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Abstract
We have simulated ionization of purine nucleic acid components in the gas phase and
in a water environment. The vertical and adiabatic ionization processes were calculated at the
PMP2/aug-cc-pVDZ level with the TDDFT method applied to obtain ionization from the
deeper lying orbitals. The water environment was modelled via microsolvation approach and
using a non-equilibrium polarizable continuum model. We have characterized a set of guanine
tautomers and investigated nucleosides and nucleotides in different conformations. The results
for guanine, i.e., the nucleic acid base with the lowest vertical ionization potential, were also
compared to those for the other purine base, adenine. The main findings of our study are
following: (a) Guanine remains clearly the base with the lowest ionization energy even upon
water solvation. (b) The water solvent has a strong effect on the ionization energetics on
guanine and adenine and their derivatives; the vertical ionization potential (VIP) is lower by
about 1 eV for guanine while it is circa 1.5 eV higher in the nucleotides, overall resulting in
similar VIPs for GMP, guanosine and guanine in water. (c) Water efficiently screens the
electrostatic interactions between nucleic acid components. Consequently, ionization in water
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always originates from the base unit of the nucleic acid and all the information about
conformational state is lost in the ionization energetics. (d) The energy splitting between
ionization of two least bound electrons increases upon solvation. (e) Tautomerism does not
contribute to the width of the photoelectron spectra in water. (f) The effect of specific shortrange interactions with individual solvent molecules is negligible for purine bases, compared
to the long-range dielectric effects of the aqueous medium..
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Introduction
The ionization of nucleobases is a key initial step that can lead to direct DNA damage
and mutation.1 We have recently studied in a combined experimental and theoretical effort
photoionization of aqueous pyrimidine components of nucleic acids (NA).2 The choice of
pyrimidine bases was primarily dictated by experimental reasons, i.e. solubility of the
investigated species. However, from the point of view of ionization in DNA, the most
prominent base is guanine, belonging to the purine family. This is true both in the biophysical
context (radiation damage and repair) and the technological one (nanoelectronics).3 Guanine
is the base easiest to ionize, i.e. the guanine moiety is the most susceptible site for oxidation
in DNA and the positive hole created in the photoionization process ends up localized on the
guanine base.4
Ionization of nucleic acid bases has been extensively studied in the gas phase, using
both experimental techniques5,6,7,8,9 and theoretical calculations.10,11,12 The influence of
pairing and stacking was also addressed by high-level ab initio calculations.13,14,15 RocaSanjuán et al. reported IPs of canonical forms of bases which can serve as benchmarks for
other computational approaches.11
The study of guanine in the gas phase is complicated by the large number of
tautomers.16 The relative stability of the tautomers is influenced by the molecular
environment. For example, the predominant form in the gas phase seems to be the oxo-amino
form G(N7H),7 while in polar solvents the canonical form G(N9H) is the most populated.17
Electron propagator methods were applied for calculations of ionization energies of the five
most stable tautomers of guanine18 and the relative stabilities and ionization energies of 28
guanine tautomers were explored at MP2 and B3LYP levels of electronic structure theory.19
Such theoretical studies can then serve as a basis for discrimination between different
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tautomers, based on their IP. According to a recent experimental study,20 differences in the
ionization energies and shapes of photoionization efficiency (PIE) curve for various tautomers
should be accessible using tunable VUV radiation. Therefore, the tautomer distribution, which
was shown to depend on the method of preparation, could be directly probed.20
The effect of microhydration on the relative stability of guanine tautomers was found
to be rather pronounced in both experimental
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and computational studies.22,23 Belau et al.

measured a small decrease of ionization appearance energy of all nucleic acid (NA) bases
upon adding one to three water molecules.16 The observed trend was in qualitative agreement
with a previous experimental study24 which was focused on adenine. In contrast, based on
DFT calculations, Close et al. predicted hardly any effect of microhydration on vertical
ionization potential of adenine25 and suggested reinterpretation of previous results in terms of
contribution of non-canonical tautomers.24
While isolated nucleobases have been studied extensively, less is known about
nucleosides and nucleotides, in the latter case also due to their low stability under conditions
of typical gas phase photoelectron spectroscopy experiments.26 Yu et al. performed
photoelectron studies of volatile nucleoside models, namely methylated pyrimidine
nucleosides and adenosine,27 while more recent measurements of nucleoside analogues were
reported by Kubota and Kobayashi.28 Yang and coworkers recently succeeded in collecting
photoelectron spectra of gas-phase deprotonated nucleotides.29 Their supporting hybrid
density functional calculations indicate that for deoxy-nucleotide monophosphates (dNMPs)
in vacuum, the lowest energy ionization takes place at the negatively charged phosphate,
except for deoxyguanosine monophosphate (dGMP-) where the lowest energy ionization is
located on the base.29 Zakjevskii et al. interpreted these spectra computationally employing
electron propagator methods and concluded that the lowest vertical electron detachment can
be assigned for dGMP- to a base centered orbital, while in dAMP- the phosphate and base4

