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Occupied molecular orbitals water molecule

# Symmetry Energy, au

1 1a1 -20.56
2 2a1 -1.35

3 1b1 -0.71

4 3a1 -0.57

5 1b2 -0.50

Electronic configuration:    
           (1a1)2(2a1)2(1b1)2(3a1)2(1b2)2 

Orbital characters.
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Molecular orbitals and photoelectron spectra

better values of adiabatic IEs as compared to the PES. However,
the VIEs are better represented by the PES band maxima. The
differentiated PIE curves may have contributions from ioniza-
tion-induced fragmentation of larger clusters, which could lead
to the enhancement of the signals in the higher-energy region.

IV. Conclusions

We present a combined theoretical and experimental study
of the ionized states of NABs. The differentiated PIE curves
provide a good approximation of the true photoelectron spectra,
in particular, for low photon energies, where the spectra are
not strongly perturbed by cluster fragmentation. We have shown
that PIE onsets better describe adiabatic IEs than the onsets of
the true photoelectron spectra, in contrast to the VIEs, which
are better described by the latter.

The measured onsets (AIEs) are 8.20 ( 0.05, 8.95 ( 0.05,
8.60 ( 0.05, and 7.75 ( 0.05 eV for A, T, C, and G,
respectively. The computed adiabatic and VIEs are in good
agreement with the experimental data. We demonstrated that
tautomerization affects IEs, relative order, and the characters
of ionized states. Analysis of ionization-induced geometry
changes reveals correlation between the magnitude of the
geometry changes and relaxation energy for most of the bases.

The structural changes between the neutrals and the cations
are substantial and involve more than one bond, in agreement
with the delocalized character of the HOMO. The most
prominent change involves N1-C2, C2-N3, N3-C4, C5-N7,
and N7-C8 bonds in purines and N1-C2, N1-C6, C4-C5,
and C5-C6 bonds in pyrimidines. C2-O7 and C4-N(H2) are
also notably affected in cytosine.

The structural differences between the neutrals and the cations
give rise to Franck-Condon progressions. Overall, there are 8-10

modes active in each of the four bases. Most of the modes are
skeletal deformations, but some involve rocking and other out-of-
plane motions of substituent groups, e.g., mode 39 for thymine,
and appear as overtones due to strong frequency changes.

The shape of the computed S0-D0 band of the PES follows
a similar pattern in all four NABs; i.e., the maxima of the spectra
are ≈0.2 eV higher than the 0-0 transition, and the band has
two nearly symmetrical shoulders. The lowest-energy shoulder
is due to the 0-0 transition. The maximum corresponds to the
coupled stretching and bending motions that are strongly
affected by the radical’s relaxation. The shoulder lying 0.4 eV
higher than the 0-0 transition is due to the combination bands
and overtones of these two normal modes. For T, the computed
FCFs are in excellent agreement with a high-resolution MATI
spectra validating the theoretical methods employed. Overall,
the computed FCFs agree well with the experimental PES for
A, T, and C. For G, the agreement is worse and more accurate
treatment of the anharmonicities is required for better description
of the PES, which will be the subject of future work.
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thus decreasing the IE relative to the G9K form. As in the case
of the C tautomers, tautomerization of G also changes the order
of the ionized states. Note that the analysis of the tautomerization
effect on VIEs is more complicated for higher ionized states as
the shapes of the MOs become different for different tautomers.

C. Ionization-Induced Structural Relaxation and Adia-
batic Ionization Energies. The ionization-induced geometry
changes of NABs are summarized in Figures 6, 7, and 8. The
corresponding Cartesian geometries are given in the Supporting
Information. Because the character of ionized states is different
for different tautomeric forms, the structural relaxation patterns
also vary. Computed AIEs and the reference experimental data
are given in Table 6.

As a quantitative measure of the overall geometry change
upon ionization, we consider the difference between the
geometries of the neutral and the cation positioned such that
their centers of mass coincide and their principal axes are
optimally aligned. The magnitude of the geometry change is
defined as

where Qf and Qi are 3N-dimensional vectors of atomic
coordinates of the optimized cation and the neutral structures,
respectively. The values of dQ correlate with the relaxation
energies, i.e., difference between vertical and electronic (i.e.,
non-ZPE-corrected) AIEs computed with EOM-IP-CCSD/cc-
pVTZ. The smallest geometry change (dQ ) 0.17 Å) was
observed in T, and the corresponding relaxation energy for the
first ionized state equals 0.20 eV.

