH 2 vibrational mode ( 𝜎NH 2 ) is characteristic to all 
photoproducts of 2-aminopurine (except for those 2-aminopurine pho- 
toproducts where a proton has been removed from the amino (NH 2 ) 
group) with a harmonic frequency range 1593–1688 cm 

− 1 ( Table 4 ). 
After scaling, the calculated B3LYP ( 𝜎NH 2 = 1604 cm 

− 1 ) and EDF1 
( 𝜎NH 2 = 1600 cm 

− 1 ) values are in excellent agreement with experiment, 
overestimating the experimental value [99] by 10 cm 

− 1 and 6 cm 

− 1 , re- 
spectively. 

Fig. 2. Harmonic B3LYP/6 − 31 + G (d) calculated IR spectra for guanine (G) 
for the 𝜈NH 2 spectral region (3250 – 3650 cm 

− 1 ). Vibrational frequencies were 
calculated at B3LYP/6 − 31 + G (d) level and scaled by 0.9636. Assignments: 𝜈as , 
anti-symmetric stretching; 𝜈, stretching; 𝜈s , symmetric stretching. 

The calculated spectra for guanine over the NH 2 spectral region 
3250–3650 cm 

− 1 is shown in Fig. 2 . Four spectral bands are observed, in 
order of decreasing frequency the asymmetric NH 2 ( 𝜈as NH 2 ) stretch, the 
free 𝜈N9H stretch, the symmetric NH 2 ( 𝜈s NH 2 ) stretch and the free 𝜈N1H 

stretch. The scaled B3LYP calculated frequencies for these bands are 
3559 cm 

− 1 , 3494 cm 

− 1 , 3457 cm 

− 1 and 3435 cm 

− 1 , respectively. Exper- 
imental frequencies measured by Szczepaniak and Szczesniak [120] for 
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Table 4 

Vibrational frequencies (in cm 

− 1 ) of 2-aminopurine, guanine 
and their potential photoproducts for the scissoring 𝜎NH 2 vi- 
brational mode. Vibrational frequencies were calculated at 
B3LYP/6 − 31 + G (d) and EDF1/6 − 31 + G (d) levels and are 
scaled by 0.9636 and 0.9820, respectively [72] . Experimental 
data is taken from 

a Seefeld et al. [99] and b Szczepaniak and 
Szczesniak [120] . Note that the tautomers 2AP • ( − H ,N2) and 
G • ( − H ,N2) cannot have a scissoring 𝜎NH 2 vibrational mode due 
to the absence of the amino group. 

2-Aminopurine 

Photoproducts 

B3LYP EDF1 

𝜎NH 2 𝜎NH 2 

2AP 1604 (1594) a 1600 

2AP • ( − H ,N2) – –

2AP • ( − H ,C6) 1626 1629 

2AP • ( − H ,C8) 1606 1611 

2AP ●+ 1688 1700 

2AP − ● 1590 1601 

2AP − ( − H 

+ ,N2) – –

2AP − ( − H 

+ ,C6) 1573 1629 

2AP − ( − H 

+ ,C8) 1598 1607 

Guanine 

Photoproducts 

B3LYP EDF1 

𝜎NH 2 𝜎NH 2 

G 1602 (1629–1654) b 1601 

G • ( − H ,N1) 1456–1587 1452–1575 

G • ( − H ,N2) – –

G • ( − H ,C8) 1642–1662 1641–1664 

G ●+ 1649 1647 

the 𝜈as NH 2 , the free 𝜈N9H, the 𝜈s NH 2 and the free 𝜈N1H stretches are 
3526–3570 cm 

− 1 , 3493 cm 

− 1 , 3428–3455 cm 

− 1 and 3439 cm 

− 1 , respec- 
tively. As was observed with 2AP, the 𝜈N9H stretch is ubiquitous to the 
potential photoproducts of guanine and is generally consistent within a 
frequency range of 3492–3511 cm 

− 1 . The B3LYP scaled harmonic fre- 
quencies are in excellent agreement with experiment ( Table 3 ) [120] . 
The asymmetric NH 2 ( 𝜈as NH 2 ) stretch underestimates the experimen- 
tal value [120] by 11 cm 

− 1 , the free 𝜈N9H stretch is predicted to be 
near identical to the experimental value [120] and both the symmetric 
NH 2 ( 𝜈s NH 2 ) and free N1H stretches underestimate the experimental 
frequencies [120] by 2 cm 

− 1 . 
The second major type of NH 2 vibrational mode of guanine is due 

to scissoring NH 2 ( 𝜎NH 2 ). The experimental frequency of this mode is 
1629–1654 cm 

− 1 [120] . The scaled ( Table 4 ) frequencies calculated by 
B3LYP ( 𝜎NH 2 = 1602 cm 

− 1 ) and EDF1 ( 𝜎NH 2 = 1601 cm 

− 1 ) underesti- 
mate the experimental frequencies [120] by at least 27 cm 

− 1 . 

3.3. CO vibrations 

The heterocyclic aromatic carbonyl stretch ( 𝜈CO) is the most distinc- 
tive vibrational mode of guanine. Fig. 3 show the B3LYP calculated spec- 
tra of guanine in the 𝜈CO spectral range (1500–1750 cm 

− 1 ). The scaled 
B3LYP and EDF1 calculated 𝜈CO stretch for guanine is 1653 cm 

− 1 and 
1657 cm 

− 1 , respectively. Szczepaniak and Szczesniak [120] determined 
a range ( 𝜈CO = 1692–1749 cm 

− 1 ) of experimentally measured values for 
the guanine 𝜈CO stretch. Similarly, Delabar and Majoube [23] recorded 
an experimental guanine 𝜈CO stretch of 1702 cm 

− 1 . The scaled B3LYP 
( 𝜈CO = 1653 cm 

− 1 ) and EDF1 ( 𝜈CO = 1657 cm 

− 1 ) calculated values 
underestimate the experimental value of Delabar and Majoube [23] by 
49 cm 

− 1 and 45 cm 

− 1 , respectively. Table 5 shows the B3LYP and EDF1 
calculated scaled harmonic frequencies for 𝜈CO and stretching frequen- 
cies of guanine and the potential photoproducts of guanine. 