centered orbitals are practically degenerate.26 These authors also showed that the presence of
the negative charge reduces the ionization energy of the bases by several eVs.26 Close and
Øhman calculated VIPs of neutralized nucleotides and in all cases the highest occupied
molecular orbital was found to reside on the base moieties.30 Serrano-Andrés and coworkers
determined VIPs of several conformations of dGMP- using the CASPT2 method and
established that the lowest-energy oxidation site in isolated dGMP- is the base fragment. This
was found not only for the most stable conformers having an intramolecular hydrogen bond
between the amino group and phosphate group, but also for conformations similar to those
present in B-DNA.31
Biological processes take place neither in the gas phase nor in the microhydrated
environment. A computational study of a realistic NA environment (including counterions,
water and remaining bases) remains a challenging task,32 that is only feasible at the expense
of serious compromises in the computational techniques used. On the other hand,
photoionization in a homogenous aqueous environment can now be studied for medium sized
molecules both experimentally and theoretically and exploration of the solvated nucleic acid
components thus represents the first step from “gas phase biochemistry” toward biologically
realistic studies. Experimental characterization of the direct ionization mechanism in water by
means of photoelectron spectroscopy became possible recently thanks to the liquid microjet
technique.33,34,35,36,37,38 The overall conclusion from these studies is twofold: First, the long
range electronic polarization by the solvent has a profound effect on the photoionization
energetics and, second, water has an enormous screening ability, therefore, specific
interaction between individual moieties of the complex molecules are much less important
than one would infer from the gas phase or microhydration studies. Photoelectron spectra of
aqueous pyrimidine nucleosides have recently been published.2 However, data for purine
nucleosides, as well as isolated aqueous nucleobases, are hard to obtain from liquid jet
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photoelectron spectroscopy due to their relatively low solubilities. Ionization thresholds for
aqueous guanosine were, nevertheless, measured by Papadantonakis, yielding a value of 4.8
eV.39 Vertical and adiabatic ionization potentials of nucleobases in bulk solution were
calculated by ab initio methods with the equilibrium polarizable continuum model (PCM)
taking into account the stabilization energy of hydrated electron yielding 4.8 and 4.4 eV for
guanine and 5.1 and 4.8 eV for adenine.10
The purpose of the present computational study is to demonstrate how the ionization
potentials (IP) of purine bases (with different guanine tautomers considered) and more
complex nucleic acid components, i.e. the corresponding ribonucleosides and ribonucleotides
change upon aqueous solvation. We focus on general trends connected with transfer of these
species from gas phase to aqueous environment, in particular the shielding effect of the
solvent. Solvation is modelled via microhydration, dielectric continuum, or using combined
approaches. We also address the question about the role of specific short range interactions, as
compared to the (non-specific) long range polarization effects. Finally, we also investigate
whether the photoionization process in water yields distinct ionization energies for different
tautomers and conformational states of the target molecule.
Computational methods
The ground state geometries of all investigated systems (i.e. GMP-, AMP-, guanosine,
adenosine, guanine, adenine, guanine(H2O)n and adenine(H2O)n with n = 1-6) were first
optimized in the gas phase at the MP2/aug-cc-pVDZ level of theory. Note that we have
studied nucleosides and nucleotides instead of deoxy-analogues to enable comparison with a
forthcoming experimental study. The vertical ionization potential (VIP) for each system was
evaluated as the difference between the energy of the optimized structure before ionization
and that of the corresponding ionized system after ionization at the same geometry. For
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adiabatic ionization potentials (AIP), the geometry was optimized after ionization. To
evaluate the lowest IP, we used the unrestricted version of the MP2 method. Higher spin
components were annihilated via Schlegel’s projection method (PMP2).40 The PMP2
approach was demonstrated to provide reliable values of ionization energies for isolated gasphase nucleic acid bases.10 Roca-Sanjuán et al. concluded that PMP2 VIPs for pyrimidine
nucleobases are comparable with the CCSD(T) and CASPT2(IPEA) benchmark values, while
for purine bases the PMP2 results were within 0.25 eV above the benchmark values.11 We
also evaluated IPs corresponding to ionizations from orbitals lying energetically lower than
the HOMO. To this end the lowest IP was first evaluated at the PMP2/aug-cc-pVDZ level.
Higher IPs were then evaluated by adding the electronic excitation energies of the ionized
state to the lowest IP. These excitation energies were evaluated using the TDDFT method
with the BMK functional.41 This functional was chosen since it contains large fraction of the
exact exchange contribution while it keeps the accuracy of other hybrid functionals. We have
shown for pyrimidine bases before that the PMP2 method for the lowest IP in a combination
with TDDFT/BMK/6-31+g* excitation energies provides accurate estimates of ionization
potentials, as compared to multireference CASPT2 calculations.2,11 With nucleotides, the
PMP2/TDDFT concept can be problematic. First, the concept will have limited validity if
near-degeneracy occurs (as may be the case for some conformers of nucleotides in the gas
phase26). Second, spurious charge transfer states can appear. With this in mind, we have
compared the performance of the BMK functional with several long-range corrected
functionals designed for these situations. Results (presented in detail in Supplementary
Information (SI)) show that the BMK functional does not introduce artificial states and
performs similarly to long-range corrected functionals.
The effect of solvation on ionization potentials was modeled using the following
approaches: (i) microsolvation of the solute, (ii) a continuum solvent model, and (iii) hybrid
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models combining (i) and (ii). Within microsolvation a cluster composed of the solute and a
gradually increasing number of water molecules is described at the ab initio level.
Convergence with the number of solvating particles is very slow due to long range
polarization effects. The Polarizable Continuum Model (PCM)42,43,44 typically performs well
for systems without strong specific (short range) interactions, i.e., within the linear regime of
the solvent response. Since the systems under study are not highly charged, we can expect
reasonable performance of the PCM model. To check this assumption, we also used a hybrid
model for the canonical form of purine bases with PCM taking care of the long range forces
and a small cluster of explicit water molecules accounting for the specific solute-solvent
interactions (in other words, creating a “buffer” zone, so that the linear response tratement of
the continuum, representing the remainder of the solvent, becomes more applicable). The
accuracy of such an approach in a context of photoionization was analyzed in our previous
studies.37,38
The gas-phase structures were reoptimized within the PCM.42,43,44 Reoptimization of
clusters containing the solute and a small number of water molecules was also performed with
PCM. The PCM model accounts effectively for the solvent response reflecting the changed
electronic and nuclear structure upon ionization. The response of the solvent can be divided
into a slow part (corresponding to nuclear motions) and a fast one (corresponding to
electronic motions). To evaluate VIPs, only the optical component of the dielectric constant
(i.e., only the fast component of the solvent response) must be included. To this end, we
utilized the concept of nonequilibrium solvation in the form of the non-equilibrium PCM
(NEPCM) protocol as implemented in the Gaussian 03 program.45,46,47 Note that the
application of the standard PCM procedure, with relaxation of the solute, would correspond to
adiabatic IPs. To calculate the lowest VIP, as well as the second lowest VIPs, we applied the
same computational protocol as in the gas phase, combined with NEPCM. The reliability of
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the PMP2/TDDFT/NEPCM approach for the description of ionization in aqueous solutions
was verified on several systems37,38 including the aqueous pyrimidine bases and nucleosides.2
Results and Discussion
Structures and energetics before ionization
In our previous study of photoionization of NA components the canonical forms of
pyrimidine bases were investigated.2 Here, we present results for purine components,
considering also the non-canonical tautomers of guanine. Namely, we have studied the
ionization energetics for 10 low-lying tautomers taken from Refs. 20 andh 22.

