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The UV-Vis spectrum of the solvated purine derivative
Hypoxanthine (HYX) is investigated using the Quantum
Mechanics/Fluctuating Charges (QM/FQ) multiscale ap-
proach combined with a sampling of configurations through
atomistic Molecular Dynamics (MD) simulations. Keto
1H7H and 1H9H tautomeric forms of HYX are the most
stable in aqueous solution and form different stable com-
plexes with the surrounding water molecules, ultimately af-
fecting the electronic absorption spectra. The final simu-
lated spectrum resulting from the combination of the indi-
vidual spectra of tautomers agrees very well with most of
the characteristics in the measured spectrum. The impor-
tance of considering the effect of the solute tautomers and,
in parallel, the contribution of the different solvent arrange-
ments around the solute when modeling spectral proper-
ties, is highlighted. In addition, the high quality of the
computed spectra leads to suggesting an alternative way for
acquiring tautomeric populations from combined computa-
tional/experimental spectra.

Introduction
There has always been an interest in studying the photo-
physical and photodynamical properties and behavior of the
canonical nucleobases, and their numerous variations and
analogues. Hypoxanthine (also denoted as 6-oxopurine, here
HYX), displayed in Figure 1, is a purine analogue [1] formed
from the exocyclic incorporation of an oxo group at position
C6 of purine, and it is closely related to adenine and gua-
nine. HYX can be formed from the deamination of guanine.
The biological importance of HYX is due to its occasional
presence as a minor purine base in transfer RNA [2], and
besides, it is also a plausible prebiotic precursor [3–5]. The
excited-state dynamics of HYX in aqueous solution has at-
tracted the attention of many researchers from experimen-
tal [6–8] and theoretical perspectives [9–11] and a high degree
of photostability has been associated with the fact that its
excited state lifetime is the shortest ever observed among
canonical and derivative purine bases. [4,6,12]

Because of the structural similarity, as happens for free
purine bases, HYX may exist as a mixture of tautomers in
solution, which can in turn hamper the interpretation of
some experimental results. [13] For HYX, both prototropic
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Figure 1. HYX in one of its ketonic tautomeric forms and atom
numbering adopted in this work.

(relocation of a hydrogen atom) or keto-enol forms of tau-
tomerism can occur. Therefore, the diverse HYX tautomers
have been the subject of many calculations and experiments.
Energetics and structural properties, [14–17] electronic struc-
ture, properties associated with electrostatic interactions
and redox processes [18,19], interactions with water, [20] elec-
tronic transitions, excited-state properties and geometries [21,22],
solvatochromic effects on the vertical excitation energies [10]

are the main investigated aspects. Summarizing the liter-
ature, HYX has two major ketonic tautomers, 1H7H and
1H9H, that differ in which of the N7 and N9 positions car-
ries an H atom. They inter-convert to each other or any
of the enol forms via proton transfer transition states (TS),
that may be water-mediated [23], or induced by either UV
irradiation [24] or by the application of a laser on the sur-
face of a bare noble nanomaterial. [25] As a matter of fact,
hydration has an appreciable effect on the relative popu-
lation of different tautomers. [18,19,23] As demonstrated by
Shukla and coworkers [23] [26], explicit solvation slightly fa-
vors the stability of the keto-1H9H form over the keto-
1H7H one, and the enol tautomers become largely desta-
bilized. TSs for the proton transfer from the keto to the
enol tautomeric form in isolated HYX or assisted by one
or two water molecules have been computationally investi-
gated in both ground and excited states [23,27]. The authors
concluded that a high activation energy characterizes keto-
enol proton transfer, but it is facilitated by the presence of
water molecules [23]. Mechanisms of the intramolecular pro-
ton transfers between the prototropic forms of HYX-related
compounds have been proposed by Ren and coworkers [28–30]

but are scarce for HYX.
The distribution of the HYX tautomers has also been

studied with spectroscopic methods. 13C NMR results sug-
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gest that the populations of the tautomeric forms 1H7H and
1H9H are approximately the same. [31] Synchrotron mea-
surements of X-ray absorption spectroscopy and 1H NMR
data helped determine that both in solid state and dis-
solved in an organic solvent, HYX is present in its 1H9H
keto form. [32] On the other hand, UV spectroscopic stud-
ies in aqueous media indicate the dominance of the keto-
1H9H form over the keto-1H7H form. [33] Both dominant
neutral tautomers of HYX have also similar ultrashort life-
times. [7,8,34] It is worth noticing that some spectra have
been measured in the gas phase or solution and interpreted
in terms of the contributions of several tautomers, using for
example computed vibrational frequencies and intensities
for the assignment of the tautomers recorded in the exper-
imental setups. [35] For instance, the IR vibrational spectra
of all the ketonic and enolic tautomeric forms of neutral
HYX have been vastly studied in the gas phase and solution
for the isolated forms [18,19,36] and for the monohydrated H-
bonded complexes [37]. Fernandez-Quejo et al. [36] suggested
that to reach a fair comparison with the experimental val-
ues of the condensed phase, the right tautomers and a model
of solvation like the polarizable continuum model (PCM) [38]