The ionization-induced geometry changes can be explained
by the shapes of canonical HF MOs. The distance between the
atoms for which the bonding or antibonding overlap is present

in the HOMO should increase or decrease, respectively. The
HOMO of T has the strongest contribution from the bonding
C5-C6 and N1-C6 antibonding π-orbitals. Indeed, ionization
leads to the increase of C5-C6 and the decrease of the N1-C6
distances; i.e., C5-C6 and N1-C6 distances are 1.344 and
1.379 Å for the neutral, whereas in the cation these distances
are 1.409 and 1.320 Å. The dQ value for A is 0.21 Å resulting
in larger relaxation energy (0.25 eV) relative to T. The removal
of an electron from the HOMO of A should lead to the increase
of the interatomic C2-N3, C5-C6, and N7-C8 distances and
shortening of the N3-C4, C5-N7, and C6-N(H2) bonds. As
follows from Figure 6, the bond lengths from the first group
increase by more than 0.028 Å, whereas the interatomic
distances from the second group decrease by more than 0.032
Å upon ionization. Such qualitative considerations are valid for
all the species considered in this study.

Another important change induced by ionization is planariza-
tion of the NH2 group due to electronic density transfer from
the nitrogen lone pair to the main π-system compensating for
the loss of a π-electron. This change was suggested as a possible
explanation for the lower FCFs at the PIE onset of amino-
guanine tautomers relative to the imino ones.32 Planar config-
uration of the NH2 group in the ionized state is common for all
bases with the NH2 moiety (Figures 6-8). However, the degree
of nonplanarity in the neutral bases varies. The θ value, which
is the sum of three valence angles at nitrogen atoms, is 351°,
350°, and 338° for the optimized RI-MP2 geometries of neutral
A, C2b, and G7K, respectively. Note that degree of nonplanarity
is the highest for guanine.

Cytosine shows moderate structural changes upon ionization;
i.e., the dQ values for C1, C2a, C2b, C3a, and C3b tautomers
are 0.28, 0.27, 0.23, 0.10, and 0.15 Å. The relaxation energy
for the lowest energy C2b tautomer is higher than that for A
and T, in agreement with a larger dQ value. The HOMO of

Figure 6. Relevant bond lengths for A and T and the ionization-induced geometry changes. Neutrals: RI-MP2/cc-pVTZ and ωB97X-D/6-31+G(d,p)
(italics) optimized geometries. Cations: IP-CISD/6-31+G(d) and ωB97X-D/6-31+G(d,p) (italics) optimized geometries. Ionization-induced bond
length changes (∆): RI-MP2/cc-pVTZ-IP-CISD/6-31+G(d) and ωB97X-D/6-31+G(d,p) (italics).

dQ ) | |Qf - Qi| | (1)
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of the interatomic C2-N3, C5-C6, and N7-C8 distances and
shortening of the N3-C4, C5-N7, and C6-N(H2) bonds. As
follows from Figure 6, the bond lengths from the first group
increase by more than 0.028 Å, whereas the interatomic
distances from the second group decrease by more than 0.032
Å upon ionization. Such qualitative considerations are valid for
all the species considered in this study.

Another important change induced by ionization is planariza-
tion of the NH2 group due to electronic density transfer from
the nitrogen lone pair to the main π-system compensating for
the loss of a π-electron. This change was suggested as a possible
explanation for the lower FCFs at the PIE onset of amino-
guanine tautomers relative to the imino ones.32 Planar config-
uration of the NH2 group in the ionized state is common for all
bases with the NH2 moiety (Figures 6-8). However, the degree
of nonplanarity in the neutral bases varies. The θ value, which
is the sum of three valence angles at nitrogen atoms, is 351°,
350°, and 338° for the optimized RI-MP2 geometries of neutral
A, C2b, and G7K, respectively. Note that degree of nonplanarity
is the highest for guanine.