Based on

results of previous investigations,48,49 only the canonical form was considered for adenine as
the most relevant tautomer. Three groups of guanine tautomers can be distinguished: oxoamino (G(1,7), G(1,9), G(3,7), G(3,9), G(7,9)), enol-amino (G(7,O2), G(9,O1), G(9,O2)) and
oxo-imino (G(7,im1), G(7,im2)) the chemical structures of which are depicted in Figure 1; of
these G(1,9) is the canonical form. Note that Zhou et al. observed eight species, i.e., all
tautomers except for G(3,9) and G(7,9), in laser desorption experiments.20
Energy differences between tautomers and the resulting ordering is presented in Table
1. The most stable tautomer in the gas phase is G(1,7), followed by G(1,9), G(9,O1), and
G(9,O2). From comparison of our calculations and results from laser desorption experiments20
it suggests that by this technique, one is able to prepare tautomers lying almost 8 kcal/mol
higher than the most stable one. MAKE AN ESTIMATE OF EXPECTED ERROR
(KCAL/MOL) IN MP2 ENERGIES BETWEEN FORMS SO WE HAVE A SENSE OF
HOW SERIOUSLY WE SHOULD TAKE ORDERING IN GAS PHASE. According to the
results of calculations including solvent (modelled by PCM approach) the most stable isomer
is the canonical one G(1,9), followed by G(1,7). The rare tautomers G(3,7), G(3,9) and
G(7,9), especially the latter two, are further stabilized in the solution probably due to their
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large dipole moment. However, all enol-amino tautomers are still more stable than G(3,9) and
G(7,9). This is in agreement with results in Ref. (22) obtained employing COSMO, but
molecular-dynamics-thermodynamic-integration method predicts much larger stabilization of
the three rare tautomers.22
Only five of the guanine tautomers can form guanosine and GMP-, that is those having
a hydrogen atom on nitrogen N9. For each of these, two conformers of each nucleoside were
taken into account – an open and cyclic one. Both conformations of the canonical form of
guanosine are depicted in Figure 2. Structures for the conformers of the non-canonical
tautomer are similar to the canonical one except for guanosine(3,9), which is also shown in
Figure 2.
Guanosine tautomers and conformers in the gas phase and solution are ordered
according to their ground state energies in Table 2. The most stable confomers in the gas
phase are those forming an intramolecular hydrogen bond. According to the calculated
energies, two enol guanosines and the canonical form in the cyclic conformation lie close to
each other, being followed in energy by the same guanosine tautomers in the open
conformation. Guanosines derived from rare tautomers are energetically higher in both
conformations. The energy gap between the rare tautomer derivatives and other guanosines is
decreased upon solvation, with the most stable guanosines in solution being still?? the
canonical form in the open conformation, followed by enol ones in the cyclic conformation.
For GMP-, we have studied one conformer of each guanine tautomer, the structure of
which is similar to G(1,9)MP- in conformation A (Figure 3a). Note that this is the optimal
conformation also for other nucleotides.26 Planes defined by the ribose cycle and the purine
ring are approximately perpendicular to each other except for G(3,9)MP-, where the angle
between these two planes is bigger because of stabilization of resulting structure by hydrogen
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bond between N3H hydrogen and ribose oxygen. For the canonical guanine nucleotide,
another four conformers that are analogous to dGMP- were studied.31 Structures of guanine
nucleotides are presented in Figure 3.
The differences between ground state energies separately for gaseous and aqueous
GMP- isomers can be found in Table 3. Note that while in solution at pH7 there is a mixture
of two protonation states GMP- and GMP2-, in the gas phase the latter is strongly destabilized.
The most stable gaseous species are the canonical GMP- in conformations C and D (see Fig.
3), the biologically relevant form B without intramolecular hydrogen bond lying slightly
higher. Upon solvation, D becomes more stable than C and the energy gap between the two
most stable conformations and B is decreased. For comparison with guanine, Figure 4 shows
compounds containing the canonical form of adenine: the isolated base, two conformers cyclic and open, of the corresponding nucleoside, and energetically lowest lying nucleotide
conformation.