must be considered in the calculations. In the same line, ex-
perimental and theoretical X-ray studies indicate that simu-
lations reproduce the XPS experimental spectral profiles of
HYX just when the two most stable tautomers (keto 1H7H
and 1H9H) are accounted for in the modeling. [39] Further-
more, other techniques belonging to the spectroscopic family
(e.g. UV Resonance Raman measured at 260 nm [40], pho-
toelectron spectroscopy [41], etc) have been used to unveil
the behavior of neutral HYX and recently of HYX clus-
ters. [42] In the last decade, the interest has been focused
on the physicochemical behavior and interactions between
DNA nucleobases -and derivatives like HYX- and nanopar-
ticles. Among some works, the experimental and theoret-
ical surface-enhanced Raman spectroscopy (SERS) of hy-
poxanthine/gold [43], the real-time monitoring of the HYX
proton transfer using also SERS [25], the UV–visible absorp-
tion measurements of the interaction of HYX with colloidal
ZnS nanoparticles [44], and the electrochemical analyses and
coordination behavior of HYX-Au(III) ion [45] can be men-
tioned.

Regarding excitations, for the complete interpretation of
the spectroscopic results found in experiments, researchers
can perform, in principle, surface-hopping nonadiabatic Molec-
ular Dynamics (MD) simulations, static explorations of the
excited-state potential energy surfaces (PES) of the rep-
resentative tautomers [35], or configurational sampling with
classical MD and then conventional DFT calculations on
the ground and/or excited states. Here, we focus on the
latter strategy given the unique photostability of HYX that
quickly brings the molecule back to the ground state af-
ter excitation with UV radiation. In other words, HYX
exhibits a fast decay or relaxation mechanism from the ex-
cited states, with an estimated lifetime < 1 ps, ≃100 fs. [6–10]

Additionally, the combination of MD simulations with the
Quantum Mechanics/Fluctuating Charges (QM/FQ) mul-
tiscale approach has constituted a suitable computational
protocol to accurately study a plethora of spectroscopies and
properties of diverse systems in aqueous solution and other
complex environments. [46–48] The advantages and drawbacks
of continuum approaches when compared to atomistic ones
to model the spectroscopy of solvated systems have been
recently discussed. [49] We emphasize here that the inclu-

sion of the solvent is a critical step in the calculations. In
this respect, based on the study of the spectroscopic prop-
erties of key nucleic acid bases in water using the combined
quantum mechanical/molecular mechanics (QM/MM) and
cluster-continuum computational protocol, Li and cowork-
ers [11] reported that “the hydrogen bond network can re-
markably modify their absorption spectra” [11] In addition,
solvent effects or the influence of hydrogen bonds (HB) on
excited states can be rationalized from synergistic compu-
tational and experimental data [12,50]

In a previous paper [51] we discussed the conformational
preferences, dynamical behavior, hydration patterns, and
electronic absorption spectra of methylated xanthines, namely,
paraxanthine (1,7-dimethylxanthine), theophylline (1,3-dimethylxanthine),
and caffeine (1,3,7-trimethylxanthine). In this contribution,
we exploit the same strategy to investigate HYX, which is
a more challenging molecule, for which some peculiar fea-
tures seen in various spectroscopies could be related to the
very distinct molecular structure of its tautomers. In par-
ticular, we focus on the electronic absorption spectra of the
two biologically relevant HYX keto-1H7H and keto-1H9H
tautomers in aqueous solution. To the best of our knowl-
edge, atomistically computed UV-Vis electronic spectra for
solvated HYX are reported here for the first time along with
an assessment of alternative solvation models. Moreover, we
introduce the derivation of tautomeric populations from a
mixed strategy that combines simulated spectra and exper-
imental data.