3.4. In-plane purine ring vibrations 

In-plane ring vibrations are observed in three distinct regions of the 
IR spectrum of the photoproducts of 2-aminopurine and guanine. The 

Fig. 3. Harmonic B3LYP/6 − 31 + G (d) calculated IR spectra for guanine (G) 
for the 𝜈CO spectral region (1500 – 1750 cm 

− 1 ). Vibrational frequencies were 
calculated at B3LYP/6 − 31 + G (d) level and scaled by 0.9636. Assignments: 𝜈, 
stretching; 𝜎, scissoring; 𝛽, in-plane bending. 

Table 5 

Vibrational frequencies (in cm 

− 1 ) of guanine and poten- 
tial photoproducts for the 𝜈CO vibrational stretch. Vibra- 
tional frequencies were calculated at B3LYP/6 − 31 + G (d) 
and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 
0.9820, respectively [72] . Experimental data is taken from 

a Szczepaniak and Szczesniak [120] . Oxidation of guanine to 
form G 

• + is predicted to lead to a blue shift in the position 
of the C = O vibrational mode. Deprotonation of G 

• + to form 

G • ( − H ) is predicted to lead to a significant red shift com- 
pared to G, if the hydrogen is lost from N1, whereas little 
change in the peak position compared to G is predicted if 
the N2 (or C8) hydrogen is lost. 

Guanine 

Photoproducts 

B3LYP EDF1 

𝜈CO 𝜈CO 

G 1653 (1692–1749) a 1657 

G • ( − H ,N1) 1548–1587 1539–1575 

G • ( − H ,N2) 1657 1653 

G • ( − H ,N2’) 1652 1649 

G • ( − H ,C8) 1642–1662 1641–1664 

G ●+ 1684–1694 1671–1681 

first region is dominated by low to very high intensity in-plane ring vi- 
brations in the spectral range 1072–1637 cm 

− 1 for 2-aminopurine and 
1312–1558 cm 

− 1 for guanine. The second region, 743–1104 cm 

− 1 , for 
the photoproducts of 2-aminopurine and 771–1585 cm 

− 1 for the photo- 
products of guanine consist of a mixture of generally low intensity bands 
of in plane ring vibrations, 𝜈C X N Y / 𝜈CNH 2 stretching, 𝛿NH 2 rocking 
and 𝜔 C X H wagging modes. The third region (below 700 cm 

− 1 ), for both 
2-aminopurine and guanine, is made up of a mixture of 𝛽-ring, 𝛾-ring, 
𝛿-ring and 𝜏-ring vibrations which are discussed in Section 3.7 . 

3.5. CN vibrations 

There is a zone of low intensity calculated harmonic vibrational 
frequencies in 2-aminopurine that occupy a spectral range of approx- 
imately 800–1100 cm 

− 1 . Whilst this region is dominated by in-plane 
ring vibrations, there are some bands (such as the 𝜈C8N9 and 𝜈C2N3 
vibrational stretches) characterised by 𝜈C X N Y vibrational stretches 
( Table 6 ), which are consistent throughout the calculated IR response 
of 2-aminopurine and 2AP photoproducts. There is generally very good 
agreement in the frequencies calculated by the B3LYP and EDF1 meth- 
ods. 

The 𝜈C8N9 and 𝜈C8N7 are the most common vibrational stretches 
in the spectra of guanine and guanine photoproducts occurring in two 
bands, a higher frequency band between 1232–1377 cm 

− 1 and a lower 
frequency band between 1057–1104 cm 

− 1 ( Table 7 ). The 𝜈CNH 2 vibra- 
tional stretch is restricted to guanine (1327 cm 

− 1 ) and G 

• + (1411 cm 

− 1 ). 
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Table 6 

Vibrational frequencies (in cm 

− 1 ) of 2-aminopurine and potential photoproducts for the 𝜈C X N Y vibrational stretch. Vibra- 
tional frequencies were calculated at B3LYP/6 − 31 + G (d) and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 0.9820, 
respectively [72] . 

2-Aminopurine 

Photoproducts 

B3LYP EDF1 

𝜈C X N Y 𝜈C X N Y 

2AP 𝜈C8N9 (1048) 𝜈C2N3 (1072) 𝜈C8N9 (931) 𝜈C8N9 (1048) 𝜈C2N3 (1048) 𝜈C2N1 (1056) 

2AP • ( − H ,N2) 𝜈C8N9 (1078) 𝜈C2N3 (1102) 𝜈C8N9 (1082) 𝜈C2N3 (1089) 

2AP • ( − H ,N2’) 𝜈C8N9 (1088) 𝜈C2N3 (1104) 𝜈C2N3 (1085) 𝜈C8N9 (1103) 

2AP • ( − H ,C6) 𝜈C2N1 (938) 𝜈C8N9 (1040) 𝜈C2N3 (1065) 𝜈C2N1 (934) 𝜈C2N3 (1056) 𝜈C8N9 (1065) 

2AP • ( − H ,C8) 𝜈C2N3 (1051) 𝜈C8N9 (1077) 𝜈C2N1 (936) 𝜈C2N3 (1058) 𝜈C8N9 (1093) 