Ionization of guanine and its tautomers in the gas phase and in solution
The distribution of the tautomers and their different IPs can influence the shape of the
photoelectron spectrum. This section addresses two issues: how tautomers differ in ionization
energies and how the ionization energies change upon gradually moving guanine from the gas
phase to the solution. The vertical and adiabatic ionization potentials of all guanine tautomers
in the gas phase are represented by blue symbols in Figure 5. The rare tautomer G(3,9) has the
highest VIP (8.75 eV), followed by the oxo-amino tautomers - G(3,7) (8.74 eV), G(1,7) (8.60
eV) and the canonical G(1,9) form (8.43 eV), the enol-amino forms with VIPs from 8.32 eV
to 8.30 eV, the oxo-imino tautomers (8.19 – 8.25 eV) and, finally, G(7,9) which exhibits the
lowest VIP (8.03 eV). AIPs are systematically lower than VIPs due to the relaxation of the
11

ionized species (e.g., the amino group becomes planar upon ionization) (For details see Table
S1). Structural changes of oxo-imino forms during the ionization process are the smallest.
This is the reason why the difference between the AIP and VIP of these isomers is negligible
(less than 0.05 eV). This finding is in agreement with the sharp onset of their photoionization
spectra.20 Our calculations agree well with the previous PMP2 results for guanine.11 In this
work, however, the authors estimate that the PMP2 method overshoots by about 0.25 eV in
comparison with more elaborate computational and experimental methods. The VIP of
guanine measured by Orlov is 8.24 eV5 and that by LeBreton et al. amounts to 8.28 eV.7 This
is about 0.2 eV lower than our calculated value for the canonical form of guanine and about
0.35 eV lower than for G(1,7). Interestingly, this overestimation by the PMP2 method did not
appear for pyrimidine bases.11
Next, we show the influence of bulk aqueous solvation, modeled by PCM, on
ionization potentials. The lowest IPs of guanine tautomers in water are represented by orange
symbols in Figure 5, for details see Table S2. Both NEPCM and PCM values are presented.
The VIP of the guanine tautomers decreases in water by about 1 eV but the AIP is reduced by
closer to 2 eV in nearly all tautomers. The most pronounced solvent effect on the VIP occurs
in the oxo-imino case (1.18 eV) while G(7,9) exhibits the smallest effect (0.7 eV). The latter
smaller value is due to the large dipole moment of this guanine tautomer, leading to a larger
solvent stabilization of this neutral base compared to other isomers. Note, that the shift of VIP
upon moving the base from the gas phase to the solution was somewhat overestimated (by
about 0.5 eV) in the case of pyrimidine nucleosides using the same NEPCM approach.2
Solvent nuclear relaxation causes further decrease of the IP. The solvent induced decrease of
AIP is again the smallest for G(7,9) (1.04 eV), lying between 1.13 and 1.19 eV for other
guanine tautomers. Solute relaxation leads to additional decrease of IP of 0.3 - 0.6 eV for
amino forms of guanine and of less than 0.05 eV for imino forms.
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Let us now address the question of whether the shape of the photoelectron (or
photoionization efficiency) spectrum is controlled via tautomerism. There are several
tautomers of comparable stability in the gas phase, with the G(1,7) being the thermally most
populated and the canonical form, G(1,9), the second most populated (see thermal populations
on Fig. 6a). However tautomers with a low equilibrium population can also be prepared and
kinetically trapped, depending on the experimental source conditions. Therefore, different
tautomers contribute to the shape of the photoionization curves and can in principle be
distinguished. The difference in IPs among various tautomers are, however, not large enough
for complete assignment of all the tautomers. In a recent VUV photoionization study,20 the
authors were nevertheless able to exclude some tautomers based on the shape of
photoionization curves. The assignment can be further complicated by overlapping signals
from electrons from the least bound (HOMO) and second least bound electrons. The first and
the second lowest VIPs of gaseous guanine tautomers, calculated in this study, are depicted in
Figure 6(a) with line intensities corresponding to relative (room temperature??) thermal
population of a given tautomer. 4 tautomers are appreciably populated with spread in
ionization energies of about 0.5 eV. The binding energies of electrons in HOMO and second
least bound electrons are separated by 0.3 - 1.6 eV in the gas phase (1.2 eV on average).
Solvation by water (represented here via NEPCM) leads to a shift of all lowest VIPs
by roughly 1 eV to lower binding energies. While the VIPs of individual tautomers are spread
similarly (by less than 1 eV) as in the gas phase, the least bound and the second least bound
electrons are better separated (by some 1.0 - 2.0 eV, 1.5 on average) in solution (Figure 6b).
In other words, the second ionized state is somewhat less stabilized in the solution than the
first one. Unlike the spectrum in the gas phase where many tautomers are expected to
contribute, considering the thermally populated tautomers we can deduce that the room
temperature photoelectron spectrum of aqueous guanine should primarily feature just the
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canonical form (Fig. 6b). The population of G(1,7) will make an observable contribution to
the thermal spectrum, while the other tautomers have negligible populations. This finding is
consistent with experimentally established tautomeric equilibria in water.17 We can expect
that populations in water, which are well thermalized, will indeed follow the Boltzmann
distribution. The photoelectron spectrum is thus dominated by tautomers with rather similar
VIPs, despite the fact that guanine has many more possible tautomers with more strongly
diverging ionization energies. A typical full width at half maximum (FWHM) of 1 eV2 is
observed in PE spectra for nucleic acid components in aqueous solutions. In solution,
photoelectron bands can be inhomogeneously broadened by either a distribution of solute
conformations and/or a variety of solvation configurations around the solute each with widely
different ionization energy. The current analysis shows that the tautomers represent only a
minor contribution to the shape of the spectrum in solution. The width arising from the
different hydrogen bonding configurations will be considered more explicitly for the case of
aqueous nucleotides below.