Methodology

Hypoxanthine neutral tautomers
HYX exists as a mixture of tautomeric forms. After an
extensive search of its structural isomers, the B3LYP/6-
311++(d, p) minimum-energy ground-state geometries of the
HYX keto (also named oxo) and enol (also named hydroxy)
motifs are depicted in Figure 2 and listed in Table S1 in the
Supporting Information (SI). In such an early step, solvation
effects were accounted for by the implicit PCM approach. [38]

As a side note, geometries and populations obtained with
other DFT methods were virtually identical. Our results
suggest that in solvent HYX can exist mainly in two keto
tautomeric forms, 1H7H and 1H9H, the latter being the
dominant species with 69% of Boltzmann population at 298
K, coming from the 0.3 kcal/mol relative energy that sep-
arates the tautomers with the lowest energies. In line with
the findings of Ref. 8, the respective 1H3H and other possi-
ble tautomeric structures are significantly higher in energy.
It has also been reported that hydration increases the pop-
ulation of the keto-1H9H form. [23] The reader is advised
to notice that those Boltzmann populations computed with
PCM are providing early indications about what is hap-
pening for HYX in solution. Notwithstanding, as will be
shown below, such populations can be extracted from more
rigorous methods, such as MD-based QM/MM spectral cal-
culations. Hence, starting from the optimized structures of
the two prototropic forms 1H9H and 1H7H of the molecule,
MD runs were carried out.

Molecular Dynamics simulations
MD simulations at 298 K were performed with the GRO-
MACS software (version 2020.3) [52] for one molecule of each
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Figure 2. Relative energies (kcal/mol) for keto and enol HYX tautomers. All calculations use the B3LYP/6-311++(d, p) level of theory
and the PCM implicit solvation approach. Rotamers of the hydroxy forms (depending on the orientation of the OH group) can also
be considered. The relative stabilities between tautomers and consequently their populations can change when specific water· · ·HYX
interactions are accounted for (see subsection From single tautomer populations to final spectra and viceversa)

tautomeric form in aqueous solution. The Antechamber set
of programs allowed the establishment of the General Amber
Force Field (GAFF) parameters [53,54] for both tautomers.
In the simulations, a cubic cell was used with a side length
of 56 Å, and the initial HYX edge distance was equal to 25
Å. TIP3P water molecules [55] were added to fill the corre-
sponding box. Energy minimization was performed with the
steepest descendent algorithm. An initial NVT equilibra-
tion was conducted with the velocity rescaling method [56]

with the coupling constant τ=1.0 ps. Then, a second equi-
libration was conducted for 1 ns in the NPT ensemble with
the same thermostat and the Parrinello-Rahman barostat [57]

with a coupling constant τ=5.0 ps (isotropic). In the pro-
duction stage, the simulations were run for 50 ns, with a
time step of 2 fs. Periodic boundary conditions were applied
in all directions. Further technical details of the dynamics
simulations can be found in a previous study. [51]

MD trajectories were analyzed with the TRAVIS pack-
age [58,59], extracting, in particular, the Radial Distribution
Functions (RDFs). Finally, a set of 250 uncorrelated snap-
shots was selected from the last 40 ns of the MD trajectory of
each HYX tautomer in water. Such snapshots were cut in a
sphere shape of radius 17 Å centered on the solute molecule
and they were used in the subsequent QM/FQ spectral cal-
culations. [46]

Excitation energies and absorption spectra
Vertical excitation energies and spectra were computed on
each droplet. To choose the level of theory to be used in
the time-dependent density functional theory (TD-DFT)
spectral calculations, several functionals including B3LYP,
CAM-B3LYP, M06, M06-2X, and PBE0 along with a 6-
311++(d, p) basis set [60,61] were initially tested using PCM
to explore bulk solvent effects. Table S2 in the SI lists
computed wavelengths and oscillator strengths for the main
electronic transitions of 1H9H HYX. Based on those re-