2AP ●+ 𝜈C2N3 (1045) 𝜈C8N9 (1101) 𝜈C2N3 (1073) 𝜈C8N9 (1115) 

2AP − ● 𝜈C2N3 (1012) 𝜈C8N9 (1046) 𝜈C2N3 (1016) 𝜈C8N9 (1048) 𝜈C6N1 (1073) 

2AP − ( − H 

+ ,N2) 𝜈C8N9 (1041) 𝜈C2N3 (1074) 𝜈C8N9 (1045) 𝜈C2N3 (1065) 

2AP − ( − H 

+ ,N2’) 𝜈C8N9 (1046) 𝜈C2N3 (1087) 𝜈C8N9 (1052) 𝜈C2N3 (1080) 

2AP − ( − H 

+ ,C6) 𝜈C8N7 (1093) 𝜈C2N3 (1077) 𝜈C8N7 (1094) 𝜈C2N3 (1079) 

2AP − ( − H 

+ ,C8) 𝜈C8N9 (910) 𝜈C2N3 (1092) 𝜈C8N9 (911) 𝜈C2N3 (1090) 

Table 7 

Vibrational frequencies (in cm 

− 1 ) of guanine and potential photoproducts for the 𝜈C X N Y vibrational stretch. Vibrational frequencies were calculated at 
B3LYP/6 − 31 + G (d) and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 0.9820, respectively [72] . 

Guanine 

Photoproducts 

B3LYP EDF1 

𝜈C X N Y 𝜈C X N Y 

G 𝜈C8N9 (1347) 𝜈CNH 2 (1327) 𝜈C8N9 (1057) 𝜈C8N9 (1346) 𝜈CNH 2 (1328) 𝜈C8N9 (1065) 

G • ( − H ,N1) 𝜈C8N7 (1243) 𝜈C6N1 (1240) 𝜈C8N9 (1087) 𝜈C8N7 (1243) 𝜈C6N1 (1240) 𝜈C8N9 (1087) 

G • ( − H ,N2) 𝜈C8N7 (1244) 𝜈C6N1 (1176) 𝜈C8N9 (1096) 𝜈C8N7 (1243) 𝜈C6N1 (1170) 𝜈C8N9 (1095) 

G • ( − H ,N2’) 𝜈C8N9 (1377) 𝜈C5N7 (1335) 𝜈C6N1 (1185) 𝜈C8N9 (1077) 𝜈C8N9 (1377) 𝜈C5N7 (1340) 𝜈C6N1 (1175) 𝜈C8N9 (1077) 

G • ( − H ,C8) 𝜈CNH 2 (1324) 𝜈C8N9 (1311) 𝜈C5N7 (1284) 𝜈C6N1 (1120) 𝜈C8N9 (1082) 𝜈CNH 2 (1322) 𝜈C8N9 (1312) 𝜈C5N7 (1288) 𝜈C6N1 (1115) 𝜈C8N9 (1084) 

G ●+ 𝜈CNH 2 (1411) 𝜈C8N7 (1232) 𝜈C8N9 (1104) 𝜈CNH 2 (1404) 𝜈C8N7 (1232) 𝜈C8N9 (1107) 

Table 8 

Vibrational frequencies (in cm 

− 1 ) of 2-aminopurine, guanine and their 
potential photoproducts for the wagging 𝜔 C6H and 𝜔 C8H vibrational 
modes. Vibrational frequencies were calculated at B3LYP/6 − 31 + G (d) 
and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 0.9820, 
respectively [72] . 

2-Aminopurine 

Photoproducts 

B3LYP EDF1 

𝜔 C6H( 𝜔 C8H) 𝜔 C6H( 𝜔 C8H) 

2AP 932 (833) 915 (816) 

2AP • ( − H ,N2) 935 – 943 (935 – 943) 920 – 927 (920 – 927) 

2AP • ( − H ,N2’) 927 (812) 916 (833) 

2AP • ( − H ,C6) (830) (800) 

2AP • ( − H ,C8) 935 – 941 896 

2AP ●+ 995 (1090) 983 (1063) 

2AP − ( − H 

+ ,N2) 925 904 

2AP − ( − H 

+ ,N2’) 925 905 

2AP − ( − H 

+ ,C6) (843) (812) 

2AP − ( − H 

+ ,C8) 914 893 

Guanine 

Photoproducts 

B3LYP EDF1 

𝜔 C8H 𝜔 C8H 

G 822 802–804 

G • ( − H ,N1) 922 890 

G • ( − H ,N2) 931 908 

G • ( − H ,N2’) 912 879 

G ●+ 992 971 

3.6. CH vibrations 

In 2-aminopurine the 𝜔 C6H mode is consistently observed in all 
species, except for those species where the C6H proton is absent and 
the 𝜔 C8H mode is observed instead ( Table 8 ). The 𝜔 C6H mode has a 
consistent frequency range throughout the series of 2AP photoproducts, 
914–943 cm 

− 1 and 893–927 cm 

− 1 at B3LYP and EDF1 levels, respec- 
tively. The exception to this is 2AP • + where the 𝜔 C6H mode is at a 
higher frequency (995 cm 

− 1 and 983 cm 

− 1 at B3LYP and EDF1 levels, 
respectively). The 𝜔 C8H mode in 2-aminopurine follows a similar pat- 
tern as for the 𝜔 C6H mode ( Table 8 ). Frequency ranges are consistent 
between the different 2AP species (812–943 cm 

− 1 and 800–927 cm 

− 1 

at B3LYP and EDF1 levels, respectively). 2AP • + has a higher 𝜔 C8H fre- 
quency, 1090 cm 

− 1 and 1063 cm 

− 1 at B3LYP and EDF1 levels, respec- 
tively. 