Nucleosides and nucleotides
In this section we explore the question to what extent the ionization potentials are
affected by adding sugar (for the nucleosides) and by further addition of a phosphate anion
(nucleotides). The situation gets somewhat complicated since nucleosides and nucleotides
have a rich conformational space. The results are summarized in Figures 7, 8 (nucleosides)
and 9 (nucleotides). In the gas phase, guanosine strongly prefers a cyclic conformation, with
several possible tautomers. In solution, however, the open isomer in its canonical form should
be the most abundant structure. Also, GMP- is most stable if the guanine is in the canonical
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form. It is also worth noting that there is a strong preference towards the D conformation in
the solution.
There is a small decrease in the VIP of 0.14 – 0.18 eV for gaseous purine bases upon
adding the ribose at the 9- position (resulting in an open conformation, for details see Table
S3). This change is smaller than that for pyrimidine nucleosides; i.e., 0.3 eV for cytidine and
0.6 eV for deoxythimidine.2 If the conformation is changed from open to cyclic, the VIP
increases (compared to what?) by roughly 0.14 eV for the canonical form and enol forms and
by more than 0.2 eV in case of Gs(7,9). In contrast, for Gs(3,9) it decreases by 0.5 eV, as can
be seen from the difference between empty and filled circles in Figure 7. The most significant
difference between VIP and AIP occurs for Gs(3,9) in the open conformation (almost 0.8 eV),
since relaxation of the ionized structure results in hydrogen bonding between the N(3)
hydrogen and the ribose oxygen.
Further adding the monobasic phosphate group lowers the gas-phase VIP by 1.9-2.1
eV (see Figure 9) except for G(3,9), where this shift is even greater (2.6 eV) due to
stabilization of the nucleotide structure by a hydrogen bond between the N3H hydrogen and
the ribose oxygen. Note that the present PMP2 value of the lowest VIP of canonical form of
GMP- in the conformation closest to the DNA conformation (B), 5.59 eV, is about 0.2 eV
lower than the CASPT2 value (5.81 eV)31 for an analogous conformation of dGMP-. Since
ionization originates from the base (vide infra), the absence of the sugar OH group should not
play an important role. The PMP2 value of the VIP of the most energetically favorable
conformation (C) is comparable to the experimental value of 5.05 ± 0.10 eV.29 According to
the shape of the HOMO orbital of gaseous purine, as well as from the difference of Mulliken
charges on the base before and after ionization, we deduce that ionization originates from the
base, despite the strong destabilizing effect of the phosphate group. This is consistent with
previous findings.29
15

In water, the ionization is much less affected by the molecular form of the nucleoside
or nucleotide. Adding sugar to the base in a NEPCM representation of the water solvent
causes a small increase in VIP (rather than a decrease as in vacuum) of about 0.1 eV (except
for G(3,9), where there is a decrease of 0.3 eV). Differences in VIPs between open and cyclic
conformations of each guanosine tautomer are smaller than 0.15 eV as can be seen in Figure
8. The lowest VIPs of all aqueous guanosine structures under study lie between 7.34 and 7.63
eV. Similarly as in our previous study of pyrimidines2 there is almost no change in VIP upon
adding the monobasic phosphate group to the nucleoside in water, which can be contrasted to
the dramatic change in the gas phase. Moreover, differences between conformers of
G(1,9)MP- are smaller than 0.3 eV, which is much less than the differences of up to 1.3 eV in
the gas phase as is depicted in Figure 9.
Let us also revisit the energy gap between ionization from HOMO and of the second
least bound electron for guanine-based nucleosides and nucleotides. The two lowest VIPs of
guanosine tautomers in open and cyclic conformations are shown in Figure 10 with line
intensities corresponding to relative thermal population of a given isomer. The separation in
the open case is 0.4-1.6 eV in the gas phase (1.1 eV on average). As before, this separation
becomes more pronounced in solution, i.e., 1.0-1.7 eV (1.3 eV on average). The lowest VIPs
are distributed in a 0.8 eV range in the gas phase, but only in a 0.3 eV interval in solution.
Separation of VIPs from the least bound and the second least bound electrons is slightly lower
in the cyclic case, being 0.4-1.2 (0.9 eV on average) in the gas phase, and 0.9-1.3 eV (1.1eV
on average) in the solution.
The lowest ionization potential of nucleosides originates from the base in all cases,
while the second least bound electron to be ionized can be generally assigned neither solely to
the base nor to the sugar moiety, the respective MO extends over both moieties. Nevertheless,
the sugar part is typically strongly involved. The lowest VIP of ribose calculated at the PMP2
16