sults, we chose B3LYP as the functional to be employed in
the QM/MM computations. The keto-1H7H or keto-1H9H
were included in the QM region while the MM region com-
posed of the solvent was modeled by the FQ force field.
It is worth mentioning that B3LYP/6-311++(d, p)/FQ cal-
culations have already been successfully applied to three
solvated methyl-xanthines systems and theoretical vertical
excitation energies do not deviate from experimental val-
ues by more than 3%. [51] Water FQ parameters were taken
from Ref. 62, FQa, and from Ref. 63, FQb. TD-DFT cal-
culations were performed using a locally modified version
of Gaussian16 [64]. In all cases, 12 vertical excitation ener-
gies per snapshot were obtained. Absorption spectra were
further fitted to Gaussian functions with full width at half
maximum (FWHM) of 0.6 eV. The final spectra are the
result of averaging over the MD snapshots. For the sake
of comparison, we also calculated the UV-Vis spectra us-
ing the non-polarizable TIP3P force field [55] to describe
the solvent molecules. This will be called QM/TIP3P in
what follows. Additionally, we have considered the water
molecules in the first solvation shell of the HYX and com-
puted the spectra including them in the QM portion. That
approach will be denoted as the QM/QMw/FQa solvation
model. Each QM/PCM, QM/TIP3P, QM/FQa, QM/FQb,
and QM/QMw/FQa approach is deeply explained in Refs.
51,65.

Natural Bond Orbitals (NBO) calculations [66,67] were per-
formed on one representative snapshot of each trajectory
and served two purposes: first, they provide a conceptual
basis to estimate the strength of the HB networks formed
between solute and solvent [68], and second, they help in the
assignment of the nature of the electronic transitions via the
Canonical Molecular Orbital (CMO) decomposition. NBO
calculations were done with the NBO7 software [69].

We used the computed absorption spectra to suggest an
alternative way for acquiring tautomeric populations by com-
bining computational and experimental spectra. An in-
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depth explanation of the fitting procedure is provided in
the SI, section 3.

Results and Discussion
As mentioned above, the analysis of the tautomeric pref-
erences for the neutral form of HYX in water led to the
finding that in solution the keto-1H7H and 1H9H forms are
favored, but the tautomeric equilibrium is displaced toward
the keto-1H9H form (see relative ground-state energies in
Figure 2 and Table S1). Relevant to this work, according
to Ref. 33 the UV spectra of HYX in water allowed identify
the keto-1H9H form as the dominant motif in solution. In
this section, the results of MD runs and spectral computa-
tions of the two tautomers performed following a previously
described procedure [51] are analyzed. An alternative way
to estimate tautomeric populations from joint experimental
and computational results is also proposed.

HYX· · ·water interactions from MD
simulations
The absence of the methyl groups and a single carbonyl
bond in the purine skeleton confer less conformational free-
dom to the HYX structure when compared to methylated
xanthines. Still, it gives it higher versatility in the for-
mation of HBs with the solvent. 2 and 4 hydrogen bond
donor and acceptor sites, respectively, have been proposed
for HYX, [12] but no correlation was found between the vi-
brational cooling rate and the total number of HBs for a
series of xanthines in solution. Hydration patterns from the
MD simulations of HYX in water are shown in the top panel
of Figure 3 for both tautomers. They were analyzed employ-
ing the RDFs between the following potentially HB-involved
atoms: the two nitrogen atoms and the carbonyl oxygen in
HYX with H atoms in solvent molecules, and the hydrogen
atoms linked to nitrogens in HYX with the oxygen atoms
in water molecules. The distances for the peak maxima and
running coordination numbers (RCN) are summarized in
Table 1. RDFs show that both the 1H7H and 1H9H tau-
tomers have almost identical dynamics in solution, but the
total RCNs that can be interpreted as the number of wa-
ters in the first solvation shell of HYX indicates a slightly
preferential interaction between the 1H9H with the solvent.
The two selected hydrogen atoms of each tautomer feature
a well-defined peak around 1.9 Å, and a coordination num-
ber of one water molecule is found after integrating their
g(r) curves until the first RDF minimum. In the same way,
the carbonyl oxygen atom presents values of O· · · Hw dis-
tances characteristic of standard HBs (1.9 Å), and two water
molecules are expected to interact with its lone pairs. From
Figure 3 is clear that the nitrogen labeled as N3 is less prone
to form an HB with the solvent (in fact, this is a pyridinic
nitrogen and no clear peaks are detected in the RDF), while
for N7 does appear a peak at about 2.1 Å stating another HB
interaction. Thus, about five water molecules are part of the
first solvation shell of HYX and they were included in the
QM region in the QM/QMw/FQa case. Beyond those in-
teractions, secondary HBs formed with the H atoms bonded
to carbons have been reported in joint Quantum Chemical
and Monte-Carlo studies of the neutral HYX tautomers in
water. [20]

To obtain an in-depth insight into the interaction of HYX
with the solvent molecules, we selected one snapshot from

each trajectory and used NBO to estimate the strengths of
individual HBs. Figure 3, bottom panel and the last two
columns of Table 1 unveil that there is an interplay between
HBs in HYX-water interactions. In the two cases, 1H7H
and 1H9H, charge transfers from a lone pair, n to an an-
tibonding, σ∗ orbital, are associated with the formation of
such HBs and are of the type nO → σ∗