The 𝜔 C8H vibrational mode is consistently observed in guanine and 
guanine photoproducts (except for G • ( − H,C8) where the C8 proton is ab- 
sent). Table 8 shows the calculated vibrational frequencies of the 𝜔 C8H 

vibrational wagging mode using the B3LYP and EDF1 methods. Szczepa- 
niak and Szczesniak [120] report an experimental CH out-of-plane bend- 
ing mode at 925 cm 

− 1 for guanine, but the particular carbon atom which 
this mode refers to is unspecified. 

3.7. Low frequency vibrations 

The low frequency vibrations ( < 800 cm 

− 1 ) of 2-aminopurine and 
guanine are dominated by a mixture of in plane ring vibrations, out of 
plane ring vibrations, rocking and torsion vibrations of the rings with 
low to high intensities ( Table 9 ). 

The 𝜔 NH 2 wagging vibration of 2-aminopurine, calculated using 
B3LYP and EDF1, is distinctive for those species where it is observed 
with moderate to high intensity ( Table 9 ). At EDF1 level, the 𝜔 NH 2 wag- 
ging mode is also observed for 2-aminopurine at a slightly red-shifted 
frequency of 401 cm 

− 1 . In the case of guanine, the 𝜔 NH 2 mode is pre- 
dicted by EDF1 at 443 cm 

− 1 , but not by B3LYP which predicts the rock- 
ing 𝛿NH 2 mode over the spectral range < 800 cm 

− 1 . 

4. Discussion 

A chemical pathway describing the oxidation of guanine by pho- 
toexcited 2-aminopurine was given in the introduction to this paper, 
along with a list of potential photoproducts in Table 1 . Absorption 
( 𝜆 = 310 nm) in a biphotonic process leads to the formation of the 2- 
aminopurine radical cation, 2AP • + [57] . The calculated energies for the 
species considered here support the mechanism that photoionization of 
2AP will lead to the formation of 2AP • ( − H), where the H has been lost 
from the N2 position. The 2AP • ( − H) can oxidise a guanine residue to 
reform 2AP and give, after loss of a proton the neutral radical species 
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Table 9 

Vibrational frequencies (in cm 

− 1 ) of 2-aminopurine, guanine and their potential photoproducts for vibrational frequencies ⟨800 cm 

− 1 and with an intensity ⟩
0.00005 km/mol. Vibrational frequencies were calculated at B3LYP/6 − 31 + G (d) and EDF1/6 − 31 + G (d) levels and are scaled by 0.9636 and 0.9820, respec- 
tively [72] . Assignments: 𝛽, in-plane bending; 𝛾, out-of-plane bending; 𝜔 , wagging; 𝛿, rocking; 𝜏, torsion. 

2-Aminopurine 

Photoproducts B3LYP EDF1 

𝛽 ring 𝛾 ring 
𝜔 , 𝛿NH 2 ; 𝜔 NH; 
𝜏, 𝛿ring; 𝜔 C X H Y 𝛽 ring 𝛾 ring 

𝜔 , 𝛿NH 2 ; 𝜔 NH; 
𝜏, 𝛿ring; 𝜔 C X H Y 

2AP 472 774 413 

326 

444 ( 𝜔 NH 2 ) 765 505 ( 𝜔 N9H), 438 ( 𝛿NH 2 ), 

401 ( 𝜔 NH 2 ) 

2AP • ( − H ,N2) 473 

753 

400 

548 

710 ( 𝜔 NH) 751 678 

633 

559 

390 

713 ( 𝜔 NH), 

472 ( 𝛿ring) 

2AP • ( − H ,N2’) 364 774 576 212 728 ( 𝜔 NH) 693 ( 𝜔 NH) 769 725 568 363 ( 𝛿ring) 

2AP • ( − H ,C6) 741 

328 

462 531 ( 𝜔 N7H) 

376 ( 𝜔 NH 2 ) 

729 635 

557 

799 ( 𝜔 C8H), 

482 ( 𝛿ring), 

382 ( 𝛿NH 2 ), 

328 ( 𝛿NH 2 ) 

2AP • ( − H ,C8) 758 

597 

480 334 

574 

445 

387 ( 𝜔 NH 2 ) 744 610 476 ( 𝛿ring), 

395 ( 𝛿NH 2 ), 

335 ( 𝛿ring) 

2AP ●+ 469 

359 

584 786 ( 𝜔 N7H) 

687 ( 𝜔 N7H) 

304 ( 𝜏ring) 

758 

570 

302 

691 ( 𝜔 NH), 

475 ( 𝛿ring), 

360 ( 𝛿NH 2 ) 

2AP − ● 748 

476 

701 

643 

546 392 

436 ( 𝜔 C6H) 

337 ( 𝜔 C6H) 

225 ( 𝜏ring) 146 ( 𝜏ring) 

123 ( 𝜏ring) 12 ( 𝛿ring) 

733 573 

135 

395 ( 𝜔 NH 2 ), 

337 ( 𝜔 NH 2 ), 

320 ( 𝜔 NH 2 ) 

2AP − ( − H 

+ ,N2) 753 

711 

627 

513 

374 

294 

188 

669 ( 𝜔 NH) 

10 ( 𝛿ring) 

188 737 ( 𝜔 C8H), 

624 ( 𝛿ring), 

509 ( 𝛿ring), 

369 ( 𝜔 N9H), 

288 ( 𝜔 C8H) 

2AP − ( − H 

+ ,N2’) 749 

620 

367 

785 

478 

193 ( 𝜏ring) 