level is 10.2 eV in the gas phase and 8.7 eV in solution. The second least bound electron of
the unsubstituted base lies lower than the least bound electron in the ribose in the gas phase
for all tautomers, but close to it in solution at least for some tautomers (in particular, for the
canonical one the second ionization originates primarily from the sugar part).
The two lowest VIPs of GMP- tautomers in conformation A and the same quantities of
other canonical GMP- conformers are shown in Figure 11 with line intensities corresponding
to relative thermal population of a given isomer. In both cases, the lowest VIPs of gaseous
species are spread over a relatively wide range, 0.5 eV for tautomers and 1.3 eV for
conformers. The second lowest VIPs lie very close to the first ones, the difference being
smaller than 0.15 eV for all tautomers in a given conformation, as well as for the canonical
form in conformation B. This may to a certain extent be an artifact of a single-reference
description of quasi-degenerate states (compare to CASPT2 results31). For the other
conformers, the error caused by a single-reference description is decreasing, since the
separation between the least bound and the second least bound electron rises to 0.45-0.75 eV.
The first effect of the solvent is a significant increase of the energy gap between the least
bound and the second least bound electron (which also removes the quasi-degeneracy
problems), while the second effect is a shrinking of the range of the lowest VIPs of
conformers to 0.3 eV. As for previously described pyrimidine-based species, the lowest and
the second lowest VIPs form separate peaks in solution. The exact splitting is somewhat
dependent on the DFT functional used (see SI), yet the basic picture is not changed.
GMP- is thus a good example demonstrating how important the role of the solvent is.
First, the ionization potential of the base unit is increased upon solvation by some 1.5 eV.
Second, the almost degenerate ionized states split upon solvation (typically by 1.5 eV).
Finally, all information on conformational details is lost for ionization process in the solvent.
This occurs for two principal reasons. Only very few tautomers and conformers are populated
17

once solvation is taken into account and the solvent appears to be very effective in screening
the intermolecular interactions within the nucleotide and the whole system behaves
approximately as a sum of independent moieties. This conclusion is before homogeneous
spectral broadening due to solute-solvent coupling is taken into account.
Note that for GMP- both in the gas phase and in water the least bound electron is
localized on the base (similarly to the case of pyrimidine nucleotides2). The more bound
electrons are either delocalized or localized on the phosphate. The phosphate group IP steeply
increases upon solvation,[ref forthcoming phosphates paper] while the combined effect of the
solvent polarization and solvent screening leads to a modest change for the IPs of electrons
localized on the base. Consequently, the gap between the IP of the first two electrons
increases upon the solvation. This separation is at least 1 eV for all isomers under study in
solution, therefore, these two contributions in the photoelectron spectrum of aqueous GMPshould be resolvable. Namely, the first band starts at lower binding energies, slightly above 7
eV, with the second one being shifted by 1 eV higher.
Comparison to adenine
Here, we compare ionization in guanine to that in the other purine base adenine. It is
well known6,7,10,11,16 that the VIP of gaseous adenine is higher than that of the canonical form
of guanine. The PMP2 value of the lowest gaseous VIP of adenine (8.67 eV, see Figure 12) is
in a good agreement with experimental data (8.48 eV).5,6 The calculated AIP of adenine is
8.37 eV, the difference between VIP and AIP of adenine and amino isomers of guanine being
comparable to each other. The calculated values of the lowest VIP of adenosine in open
conformation of 8.52 eV and in cyclic conformation of 8.64 eV are in a reasonable agreement
with the experimental value for methylated adenosine, i.e., 8.35 eV.27 In the gas phase, the
ribose group decreases the VIP by 0.15 eV, similarly as in the guanine case, while adding the
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monobasic phosphate group decreases the VIP by 2 eV. Our VIP result for AMP- (6.56 eV)
lies within the experimental uncertainty of 6.05 ± 0.50 eV.29
Hydration within NEPCM decreases the VIP of adenine by about 1 eV. The AIP value
is about 1.5 eV lower than in the gas phase, with solvent nuclear relaxation accounting for 1.2
eV and relaxation of solute relaxation for 0.3 eV. The effects of adding sugar and the
monobasic phosphate group to the aqueous base, as well as the effect of different nucleoside
conformers are essentially the same as for the canonical form of guanine, i.e., negligible. As
for GMP-, the HOMO is located on the base, while HOMO-1 is situated on phosphate. To
summarize, calculations suggest that the lowest IPs in adenine compounds are about 0.2 eV
higher than those in the corresponding guanine derivatives.
Microsolvation and effects of specific interactions
A microsolvated environment of a base represents an intermediate situation between
the gas phase situation and a bulk solvated base. An important question arises to what extent
hydration by a small number of water molecules can account for the solvent effect. In other
words, is the microsolvated environment closer to the gas or bulk liquid phase? To address
this issue, we investigated the effect of microhydration on ionization of the canonical form of
the purine bases. Optimized geometries of these clusters with 1-6 water molecules are shown
in Figures 13 and 14. Vertical ionization potentials of gas phase clusters and clusters
embedded in an aqueous environment by NEPCM or PCM are summarized in Figures 15 and
16 (see also SI). We see that the effect of microhydration in the gas phase on the IPs is small
with changes below 0.2 eV for adenine and 0.4 eV (to both lower and higher values) for
guanine. Similar conclusions about the influence of microhydration on ionization of adenine
were drawn by Close and coworkers25 with their calculations suggesting almost no effect of
microhydration on VIP. However, a decrease of IP by microhydration was reported by Kim et
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al.24 and Belau et al.16 It is important to note that these experimental studies directly provide
appearance energies, which are related to the adiabatic IPs, rather than VIPs. Note that the
width of the photoelectron spectrum is dictated primarily by specific interactions with nearest
water molecules while the position of the VIP is influenced by long range polarization effects.
Therefore, appearance energies can change due to microhydration even though the VIP is
almost unaffected.50
The IPs in solution calculated using NEPCM are practically unchanged (< 0.2 eV)
upon explicit inclusion of the nearest 1-6 water molecules before NEPCM embedding
(Figures 15 and 16), which indicates good applicability of the polarizable continuum solvent
model for these systems. Note that this is not necessarily true for ionization of solvated
charged species.36 This indicates that we cannot directly compare neutral molecules and
anions in solution modeled by polarizable continuum, since for the neutral molecules the
response between solute and solvent is in linear regime, while for monovalent ions the first
solvation shell needs to be accounted for explicitly to achieve linear response of the rest of the
solvent.36,51
Conclusions
In this paper, we have calculated vertical ionization potentials of purine bases
including various tautomers of guanine. We then explored the effect of both microhydration
and bulk solvation on the vertical ionization potentials. Furthermore, we characterized
ionization in the corresponding nucleosides and nucleotides, considering different
conformations. The principal findings can be summarized as follows:
1.