O−H, nO → σ∗
N−H

or nN → σ∗
O−H. The perturbation energies, E(2)

d→a for such
contacts, present typical values for HBs that are not charge-
assisted. [70–72] It is important to mention that simultaneous
interactions of a water molecule with two sites of HYX can
also take place, as in the case of the water near H14 in HYX
1H9H that forms also an HB with the N3 atom, of consid-
erable strength, E

(2)
d→a = 9.94 kcal/mol. Broadly speak-

ing, E(2)
d→a values obtained for snapshots computed with the

QM/QMw/FQb parametrization are higher than those pro-
vided by QM/QMw/FQa.

Excitation energies and absorption spectra
Various models of solvation with distinct levels of refine-
ment can be used to describe the aqueous environment of
HYX when computing excitation energies. Herein, the non-
polarizable QM/TIP3P and polarizable QM/FQ multiscale
methods are applied to perform TD-DFT calculations on
multiple snapshots of each solvated HYX tautomers taking
the ground state geometries extracted from the MD simula-
tions. The implicit QM/PCM approach and the QM/QMw/FQa

that consists in including water molecules in the QM portion
were also tested. Final spectral profiles using the Boltzmann
populations or spectral-derived tautomeric populations are
compared with available experimental data. Convergence of
the spectra was achieved with 250 snapshots (see Figure S2
in the SI).

Figure 4 depicts the stick-spectra of 1H7H and 1H9H tau-
tomers of HYX in aqueous solution along with their convo-
luted spectra computed with QM/PCM and QM/FQb mod-
els. The fact that the diverse arrangements of the water
molecules are taken into account in the QM/FQb approach,
gives a lot of variability in the position and intensities of
the different sticks, turning out in an automatic broadening
for the bands. Notice that the distribution of the sticks is
not similar for the two tautomeric forms, (the 1H9H sticks
are more spread), for which band shifts and unequal relative
intensities are to be expected.

In terms of sticks, the case of methylated xanthines in our
preceding work [51] showed that a single electronic transition
to the first excited state, S1, of the kind HOMO→LUMO, is
responsible for the first maximum (energy-wise) in the UV-
Vis spectra. However, for HYX, we found a combination of
several transitions to generate that band as can be seen in
Figure 4 and Figure S1 in the SI. For instance, according
to PCM results of the 1H9H tautomer, such a band stems
from the sticks at 254.19 nm and 233.73 nm, whose oscilla-
tor strengths are 0.1614 and 0.2190, respectively. It should
be noted that the relationship between those two electronic
transitions and the appearance of the lowest energy band
remains valid when other functionals are used in the TD-
DFT calculations, as can be consulted in Table S2 in the
SI. Figure S1 in the SI also shows the complex nature of
the bands of the absorption spectra of HYX in the case of
QM/FQb, when they are examined in the light of the sepa-
rated excitations.

The first two columns of Figure 5 compare the averaged

4



Figure 3. Top panel: Radial distribution function between selected sites of HYX and water molecules. Bottom panel: NBO orbitals involved
in the main hydrogen bond interactions of HYX with water. HYX 1H7H on the left and 1H9H on the right. Stabilization energies for the
labeled interactions can be read in Table 1. See Figure 1 for atom labeling.

Table 1. Characteristics of the main hydrogen bonds formed when each 1H7H and 1H9H HYX tautomer is solvated with water molecules.
dRDFmax (in Å) and the RCN denote the position of the first peak and the running coordination number in the RDF profiles of Figure
3. E

(2)
d→a is the stabilization energy related to the interaction between the NBO orbitals (see labels in Figure 3, bottom panel) in a

QM/QMw/FQa treatment of the system.

label atoms dRDFmax (Å) RCN NBO orbitals E
(2)
d→a (kcal/mol)