150 ( 𝜏ring) 

21 ( 𝛿ring) 

794 737 ( 𝜔 NH), 

484 ( 𝜔 N9H), 

364 ( 𝜏ring) 

2AP − ( − H 

+ ,C6) 618 

597 

461 

781 

734 

384 

152 

323 ( 𝛿ring) 772 

725 

147 

619 ( 𝜔 NH 2 ), 

595 ( 𝛿NH 2 ), 

469 ( 𝜔 N7H), 

370 ( 𝛿NH 2 ), 

328 ( 𝛿NH 2 ) 

2AP − ( − H 

+ ,C8) 800 772 

715 

643 

528 

417 336 

597 ( 𝜔 NH 2 ) 

378 ( 𝜔 NH 2 ) 

766 

719 

651 

531 

499 214 

618 ( 𝜔 NH 2 ), 

604 ( 𝜔 NH 2 ), 

383 ( 𝛿NH 2 ), 

322 ( 𝛿NH 2 ), 

11 ( 𝛿ring) 

Guanine 

Photoproducts 

B3LYP EDF1 

𝛽 ring 𝛾 ring 𝜔 , 𝛿NH; 

𝛿, 𝜏 , 𝜔 NH 2 ; 𝜔 CO; 𝜏 , 𝜔 ring 

𝛽 ring 𝛾 ring 𝜔 , 𝛿NH; 

𝛿, 𝜏 , 𝜔 NH 2 ; 𝜔 CO; 𝜏 , 𝜔 ring 

G 309 745 

704 

671 

643 

193 

439 ( 𝜔 NH) 737 

698 

660 

635 

193 

443 ( 𝜔 NH 2 ), 329 ( 𝛿NH 2 ), 267 ( 𝛿NH 2 ), 

9 ( 𝛿ring) 

G • ( − H ,N1) 666 

636 

461 

746 

544 

340 ( 𝛿NH 2 ) 

253 ( 𝜔 NH 2 ) 

167 ( 𝜔 CO) 

89 ( 𝜏ring) 

14 ( 𝜔 ring) 

503 745 

616 

88 

661 ( 𝛿ring), 

337 ( 𝛿NH 2 ), 

248 ( 𝜔 NH 2 ), 

168 ( 𝜔 CO), 

12 ( 𝛿ring) 

G • ( − H ,N2) 308 734 

668 

543 

785 ( 𝜔 NH) 

367 ( 𝛿NH) 

205 ( 𝜏ring) 

737 

532 

761 ( 𝜔 NH), 

667 ( 𝛿ring), 

363 ( 𝛿NH), 

205 ( 𝜏ring) 

G • ( − H ,N2’) 512 757 

662 

602 

440 ( 𝜔 N7H) 

191 ( 𝜏ring) 

18 ( 𝜔 ring) 

606 745 664 ( 𝜔 NH), 

475 ( 𝜔 N9H), 

194 ( 𝜏ring) 

G • ( − H ,C8) 724 

651 

580 

523 ( 𝜏NH 2 ) 

457 ( 𝜔 NH 2 ) 

424 ( 𝜔 NH) 

342 ( 𝛿NH 2 ) 

196 ( 𝜏ring) 

713 

187 

645 ( 𝛿ring), 

543 ( 𝜔 N9H), 

490 ( 𝜔 N1H), 

408 ( 𝜔 NH 2 ), 

363 ( 𝜔 NH 2 ), 

327 ( 𝛿NH 2 ) 

G + • 646 725 

668 

569 

771 ( 𝜔 NH) 

698 ( 𝜔 NH) 

22 ( 𝜏ring) 

745 

728 

694 ( 𝜔 N9H), 

643 ( 𝛿ring), 

574 ( 𝜔 NH), 

23 ( 𝛿ring) 
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Fig. 4. Harmonic IR spectra of 2AP ●+ (solid 
blue line) and 2-aminopurine (dashed red line) 
calculated at B3LYP/6–31 + G (d) level. B3LYP 
frequencies have been scaled by 0.9636 [72] . 
Annotation: 𝜈, stretching; 𝜎, scissoring; 𝜔 , wag- 
ging; 𝜏, torsion. Vibrational frequencies with- 
out annotation are in-plane ( 𝛽ring) and out-of- 
plane ( 𝛾ring) ring vibrations. 2-Aminopurine 
consists of a weighted mixture of 7H–2AP 
(12%) and 9H–2AP (88%) and 2AP ●+ is a 
weighted mixture of 7H–2AP (2%) and 9H–2AP 
(98%). 

G • ( − H) from which the H may be lost from either the N1 or the N2 
position of guanine. This appears to confirm the somewhat conflicting 
experimental data, where some had reported loss from N1, some N2 and 
some both [3,17,41,92] . The loss of a proton from the C8 position is not 
thermodynamically favourable, which may seem surprising given the 
importance of the C8 position of guanine in the formation of 8oxo–G. 