Guanine remains the base with the lowest VIP upon moving from the gas phase to
water, with a solvent shift of 0.7-1.2 eV, depending on the tautomer, toward lower
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values of VIP. The canonical tautomer shifts by 1.1 eV. A similar shift of 1 eV is
observed also for adenine.
2.

The addition of a small number of explicit water molecules practically does not change
the VIPs of the guanine and adenine bases. The notable effect of the bulk solvent on
the ionization process is well described within the linear response regime allowing for
the non-equilibrium PCM model to be utilized.

3.

We have explored by explicit calculation whether the distribution of tautomers is
contributing as a source of the inhomogeneous broadening in the liquid PES. Since
only a small number of tautomers with similar VIPs dominate the thermal distribution
in room temperature solution, tautomers do not in fact contribute significantly to the
large broadening in solution. The distribution of solvent structures around the base
moiety combined with the strong solute-solvent coupling is likely the dominant cause
of the photoelectron peak broadening in the liquid. We note we have not considered
vibronic structure and its contribution to the band shape of each photoelectron
transition in this work.

4.

Similarly to the case of pyrimidines2, the screening effect of the solvent is very strong.
Consequently, ionization in solution originates from the base at roughly the same
value of binding energy for the base as for the corresponding nucleoside or (charged)
nucleotide. As another consequence of solvent screening, differences between VIPs of
canonical GMP- confomers are larger than 1 eV in the gas phase, but only about 0.3
eV in water. The third observed effect is that unlike in the gas phase, electrons ejected
from the HOMO orbitals in solution are for all investigated species well separated in
the PE spectra from the second least bound electrons.
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In conclusion, photoionization studies in bulk solution represent a significant
advancement in the photoelectron spectroscopy of biomolecules and can be extended to
explore the effect of the medium on electronic structure of the bases. From the theoretical
perspective, such investigations remain challenging since one has to treat both the highly nonhomogenous NA environment and, at the same time, one has to account for the effect of long
range polarization. The next logical step is to explore in a similar way small fragments of
DNA, starting with dinucleotides. Such studies are currently under way.
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TABLES
Table 1 Guanine tautomers ordered according to ground state energy.

tautomer
G(1,9) (can.)
G(1,7)
G(3,7)
G(3,9)
G(7,9)
G(7,O2)
G(9,O1)
G(9,O2)
G(7,im1)
G(7,im2)

ΔE (kcal/mol)
in the gas phase
0.7
0.0
6.5
20.1
20.7
4.0
1.3
1.1
7.8
7.8

energy ordering
gas phase
2
1
6
9
10
5
4
3
8
7

ΔE (kcal/mol)
in PCM
0.0
0.7
4.4
8.0
9.8
7.5
7.4
6.2
9.7
9.5

energy ordering
PCM
1
2
3
7
10
6
5
4
9
8

Table 2 Guanosine tautomers/conformers ordered according to ground state energy.