Cytosine shows moderate structural changes upon ionization;
i.e., the dQ values for C1, C2a, C2b, C3a, and C3b tautomers
are 0.28, 0.27, 0.23, 0.10, and 0.15 Å. The relaxation energy
for the lowest energy C2b tautomer is higher than that for A
and T, in agreement with a larger dQ value. The HOMO of

Figure 6. Relevant bond lengths for A and T and the ionization-induced geometry changes. Neutrals: RI-MP2/cc-pVTZ and ωB97X-D/6-31+G(d,p)
(italics) optimized geometries. Cations: IP-CISD/6-31+G(d) and ωB97X-D/6-31+G(d,p) (italics) optimized geometries. Ionization-induced bond
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The order of the six lowest ionized states is in agreement
with the results of Trofimov et al.14 For π ionized states, EOM-
IP-CCSD VIEs for thymine agree well with the P3 propagator
calculations17 and with the CASPT2 values.21 OVGF and
ADC(3) yield a qualitatively different picture by changing the
order of the ionized states14 (see Table 2). The quantitative
deviations from EOM-IP-CCSD are also large. For example,
OVGF VIE for the first ionized σ-like state is 0.33 eV higher
than the EOM-IP-CCSD value, whereas the VIE for the first
π-ionized state is 0.28 eV lower. ADC(3) exhibits a similar trend
overestimating IEs of σ-like states relative to the π-like ones.
Small basis sets used in ADC calculations result in strong
underestimation of VIEs. The CASPT2 results show an opposite
trend21 underestimating the IEs of the σ states, likely due to a
small number of active σ-orbitals (i.e., only the heteroatoms
lone pairs were included in the CASSCF active space). Note
that the differences between CASPT2 and EOM-IP-CCSD (and
the experimental values) increase for higher ionized states,
possibly due to limited active space, which favors the states
derived by ionization from higher orbitals. Note that all the
methods (except CASPT2) consistently overestimate IEs cor-
responding to the D4 and D5 states of the cation by 0.3-0.5 eV
relative to the experimental values.

2. Adenine. Relevant MOs and VIEs of A are given in Figure
3 and Table 3. As in the thymine case, the propagator methods

yield similar errors for ionization from the σ- and π-orbitals.
CASPT2 again underestimates VIEs for the σ-ionized states.
The order of the states (which are all Koopmans-like) is π, σ,
π, σ, π, σ. The lowest R1 amplitude for the EOM-IP-CCSD
wave functions is 0.938 for the D2 ionized state. The relative
state ordering for five lowest ionized states is consistent for all
methods except OVGF and ADC(3). Moreover, VIEs and the
assignments agree with that reported by Trofimov and co-
workers,14 contrary to the results of Stolow and co-workers.15

The discrepancy with the TR-PES data could be explained by
a low cross section for the S2(ππ*) f D2 ionization; however,
a detailed explanation of this missing D2 band requires further
investigation. The EOM-IP-CCSD VIEs are in excellent agree-
ment with the experimental14 VIE values.

3. Cytosine. Similar trends in performance of different ab
initio methods as described for T and, to a lesser extent, for A
were also observed for the G and C bases. The comparison of
the EOM-IP-CCSD ionization energies of the G and C canonical
tautomers with those computed with other methods14,16,19-21,72

is given in the Supporting Information. The effects of the
tautomerization on the order and the character of the ionized
states of the noncanocnial tautomers of G and C were previously
discussed by Dolgounitcheva et al.19,20 on the basis of P3
calculations. As was discussed above, the EOM-IP-CCSD VIEs
are close to the previously reported P3 results as all the states
are of Koopmans-like character.

Figure 4 and Table 4 present the MOs and VIEs of the lowest
tautomers of cytosine. Tautomerization has a prominent effect
on the ionized states.13 As follows from Figure 4, the state

TABLE 2: Vertical Ionization Energies of the Six Lowest Ionized States of Thymine (eV)

D0 D1 D2 D3 D4 D5 ref

P3//MBPT(2)/6-311G(d,p) 9.14 (π) 9.95 (σ) 10.43 (π) 10.99 (σ) 12.52(π) s 17
OVGF/6-311++G(d,p)// 8.85 (π) 10.46 (π) 10.46 (σ) 11.36 (σ) 12.52 (π) 13.92 (σ) 14
B3LYP/6-311G(d,p)
ADC(3)/6-31G// 8.59 (π) 10.00 (π) 10.12 (σ) 10.95 (σ) 12.31 (π) 13.68 (σ) 14
B3LYP/6-311G(d,p)
CASPT2(IPEA)0.25)// 9.07 (π) 9.81 (σ) 10.27 (π) 10.49 (σ) 12.37 (π) 13.82 (π) 21
CASSCF/ANO-L 431/21
EOM-IP-CCSD/ 9.13 (π) 10.13 (σ) 10.52 (π) 11.04 (σ) 12.67 (π) 13.82 (σ) this work
cc-pVTZ//
RI-MP2/cc-pVTZ
experiment 9.19 (π) 10.14 (σ) 10.45 (π) 10.89 (σ) 12.27 (π) 13.31 14