The calculated spectra for 2AP • + ( Fig. 4 ) show bands of 2- 
aminopurine (2AP) blue shifted by ~53–87 cm 

− 1 upon formation of 
2AP • + . The spectral region of ~1550 cm 

− 1 in 2AP appears to be bleached 
in 2AP • + , with a blue shift (from 2AP → 2AP • + ) of the moderately intense 
𝜎NH 2 (1610 cm 

− 1 → 1688 cm 

− 1 ) and in-plane ring vibration ( 𝛽ring) 
(1604 cm 

− 1 → 1637 cm 

− 1 ) bands are predicted with a much reduced 
intensity. Other notable shifts are 𝜈C8N9 1048 cm 

− 1 → 1101 cm 

− 1 

and 𝜔 C6H 932 cm 

− 1 → 995 cm 

− 1 . At lower frequencies there is an ap- 
pearance of low intensity transient bands at 786 cm 

− 1 , 687 cm 

− 1 and 
584 cm 

− 1 in the spectra of 2AP • + with a corresponding bleaching of 
bands of 2AP at 472 cm 

− 1 , 444 cm 

− 1 and 413 cm 

− 1 ( Fig. 4 ). 
The lowest energy 2AP • ( − H) tautomers have a proton abstracted 

from the amino (NH 2 ) group of 2-aminopurine. The calculated spectra 
for 2AP • ( − H,N2’) ( Fig. 5 ) and 2AP • ( − H,N2) ( Fig. 6 ), show the loss of 
a proton from the amino group of 2AP with the bleaching of the 𝜎NH 2 
band at 1604 cm 

− 1 . Together, with bleaching of the in-plane ring vi- 
bration of 2AP at 1387 cm 

− 1 . There are also differences between the 
IR spectra 2AP • ( − H,N2) and 2AP • ( − H,N2’) where an in-plane ring tran- 
sient band is observed 1329 cm 

− 1 and 1344 cm 

− 1 , respectively. Where 
bands can be compared between 2AP • ( − H,N2) and 2AP, they are blue- 
shifted by up to 108 cm 

− 1 . The bleaching of bands in the spectral region 
of 450 cm 

− 1 is more distinct in 2AP • ( − H,N2’) than for 2AP • ( − H,N2) 
which does have some low intensity ring vibrations in this region. 

Loss of a proton from the C6 or C8 position of 2AP • + to give 2AP • ( − H, 
C6) or 2AP • ( − H, C8) is not expected on thermodynamic grounds. The IR 

spectra of 2AP • ( − H,C6) and 2AP • ( − H,C8) are shown in the supplemen- 
tary information (Figures S2 and S3) and are very similar to the spectra 
of 2AP. Deprotonation from the 2AP • + amino group has been observed 
in previous studies [57] , and is consistent with the results observed in 
the current work. 

Calculated spectra were also determined for the 2-aminopurine rad- 
ical anion (2AP • − ) (Figure S4) which could potentially be formed if 2- 
aminopurine in the first singlet excited state ( 1 2AP ∗ ) were to oxidise 
guanine according to Equation I. The IR spectra of 2AP • − has generally 
a similar appearance with 2AP > 1200 cm 

− 1 . However, < 1200 cm 

− 1 

the intensities of 2AP • − in-plane and out-of-plane ring vibrations have 
greater intensity than for 2AP, including in the bleached region of 
~500 cm 

− 1 . There is also a large red-shift of the (wagging) 𝜔 C6H vi- 
bration from 932 cm 

− 1 in 2AP to 436 cm 

− 1 in 2AP • − . 

G + 

1 2AP 

∗ →G 

• + + 

1 2AP 

• − (I) 

The energies of the optimised geometries of the 2AP − ( − H 

+ ) anion 
are stabilised in the following order N2 > N2’ > C8 > C6. Again, the 
lowest energy tautomer is where a proton has been lost from the 2AP 
amino group. The calculated spectra ( Figs. 7 and 8 ) for the tautomers of 
2AP − ( − H 

+ ,N2) where a proton has been removed from the 2AP amino 
group (the N2/N2’ position) has high intensity transient bands devel- 
oped in the region 1414–1509 cm 

− 1 and moderately intense bands in 
the region of 1265-1288 cm 

− 1 ( Figs. 7 and 8 ). There is a notable differ- 
ence between 2AP − ( − H 

+ ,N2’) and 2AP − ( − H 

+ ,N2) in the region where 
2AP is bleached ~450 cm 

− 1 . In 2AP − ( − H 

+ ,N2’) there is an in-plane ring 
vibration at 478 cm 

− 1 which is comparable to a 2AP band at 472 cm 

− 1 . 
In 2AP − ( − H 

+ ,N2) there is extensive 2AP bleaching in this area similar 
to that observed for the other 2AP photoproducts. 2AP − ( − H 

+ ,N2) also 
has the development of transients in the region 478–749 cm 

− 1 which 
are absent in both 2AP and 2AP − ( − H 

+ ,N2’). There is little consistency in 
terms of which bands are blue-shifted or red-shifted between the spectra 
of 2AP and 2AP − ( − H 

+ ,N2/N2’). The magnitude of any shift is generally 
2–43 cm 

− 1 for 2AP − ( − H 

+ ,N2’) and 2–61 cm 

− 1 for 2AP − ( − H 

+ ,N2). The 
spectra for the 2AP − ( − H 

+ , C8) and 2AP − ( − H 

+ , C6) species are provided 
in the supplementary information for completeness, (Figure S5 and S6). 

It has been demonstrated that the 2-aminopurine neutral radical is 
capable of oxidising guanine to form the guanine radical cation (G 

• + ) 
according to Equation II [ 39 , 103 ]. 