tautomer/conformer
Gs(1,9) (can.) open
Gs(1,9) (can.) cyclic
Gs(3,9) open
Gs(3,9) cyclic
Gs(7,9) open
Gs(7,9) cyclic
Gs(9,O1) open
Gs(9,O1) cyclic
Gs(9,O2) open
Gs(9,O2) cyclic

ΔE (kcal/mol)
in the gas phase
6.5
0.1
25.6
20.6
24.7
16.5
7.2
0.0
7.0
0.0

energy ordering
gas phase
4
3
10
8
9
7
6
1
5
2

ΔE (kcal/mol)
in PCM
0.0
5.3
9.8
2.9
9.6
4.2
6.7
1.4
2.7
0.0

energy ordering
PCM
1
7
10
5
9
6
8
3
4
2

Table 3 GMP- tautomers/conformers ordered according to ground state energy.

tautomer/conformer
GMP-(1,9) (can.) A
GMP-(1,9) (can.) B
GMP-(1,9) (can.) C
GMP-(1,9) (can.) D
GMP-(1,9) (can.) E
GMP-(3,9)
GMP-(7,9)
GMP-(9,O1)
GMP-(9,O2)

ΔE (kcal/mol)
in the gas phase
2.0
6.4
0.0
1.4
3.9
12.2
14.1
1.8
2.7

energy ordering
gas phase
4
7
1
2
6
8
9
3
5

ΔE (kcal/mol)
in PCM
3.1
2.8
2.2
0.0
6.4
17.5
13.4
10.5
9.4

energy ordering
PCM
4
3
2
1
5
9
8
7
6
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Figure captions:
Figure 1: Geometries of guanine tautomers, three groups of tautomers are considered: oxoamino (G(1,7), G(1,9), G(3,7), G(3,9), G(7,9)), enol-amino (G(7,O2), G(9,O1), G(9,O2)) and
oxo-imino (G(7,im1), G(7,im2)).
Figure 2: Structure of open and cyclic conformers of guanosine Gs(1,9) and cyclic conformer
of Gs(3,9).
Figure 3: Conformers of the canonical form of GMP- (a)-e)). Conformer structures (a)
corresponding to other tautomers are analogical to the canonical one, except of G(3,9)MP(shown here).
Figure 4: The canonical form of adenine and its nucleoside/nucleotide.
Figure 5: The lowest vertical and adiabatic ionization potentials of guanine tautomers. Blue
symbols refer to the gas phase and orange symbols to solution. For notation see Figure 1.
Figure 6: The lowest (solid line) and the second lowest (dashed line) VIPs of guanine
tautomers a) in gas phase and b) in solution. The intensity of each line corresponds to the
relative thermal population of a given tautomer.
Figure 7: The lowest vertical and adiabatic ionization potentials of gaseous guanosine. Empty
and filled symbols refer to open and cyclic conformation, respectively.
Figure 8: The lowest vertical and adiabatic ionization potential of aqueous guanosine. Empty
and filled symbols refer to open and cyclic conformation, respectively.
Figure 9: The lowest vertical and adiabatic ionization potentials of aqueous and gaseous
GMP-. Conformations of the canonical form were taken from Figure 3. Blue symbols refer to
gas phase values and orange symbols to aqueous ones.
Figure 10: The lowest (solid line) and the second lowest (dashed line) VIPs of guanosine
tautomers in the open conformation a) in gas phase and b) in solution, and in the cyclic
conformation c) in gas phase and d) in solution. The intensity of each line corresponds to the
relative thermal population of a given isomer.
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Figure 11: The lowest (solid line) and the second lowest (dashed line) VIP of GMPtautomers in conformation A (see Figure 3) a) in gas phase and b) in solution, and of
canonical GMP- conformers c) in the gas phase and d) in the solution. The intensity of each
line corresponds to the relative thermal population of a given isomer.
Figure 12: The lowest vertical and adiabatic ionization potentials of adenine NA components.
Blue symbols refer to the gas phase, while orange ones to solution.
Figure 13: Geometries of microhydrated guanine in the canonical form ordered according to
energies in PCM, the energy ordering in the gas phase is often not the same.
Figure 14: Geometries of microhydrated adenine in the canonical form ordered according to
energies in PCM, the energy ordering in the gas phase is often not the same.
Figure 15: VIPs of gaseous (blue) and aqueous (NEPCM) (orange) microhydrated canonical
form of guanine G(1,9). Different symbols refer to different isomers: 1 - circle, 2 – square, 3 –
triangle, 4 – diamond, 5 – star, 6 – plus. VIPs of energetically lowest isomers are connected
by dashed line just for guiding the eye.
Figure 16: VIPs of gaseous (blue) and aqueous (NEPCM) (orange) microhydrated canonical
form of adenine. Different symbols refer to different isomers: 1 - circle, 2 – square, 3 –
triangle, 4 – diamond, 5 – star. VIPs of energetically lowest isomers are connected by dashed
line just for guiding the eye.
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31

Figure 6
a) gas phase

b) solution
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Figure 7
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Figure 8

34

Figure 9
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Figure 10
a) open gas phase

c) cyclic gas phase

b) open solution
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Figure 11
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Figure 12

38

Figure 13
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Figure 14
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Figure 15
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