1H7H
1 O10 Hw 1.9 1.9

nO10 → σ∗
O−H

0.82
2 3.77
3 N9 Hw 2.1 1.2 nN9 → σ∗

O−H 1.24
N3 Hw – –

4 H13 Ow 2.0 1.1 nOw
→ σ∗

N−H13 10.28
5 H14 Ow 1.9 1.0 nOw

→ σ∗
N−H14 11.46

1H9H
1 O10 Hw 1.9 2.0

nO10 → σ∗
O−H

1.59
2 8.63
3 N7 Hw 2.1 1.4 nN7 → σ∗

O−H 0.10
N3 Hw – –

4 H13 Ow 1.9 1.0 nOw → σ∗
N−H13 0.30

5 H14 Ow 1.9 1.2 nOw → σ∗
N−H14 4.35
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Figure 4. QM/FQb calculated data for hypoxanthine in water re-
ported as stick spectrum and convoluted with a Gaussian band shape
(FWHM = 0.66 eV). QM/PCM stick spectrum is also reported in
green bars. The vertical dotted lines recall that there is no experi-
mental information below 200 nm.

simulated spectra of the two HYX tautomers as obtained
with all the approaches employed to model solvent effects.
Unlike previous cases [51], notorious differences between the
five exploited models are seen in the spectra, in particu-
lar in the band shapes and relative intensities. By focus-
ing on the results of the 1H9H tautomer (first column of
Figure 5) two observations can be drawn: (i) the center
of each band slightly shifts with the model, although for
QM/TIP3P, QM/FQa, and QM/QMw/FQa is difficult to
pinpoint a center since the first band is very broad up to the
limit of recognizing the various involved transitions, (ii) the
relative intensities change with any chosen approach, overall
the second band is lower in intensity than the first one, ex-
cept in the spectrum provided by the QM/FQb model. Con-
versely, for the 1H7H tautomer (second column of Figure 5),
the less expanded distribution of the sticks (see Figures 4
and S1) gives a more consistent picture of the absorption
spectra, with almost an unaltered position of the bands and
a lower intensity for the main band, irrespective of the ex-
ploited approach.

Experimental spectra reproduced from Refs. 6,44 are also
included in Figure 5 to assess the quality of our modeling.
The measured spectrum for solvated HYX is characterized
by a main broad band located at about 250 nm [6,73] and
another band near in intensity at about 202 nm [44]. While
simulations are relatively successful in getting the band posi-
tions, achieving a relative intensity like the one in the exper-
iment is indeed a more difficult task. Overall, PCM results
are blue-shifted by ≈0.20 eV with respect to the experi-
mental value, and the relative intensity of the second peak
(energy units) can be overestimated or underestimated de-

pending on the tautomer employed in the simulation. By
comparing the results of the atomistic approaches with the
measured spectrum it is clear that when it comes to the first
band (lowest energy band), all models predict a good po-
sition for the maximum wavelength with unparalleled simi-
larities in the 1H7H case. Close resemblances are also found
for the 1H9H tautomer with the QM/FQb model. Nonethe-
less, band shapes are not always correctly reproduced, most
notably in the 1H9H case. Yet, the reproduction of the rela-
tive intensities between the bands is a challenge if the spec-
tra of individual tautomers are checked. Notice that the
spectrum obtained for HYX 1H9H by using the QM/FQb

model is the only one keeping the proper relative intensities
between the two bands without the need to insert explicit
water molecules in the QM portion.

As discussed before, rather different results are obtained
when using an implicit or an explicit model to treat solvated
HYX. It means that the modeling of the specific solute-
solvent interactions, (those confirmed by the RDFs in Figure
3), can affect the simulated spectroscopic signatures. More-
over, given that, to a certain extent, quite similar spectra
are built at the QM/TIP3P level of theory and with the
other QM/MM polarizable models, polarization effects are
not indispensable in the prediction of some characteristics
of the spectra of this molecule, for example, the vertical ex-
citation energy for the first transition. Nevertheless, in the
thorough simulation of a spectrum and in general of elec-
tronic properties, the treatment of the solvent employing
dynamic charges could become an important factor. [46,48]

This is in concordance with the attained results for caffeine,
theophylline, and paraxanthine reported in Ref. 51.

The analysis of the molecular orbitals directly involved in
the electronic transitions allows for discerning the type of
transition behind the main bands. [51,68,74–76] The identifi-
cation of the nature of the first transitions of HYX in water
is a more intriguing case than for its similar methylated
molecules caffeine, paraxanthine, and theophylline. The
largest coefficients in the CI expansion of the two excited
states giving rise to the first band denote transitions from
HOMO to LUMO, and from HOMO to LUMO + 1. Ac-
cording to the NBO analysis, the HOMO of HYX is an as-
sortment of π-character NBOs, with πC4=C5, πN7=C8, and
πC2=N3 exhibiting the main contributions, with percent-
ages of 33%, 21% and 19%, respectively. Dominant NBO
contributions reported by Farrokhpour and Fathi [41] also
stress that the HOMO of HYX is a π molecular orbital,
with πC4=C5 having the most contribution. Charge-receptor
molecular orbitals, LUMO and LUMO + 1, admit some
mixes as well. First, the LUMO has an approximate com-
position of 50% π∗