9.20 (π) 10.05 (σ) 10.44 (π) 10.88 (σ) 12.30 (π) s 74
9.18 (π) 10.03 (σ) 10.39 (π) 10.82 (σ) 12.27 (π) s 28
9.02 (π) 9.95 (σ) 10.40 (π) 10.80 (σ) 12.10 (π/π) s 29

Figure 2. Vertical ionization energies (EOM-IP-CCSD/cc-pVTZ) and
the corresponding MOs for thymine.

Figure 3. Vertical ionization energies (EOM-IP-CCSD/cc-pVTZ) and
the corresponding MOs for adenine.
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order of the ionized states14 (see Table 2). The quantitative
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than the EOM-IP-CCSD value, whereas the VIE for the first
π-ionized state is 0.28 eV lower. ADC(3) exhibits a similar trend
overestimating IEs of σ-like states relative to the π-like ones.
Small basis sets used in ADC calculations result in strong
underestimation of VIEs. The CASPT2 results show an opposite
trend21 underestimating the IEs of the σ states, likely due to a
small number of active σ-orbitals (i.e., only the heteroatoms
lone pairs were included in the CASSCF active space). Note
that the differences between CASPT2 and EOM-IP-CCSD (and
the experimental values) increase for higher ionized states,
possibly due to limited active space, which favors the states
derived by ionization from higher orbitals. Note that all the
methods (except CASPT2) consistently overestimate IEs cor-
responding to the D4 and D5 states of the cation by 0.3-0.5 eV
relative to the experimental values.
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3 and Table 3. As in the thymine case, the propagator methods

yield similar errors for ionization from the σ- and π-orbitals.
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The order of the states (which are all Koopmans-like) is π, σ,
π, σ, π, σ. The lowest R1 amplitude for the EOM-IP-CCSD
wave functions is 0.938 for the D2 ionized state. The relative
state ordering for five lowest ionized states is consistent for all
methods except OVGF and ADC(3). Moreover, VIEs and the
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Figure 2. Vertical ionization energies (EOM-IP-CCSD/cc-pVTZ) and
the corresponding MOs for thymine.

Figure 3. Vertical ionization energies (EOM-IP-CCSD/cc-pVTZ) and
the corresponding MOs for adenine.
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We report high-level ab initio calculations and single-photon ionization mass spectrometry study of ionization
of adenine (A), thymine (T), cytosine (C), and guanine (G). For thymine and adenine, only the lowest-energy
tautomers were considered, whereas for cytosine and guanine we characterized the five lowest-energy tautomeric
forms. The first adiabatic and several vertical ionization energies were computed using the equation-of-
motion coupled-cluster method for ionization potentials with single and double substitutions. Equilibrium
structures of the cationic ground states were characterized by DFT with the ωB97X-D functional. The
ionization-induced geometry changes of the bases are consistent with the shapes of the corresponding molecular
orbitals. For the lowest-energy tautomers, the magnitude of the structural relaxation decreases in the following
series, G > C > A > T, the respective relaxation energies being 0.41, 0.32, 0.25, and 0.20 eV. The computed
adiabatic ionization energies (8.13, 8.89, 8.51-8.67, and 7.75-7.87 eV for A, T, C, and G, respectively)
agree well with the onsets of the photoionization efficiency (PIE) curves (8.20 ( 0.05, 8.95 ( 0.05, 8.60 (
0.05, and 7.75 ( 0.05 eV). Vibrational progressions for the S0-D0 vibronic bands computed within double-
harmonic approximation with Duschinsky rotations are compared with previously reported experimental
photoelectron spectra and differentiated PIE curves.

I. Introduction

Ionization of DNA bases is one of the processes involved in
DNA radiation and photodamage resulting in dangerous muta-
tions with potential risk for cancer and neurodegenerative
diseases.