2AP • ( − H ) + G → G 

• + + 2AP 

− ( − H 

+ ) (II) 

The calculated IR spectra for G 

• + ( Fig. 9 ) show a general blue-shift 
of bands in comparison to the spectra of guanine. The amount of blue- 
shift seems to increase toward lower frequencies, such that the 𝜈CO vi- 
brational stretch is blue-shifted (G → G 

• + ) by 33 cm 

− 1 (1652 cm 

− 1 →
1685 cm 

− 1 ) and 132 cm 

− 1 (436 cm 

− 1 → 568 cm 

− 1 ) for the wagging 
𝜔 N2H band ( Fig. 9 ). The 𝜈CO vibrational stretch is a key band for the 
IR spectra of guanine and there is a predicted reduction, from strong 
to moderate, in intensity of this band. Throughout much of IR quies- 
cent regions of guanine (~1232 cm 

− 1 , ~931 cm 

− 1 , ~771 cm 

− 1 , and 
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Fig. 5. Harmonic IR spectra of 2AP • ( − H ,N2’) 
(solid blue line) and 2-aminopurine (dashed 
red line) calculated at B3LYP/6–31 + G (d) 
level. B3LYP frequencies have been scaled by 
0.9636 [72] . Annotation: 𝜈, stretching; 𝜔 , wag- 
ging. Vibrational frequencies without anno- 
tation are in-plane ( 𝛽ring) and out-of-plane 
( 𝛾ring) ring vibrations. 2-Aminopurine con- 
sists of a weighted mixture of 7H–2AP (12%) 
and 9H–2AP (88%) and 2AP • ( − H ,N2’) is a 
weighted mixture of 7H–2AP ( < 1%) and 9H–
2AP ( > 99%). 

Fig. 6. Harmonic IR spectra of 2AP • ( − H ,N2) 
(solid blue line) and 2-aminopurine (dashed 
red line) calculated at B3LYP/6–31 + G (d) 
level. B3LYP frequencies have been scaled by 
0.9636 [72] . Annotation: 𝜈, stretching; 𝜔 , wag- 
ging. Vibrational frequencies without anno- 
tation are in-plane ( 𝛽ring) and out-of-plane 
( 𝛾ring) ring vibrations. 2-Aminopurine con- 
sists of a weighted mixture of 7H–2AP (12%) 
and 9H–2AP (88%) and 2AP • ( − H ,N2) is a 
weighted mixture of 7H–2AP ( < 1%) and 9H–
2AP ( > 99%). 

~568 cm 

− 1 ), low intensity bands of G 

• + vibrational stretches and wag- 
ging modes are observed. There is a bleaching of bands of guanine in 
the regions of ~436 cm 

− 1 and ~310 cm 

− 1 . 

G 

• + + H 2 O →G • ( − H ) + H 3 O 

+ (III) 

In a pulse radiolysis study with nanosecond time resolution, 
Kobayashi and Tagawa [53] have reported the rate of deprotonation 
of G 

• + (Equation III) to have a rate constant of k = 1.8 × 10 7 s − 1 . The 
lifetime of G 

• + is 𝜏 = 5.6 × 10 − 8 s, and would be consistent with the rapid 
decay of G 

• + in time-resolved infrared spectra. Kuimova et al. [ 132 ] and 
Parker et al. [87] in their studies of guanine identified G 

• + as a tran- 
sient species with a blue-shifted 𝜈CO vibrational stretch centred at 1702 
cm 

− 1 , in comparison to the v CO band of guanine centred at 1662 cm 

− 1 . 
The predicted values of the 𝜈CO vibrational stretch in Fig. 9 show the 
𝜈CO stretch shifting from 1652 cm 

− 1 for G to 1685 cm 

− 1 in G 

• + , and are 

in excellent agreement with the observations of Kuimova et al. [ 132 ] 
and Parker et al. [87] . 

The strong 𝜈CO vibrational stretch (1652 cm 

− 1 ) of guanine is di- 
vided into two red-shifted (by at least 104 cm 

− 1 ) vibrational stretches 
of moderate intensity in G • ( − H ,N1) ( Fig. 10 ). Bands at lower fre- 
quencies ( < 1300 cm 

− 1 ) show blue-shifts (G → G • ( − H ,N1)): 𝜈C8N9 
1057 cm 

− 1 → 1087 cm 

− 1 , 𝜔 C8H 822 cm 

− 1 → 922 cm 

− 1 and 𝛿NH 2 
305 cm 

− 1 → 341 cm 

− 1 . There is little change in intensity in these blue- 
shifted bands. 

However, there is an overlap in the calculated transient spectra be- 
tween a ring vibration of G 

• + at 1585 cm 

− 1 ( Fig. 9 ) and a 𝜈CO vibra- 
tional stretch of G • ( − H ,N1) at 1587 cm 

− 1 ( Fig. 10 ), therefore making 
the unequivocal assignment of G • ( − H ,N1) as a photoproduct difficult. 

The 𝜈CO vibrational stretch that is characteristic of guanine 
(1652 cm 

− 1 ) is hardly changed in G • ( − H ,N2) (1657 cm 

− 1 ) and 
G • ( − H ,N2’) (1652 cm 

− 1 ) (Figures S8 and S9). The scissoring 𝜎NH 2 band 
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Fig. 7. Harmonic IR spectra of 2AP − ( − H ,N2’) 
(solid blue line) and 2-aminopurine (dashed 
red line) calculated at B3LYP/6–31 + G (d) 
level. B3LYP frequencies have been scaled by 
0.9636 [72] . Annotation: 𝜈, stretching; 𝜔 , wag- 
ging. Vibrational frequencies without anno- 
tation are in-plane ( 𝛽ring) and out-of-plane 
( 𝛾ring) ring vibrations. 2-Aminopurine con- 
sists of a weighted mixture of 7H–2AP (12%) 
and 9H–2AP (88%) and 2AP − ( − H ,N2’) is a 
weighted mixture of 7H–2AP ( < 1%) and 9H–
2AP ( > 99%). 