C2=N3 and 17% π∗
C4=C5, with weaker (9%

and 7%) contributions from the nitrogen lone pairs, nN1

and nN9. Notice that in contrast to the results for prior
methylxanthines, this molecular orbital receiving electron
charge from the HOMO does not include the π∗

C=O NBO
which was the leading antibond orbital in the description
of the electronic transitions for such molecules. Second, a
π∗ mixture (π∗

C6=O10, π∗
N7=C8, π∗

C4=C5) is associated to the
composition of the LUMO + 1 canonical molecular orbital.
Thus, it can be stated that the general type of transition
is π → π∗. Graphical depictions of HOMO, LUMO, and
LUMO + 1 are presented in Figure 6 for the 1H9H tau-
tomer.

As pointed out earlier in the literature [73,77] when two
oxo groups are present in a general xanthine there is a red-
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Figure 5. QM/PCM, QM/TIP3P, QM/FQ (aParametrization from Ref. 62 and bParametrization from Ref. 63), QM/QMw/FQa, and
experimental UV-Vis spectra of HYX in aqueous solution. Experimental data are taken from Refs. 6,44. On average, 5 water molecules
were treated at the DFT level in the QM/QMw/FQa solvation model. 250 snapshots, extracted from 50 ns Molecular Dynamics runs, were
used in the QM/MM calculations. TD-DFT calculations were carried out at B3LYP/6-311++G(d,p) level of theory. Total spectra using
the Boltzmann populations (solid black curves) or spectral-derived tautomeric populations (solid red curves) are plotted in the third and
fourth columns. For the latter, the coefficients, c1 and c2, are written in the legend of the subplots. The vertical dotted lines recall that
there is no experimental information below 200 nm.
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Figure 6. 1H9H-HYX molecular orbitals involved in the double
transition that gives rise to the main band in absorption spectra
of hypoxanthine in solution.

shift in λmax, which is the case for the methylxanthines [51].
Conversely, for hypoxanthine the second carbonyl group is
missing, altering the LUMO coefficients in such a way that
this orbital is rather spread out over the ring without con-
tributions of the π∗

C6=O10 orbital. The unique carbonyl an-
tibonding orbital, π∗

C=O becomes part of the LUMO +1, be-
ing much more involved in the charge reception at a shorter
wavelength (≈ 233.73 nm in PCM), which shifts the entire
band because of having the highest oscillator strength, as
listed in Table S2 in the SI. It is relevant to note that Shukla
and coworkers [21] performed investigations of the excited-
state properties and geometries of the dominant form of
HYX (keto-1H9H form) at the CASSCF level and studied
the interaction of that tautomer with three water molecules
in the excited state. Our transition energies match with
the values reported by them, and they also argued that the
HOMO and LUMO orbitals contribute the most and are
crucial to the excitation processes. On the other hand, the
solvatochromic effects on the vertical excitation energies of
the separate keto-1H9H and keto-1H7H have been compu-
tationally studied. [10].

Building upon observations reported in other works and
their experimental UV spectrum of HYX, Röttger et al. [8]

pointed out that some spectral aspects arise from a super-
position of the response of a couple of tautomers [8] that are
predicted to coexist in equilibrium in aqueous solution. [33,36,40]

However, establishing the precise ratio that tautomers have
in the mixture is not a straightforward procedure. There-
fore, in the following section, we suggest a different approach
to determine populations by combining data from compu-
tational and experimental spectra.

From single tautomer populations to final
spectra and viceversa
Estimating the proportion of tautomers in a mixture is an
extremely challenging task and a major limitation in tau-
tomerism. Despite this, tautomers can be related to the
total spectrum of a molecule in different ways employing,
for instance, theoretical predictions. The classical approach
consists of taking the spectra of each separated component