In a realistic environment, ionization of DNA bases triggers
several processes. Based on the gas-phase IEs, G is the easiest
to oxidize; however, the positive charge does not necessarily
remain on G and can migrate along the DNA strand as far as
200 Å1-3 to the other low IE sites (i.e., extended G runs). Charge
migration is coupled with ionization-induced proton transfer,4-10

which separates the hole and the radical center. These processes
ultimately lead to the formation of oxo-guanine (8-oxo-7,8-
dihydroguanine) and fused thymine dimers.11

The interactions between the bases (and with solvent and
backbone) affect the hole migration and proton transfer, as well
as the character of the initial hole. Recently, we characterized
the effect of hydrogen bonding and π-stacking on the ionized
states in a combined experimental and theoretical study of the
gas-phase dimers of AA, TT, AT, and CC.12,13 These studies
compared and contrasted the electronic structure of the dimers
with that of the monomers; however, the monomers’ data have
not been analyzed in detail. This work reports the electronic
structure calculations and the photoionization efficiency (PIE)
curves of the monomers.

Being of primary biological importance, ionized states of the
DNA bases have been investigated both theoretically14-24 and
experimentally;14-16,25-32 however, some questions are still
unresolved. For example, the assignment of the bands in

photoelectron spectra (PES) as corresponding to π- or σ-like
states of the cations is still controversial. A recent angle-resolved
photoelectron study14 has shown that the five lowest ionized
states of adenine, thymine, and cytosine are of π, σ, π, σ, π
character. However, a study based on time-resolved PES has
reported a different assignment for adenine.15 Although the
relative order of the π- and σ-states was concluded to be the
same, the 9.5 eV band in PES was assigned to an isolated D1

(σ) ionized state, in contrast to the earlier photoelectron study
of Trofimov et al.14 in which the 9.5 eV band was assigned to
the closely lying σ- and π-ionized states.

The analysis of the PES of G and C is complicated by the
presence of different tautomeric forms, which have different
IEs and vibrational progressions. Thus, understanding the effect
of tautomerization on the ionized states of nucleic acid bases
(NABs) is important for interpretation of the experimental
results.

Although the first PES of isolated DNA bases were obtained
in the 1970s,25,26 the vibrationally resolved spectrum has been
reported only for thymine.33 The theoretical studies focused on
assigning different bands in the PES based on vertical ionization
energiesandpolestrengthscalculations,while theFranck-Condon
factors (FCFs) have not received much attention. The vibrational
progressions contain information about ionization-induced
geometric relaxation. Thus, they are related to the intrinsic
response of the bases to ionization, which is a part of ionization-
induced structural changes of DNA.

We present combined theoretical and experimental study of
ionization of the NABs including all relevant low-energy
tautomers of C and G (Figure 1). We report raw and differenti-
ated PIE curves recorded in the range of 7.5-11.5 eV, as well
as vertical (VIE) and adiabatic (AIE) ionization energies
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VIE=Vertical Ionization Energy  
AIE=Adiabatic Excitation Energy
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quantitative analysis of the changes in the IEs in dimers with
equivalent fragments. As discussed in ref. 56, a 3-electrons-
in-2-orbitals problem can be mapped into a 1-electron-in-2-
orbitals one. The dimer states are obtained by diagonalizing a
2 ! 2 Hamiltonian matrix of the two interacting monomer
states, which yields the following value for the energy splitting,
DE12, between the states:

DE12 ¼
2ðH11S12 $ H12Þ

1 $ S2
12

ð2Þ

where H11 is the energy level of the non-interacting fragments,
H12 is the respective coupling matrix element, and S12 is the
overlap between the fragments’ MOs. To extract these
parameters from the electronic structure calculations, we
employ a locally-projected HF procedure75 in which the SCF
solution for the dimer is obtained in the basis of the MOs that
are strictly localized on the fragments. We use the matrix
elements of the Fock operator to parametrize eqn (2), i.e., the
F12 matrix element is used as H12, and the diagonal elements
are replaced by the orbital energies. These calculations were
performed with 6-311+G(d,p) basis set.

Fig. 5 The MOs and respective VIEs (eV, EOM-IP-CCSD/

6-311+G(d,p) extrapolated to cc-pVTZ) for the two stacked TT

dimers, TT-ST1 (top) and TT-ST3 (bottom). The energy difference

(eV) between the dimer IE and corresponding IE of the monomer

and leading EOM amplitudes for the shown orbitals are given in

parenthesis.