Fig. 8. Harmonic IR spectra of 2AP − ( − H ,N2) 
(solid blue line) and 2-aminopurine (dashed 
red line) calculated at B3LYP/6–31 + G (d) 
level. B3LYP frequencies have been scaled by 
0.9636 [72] . Annotation: 𝜈, stretching; 𝜔 , wag- 
ging. Vibrational frequencies without anno- 
tation are in-plane ( 𝛽ring) and out-of-plane 
( 𝛾ring) ring vibrations. 2-Aminopurine con- 
sists of a weighted mixture of 7H–2AP (12%) 
and 9H–2AP (88%) and 2AP − ( − H ,N2) is a 
weighted mixture of 7H–2AP ( < 1%) and 9H–
2AP ( > 99%). 

of guanine at 1602 cm 

− 1 is bleached upon loss of one of the amino 
group protons, as is the guanine in-plane ring vibration at 1561 cm 

− 1 . 
In general terms the IR spectra of G • ( − H ,N2’) is much closer to that of 
guanine than the IR spectra of G • ( − H ,N2). The region ~1400 cm 

− 1 in 
guanine is IR quiescent, however, a low intensity transient appears at 
1419 cm 

− 1 in G • ( − H ,N2) (Figure S8). Further transient bands appear at 
1244 cm 

− 1 , 1176 cm 

− 1 , 1096 cm 

− 1 , 785 cm 

− 1 , 543 cm 

− 1 in G • ( − H ,N2) 
and at 1246 cm 

− 1 , 1185 cm 

− 1 , 1092 cm 

− 1 , and 662 cm 

− 1 in G • ( − H ,N2’). 
Two bands in guanine, the wagging 𝜔 N7H (447 cm 

− 1 ) and the in-plane 
ring vibration (309 cm 

− 1 ) are both bleached in G • ( − H ,N2), and the lat- 
ter band is also bleached in G • ( − H ,N2’). However, in G • ( − H ,N2’) the 
wagging 𝜔 N7H band is predicted at 440 cm 

− 1 in G • ( − H ,N2’). Although 
their formation was not found to be thermodynamically favourable, 
the IR spectra of G • ( − H ,C8) is shown in the Supplementary infor- 
mation, Figure S10, the spectrum is very similar to that of guanine 
itself. 

5. Conclusion 

The aim of this work was to use quantum mechanical calculations 
(using B3LYP and EDF1 methods) to predict the thermodynamically 
most stable IR spectra for potential photoproducts of the one-electron 
oxidation of guanine by photoexcited 2-aminopurine [ 39 , 103 ]. The DFT 

calculations used were found to have excellent agreement with experi- 
mental IR spectra. 

Directly comparing the IR spectra of potential photoproducts with 
that of 2-aminopurine or guanine, bleaching (areas of quiescent IR 

intensity) and the appearance of transient bands may be identified. 
Thermodynamic calculations have been especially useful in identifying 
the nature of the deprotonated 2AP • ( − H ) and G • ( − H ) neutral radicals 
in terms of their thermodynamic stability compared to the other de- 
protonated tautomers. Deprotonation of labile protons from amino or 
imino nitrogen of 2-aminopurine and guanine are lower in energy by 
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Fig. 9. Harmonic IR spectra of G 

●+ (solid 
blue line) and guanine (dashed red line) cal- 
culated at B3LYP/6–31 + G (d) level. B3LYP fre- 
quencies have been scaled by 0.9636 [72] . An- 
notation: 𝜈, stretching; 𝜎, scissoring; 𝜔 , wag- 
ging; 𝛿, rocking. Vibrational frequencies with- 
out annotation are in-plane ( 𝛽ring) and out-of- 
plane ( 𝛾ring) ring vibrations. 

Fig. 10. Harmonic IR spectra of G • ( − H ,N1) 
(solid blue line) and guanine (dashed red line) 
calculated at B3LYP/6–31 + G (d) level. B3LYP 
frequencies have been scaled by 0.9636 [72] . 
Annotation: 𝜈, stretching; 𝜎, scissoring; 𝜔 , wag- 
ging; 𝛿, rocking. Vibrational frequencies with- 
out annotation are in-plane ( 𝛽ring) and out-of- 
plane ( 𝛾ring) ring vibrations. 

at least 8.393 kcal mol − 1 for 2AP and by 23.667 kcal mol − 1 for gua- 
nine than proton loss from the non-labile C6 and C8 positions. The 
2AP • ( − H ,N2’) and G • ( − H ,N1) deprotonated tautomers were found to 
be the most thermodynamically stable structures of the purine neutral 
radicals with G • ( − H ,N2) shown to be only marginally less stable and at 
equilibrium both species are expected to be present in roughly 60:40 ra- 
tio. For 2-aminopurine anions, the most thermodynamically favoured 
structure is proton loss from the 2AP amino group (2AP − ( − H ,N2)). 
Thus, the intermediates of the reaction pathway where guanine is oxi- 
dised by photoexcited 2-aminopurine can be proposed. Biphotonic ion- 
ization ( 𝜆 = 308 nm) of 2-aminopurine results in formation of the 2- 
aminopurine radical cation (2AP • + ). Rapid deprotonation (to the bulk 
solvent) of 2AP • + follows with the formation of the 2-aminopurine 
neutral radical (2AP • ( − H ,N2’)) which in turn oxidises guanine to pro- 
duce the guanine radical cation (G 

• + ) and the 2-aminopurine anion 
(2AP − ( − H ,N2)). Deprotonation (to the bulk solvent) of G 

• + forms a neu- 

tral guanine radical (G • ( − H ,N1)). H 

+ (from the bulk solvent) combines 
with (2AP − ( − H ,N2)) to re-form 2AP. In summary, the approach of pre- 
dicting IR spectra and thermodynamic properties to enable the identifi- 
cation of reaction intermediates is a powerful technique that can greatly 
assist preparation prior to commencing experimental work. 
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