and combining them based on their contributions (popula-
tions), which can be either computed or collected from other
sources when available. Ref. 78 is a recent example of this
technique. To illustrate this road, i.e. single tautomer pop-
ulations 7→ final spectrum, in a purely computational ap-
proach, Boltzmann populations obtained for our test case,
HYX, with PCM, namely, 39% for 1H7H and 61% for 1H9H
(see Figure 2 and Table S1) were used to build a total spec-
trum in the case of each solvation model. The final spectra
are shown as solid black curves in the third column of Figure
5. In view of the fact that spectra of HYX 1H7H overesti-
mate the intensity of the band at 202 nm, whereas spectra
of HYX 1H9H underestimate them, weighted spectra (black
curves) compensate by offering a balance to improve the in-
tensity of that band. It should be noted that in general, all
the total spectra present almost the same profiles however,
the absorption peaks remain in slightly different positions.
Clearly, the inclusion of the two tautomeric forms can prop-
erly explain all the intricacies (relative intensities, shapes,
positions) of the spectral profile of HYX in an aqueous me-
dia. Following a similar procedure, examples of the impor-
tance of accounting for the leading tautomers when repro-
ducing spectra of molecules have been reported in the liter-
ature for the anticancer agent Doxorubicin (DOX). [79–81]

A second way of looking at the problem of tautomer pro-
portion is an opposite passage to the above-mentioned one
and deals with extracting the contribution of each tautomer
from the total spectrum, i.e. final spectrum 7→ single tau-
tomer populations. In simple words, starting from an ex-
perimental measurement, the recorded signal is fitted with
the computed spectral curves addressing the individual con-
tributions of each separated spectrum, and, therefore, the
tautomeric populations. To apply such a mixed strategy to
our system, we first fitted the experimental spectrum using
one Gaussian function per band to extend the spectral range
of the reported data. The top right panel of Figure 5 and
Figure S3 in the SI compare the original (solid cyan) and
fitted (dashed maroon) experimental spectrum. Then, we
employed the Non-Linear Least-Squares Minimization and
Curve-Fitting for Python, (lmfit) package [82] to decompose
the fitted experimental data into a combination of the two
simulated spectral curves. For example, denoting e as the
data vector containing the experimental spectrum, e can be
expressed as the combination of several individual spectra
si with coefficients ci that represent their contributions. In
the case studied here, (eHYX = c1H9H ·s1H9H+c1H7H ·s1H7H).
After fitting with the least squares method, lmfit provides
the coefficients corresponding to the best fit, and ultimately
the tautomer populations. Total spectra resulting from this
scheme are plotted in the fourth column of Figure 5. c1H9H

and c1H7H are written as a legend (c1H9H, c1H7H) in each
subplot and listed in Table S3 in the SI along with the
correlation coefficients for the fitting procedure. Other de-
tails of the fitting can be found in the SI, section 3. In
the QM/PCM and QM/TIP3P cases, the extracted popu-
lations agree very well with the Boltzmann ones, while all
QM/FQ approaches predict a comparable population (51:49
and 47:53) for the two tautomeric forms of HYX in aque-
ous solution. Instead, QM/QMw/FQa explicitly favors the
dominance of the 1H7H tautomer, with a correlation coeffi-
cient, R2=0.87.

This simple methodology is adaptable to different num-
bers of tautomers and enables us to obtain new relevant
information on the contribution of individual structures to
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total spectra when populations are not known.

Conclusion
UV-Vis electronic absorption spectra of the two most stable
hypoxanthine tautomers (keto-1H7H and keto-1H9H) have
been investigated in aqueous solution through MD-based
QM/MM simulations. Solvent effects have been included
hierarchically with either implicit or explicit QM/MM ap-
proaches including the use of fluctuating charges (FQ) in
the MM portion to better describe the mutual polarization
between the target and the environment.

The results presented in this work indicate that the atom-
istic description of the solvent always improves the position
of the two bands that are reported in experiments and arise
from π → π∗ transitions. Such findings are indicative of
the specific solute-solvent interactions in the form of hy-
drogen bonds that take place during the solvation of HYX
and that dynamically change in response to the different
arrangements of the water molecules around HYX. The av-
erage strength of such contacts estimated from the RDFs
and with NBO suggests that they are moderately strong
but not as strong as the charge-assisted ones.

Simulated spectra of the individual tautomers are not
able to grasp both the relative intensities and positions of
the bands of the single substituted purine HYX in aqueous
solution, but our computations do replicate all the features
of the UV-Vis experimental spectral profiles only when the
theoretical modeling takes into consideration the two most
stable tautomers of HYX.

As demonstrated in this paper, our robust computational
protocol, which takes advantage of a comprehensive explo-
ration of the configurational phase space of the system, can
also retrieve the contribution of the individual components
of a sample serving to extract populations of tautomers by
fitting computed separated profiles to the recorded spectrum
of a given system.
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