Fig. 6 The MOs and respective VIEs (eV, EOM-IP-CCSD/

6-311+G(d,p) extrapolated to cc-pVTZ) for the lowest-energy

H-bonded TT dimer, TT-HB1. The energy difference (eV) between

the dimer IE and corresponding IE of the monomer and the leading

EOM amplitudes for the shown orbitals are given in parenthesis.

Fig. 7 The MOs and respective VIEs (eV, EOM-IP-CCSD/

6-311+G(d,p) extrapolated to cc-pVTZ) for two non-symmetric

H-bonded dimers, TT-HB2 (top) and TT-HB3 (bottom). The energy

difference (eV) between the dimer IE and corresponding IE of the

monomer and the leading EOM amplitudes for the shown orbitals are

given in parenthesis.
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A combined theoretical and experimental study of the ionized dimers of thymine and adenine,

TT, AA, and AT, is presented. Experimentally observed and computed adiabatic and vertical

ionization energies (IEs) for monomers and dimers as well as thresholds for the appearance of

the protonated species are reported and analyzed. Non-covalent interactions strongly affect the

observed IEs. The magnitude and the nature of the effect is different for different isomers of the

dimers. The computations reveal that for TT, the largest changes in vertical IEs (0.4 eV) relative

to the monomer occur in asymmetric H-bonded and symmetric p-stacked isomers, whereas in the

lowest-energy symmetric H-bonded dimer the shift in IEs is much smaller (0.2 eV). The origin

of the shift and the character of the ionized states is different in asymmetric H-bonded and

symmetric stacked isomers. In the former, the initial hole is localized on one of the fragments,

and the shift is due to the electrostatic stabilization of the positive charge of the ionized fragment

by the dipole moment of the neutral fragment. In the latter, the hole is delocalized, and the

change in IE is proportional to the overlap of the fragments’ MOs. Relative to TT, the shifts in

AA and AT are much smaller due to a less efficient overlap, smaller dipole of A and the large

energy gap between ionized states of A and T monomers in the case of AT dimer. The ionization

of the H-bonded dimers results in barrierless (or nearly barrierless) proton transfer, whereas the

p-stacked dimers relax to structures with the hole stabilized by the delocalization or electrostatic

interactions.

I. Introduction

Oxidative and radiative damage of DNA involves ionization
of the individual building blocks, and the nucleic acid bases
(NAB) thymine (T), cytosine (C), adenine (A) and guanine (G)
are most likely to be ionized. Based on the gas-phase IEs, G is
the easiest to ionize, however, the positive charge does not
necessarily remain on G and can migrate along the DNA
strand as far as 200 Å1–3 to the other low IE sites. The
mechanism of the hole transfer facilitated by thermal fluctuations
is not fully understood. Thermal fluctuations induce structural
changes in nucleotides and in their local environment that
affect so-called site energies, which can be described as IEs of
the nucleotides at the specific configuration, and these dynamical
changes in the local IEs drive the hole migration. Many factors
may affect local IEs of the nucleobases: structural deformations
of the nucleobase itself, presence of the backbone, inter-
action with the solvent, hydrogen bonding, p-stacking, and
electrostatics. Thus, understanding how different type of
interactions affect the IEs is the first step toward a mechanistic

understanding of the ionization-induced dynamics in DNA.
Another crucial mechanistic question is how does the hole
migration occur. Once the site energies of the neighboring
bases match, does the hole simply hop from a higher to a lower
energy site, or is there a transient hole delocalization over two
(or more) bases involved?
Similar mechanistic questions about the role of non-covalent

interactions in charge transport through molecular wires arise
in the context of molecular electronics.4–10

A fundamental understanding of radiation-induced processes
in individual bases and their clusters are also important for
astrobiology and prebiotic chemistry.11

While IEs of the NAB in the gas phase have been
characterized both experimentally12–18 and computationally,19–22

much less is known quantitatively about the effects of different
interactions on IEs in a realistic environment. Similar
to electronically excited states,23–28 the ionized states are
significantly affected by base stacking, base pairing via hydrogen
bonding, electrostatic interactions, and solvent effects. The
latter have been reported to lower IEs of anionic nucleobases
and to reduce the gap between them and phosphate IE
suggesting that nucleobase ionization becomes more favorable
in water.29,30 Likewise, microsolvation of the nucleobases
decreases their IEs by about 0.1 eV per water molecule.16,18

Base pairing and other hydrogen bonding interactions
also reduce IEs and oxidation potentials, as discussed in a
computational study of Crespo-Hernández et al.31
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