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Abstract: It is intriguing how a mixture of organic molecules
survived the prebiotic UV fluxes and evolved into the actual
genetic building blocks. Scientists are trying to shed light on
this issue by synthesizing nucleic acid monomers and their
analogues under prebiotic Era-like conditions and by explor-
ing their excited state dynamics. To further add to this
important body of knowledge, this study discloses new
insights into the photophysical properties of protonated
isoguanine, an isomorph of guanine, using steady-state and
femtosecond broadband transient absorption spectroscopies,

and quantum mechanical calculations. Protonated isoguanine
decays in ultrafast time scales following 292 nm excitation,
consistently with the barrierless paths connecting the bright
S1 (ππ*) state with different internal conversion funnels.
Complementary calculations for neutral isoguanine predict
similar photophysical properties. These results demonstrate
that protonated isoguanine can be considered photostable in
contrast to protonated guanine, which exhibits 40-fold longer
excited state lifetimes.

Introduction

Small biomolecular building blocks containing carbon, hydro-
gen, nitrogen, oxygen, phosphorus, and sulfur, composing the
primordial soup, were intensively impacted by ultraviolet
radiation during the prebiotic Era.[1,2] It has been proposed that
the photochemistry/photophysics occurring at these early times
could have had a significant effect on the evolution of this
prebiotic mixture to the RNA nucleobases and, thus, in the
composition of the first forms of RNA.[3–5] Among other photo-
physical properties, canonical nucleobases exhibit very efficient
and ultrafast nonradiative relaxation pathways to the ground
state, making them exceptionally photostable.[6,7,8] This ultrafast
decay to the ground state is thought to be one of the intrinsic
characteristics that allowed the survival of these molecules in
the prebiotic environment.[9–12] Hence, elucidating the electronic

relaxation pathways of plausible prebiotic precursors is vital to
shed light into the molecular origin of life and understand the
current composition of the genetic material.

In this study, we investigate the excited state relaxation
mechanism of one of these prebiotic molecules, isoguanine
(IsoG).[13–16] IsoG, also known as 2-hydroxyadenine, is a constitu-
tional isomer of guanine (Gua), with an amino and a carbonyl
group, respectively, occupying the C6 and C2 positions of the
purine chromophore (Figure 1). It is believed that IsoG could
have been present in the prebiotic environment being part of
the complex mixture of canonical and non-canonical
nucleobases.[3] In fact, this species was found as a side product
in the reaction of the HCN tetramer with small carbon
compounds to produce adenine and Gua.[17]

Beyond its putative role in the prebiotic Era, IsoG can also
be naturally found in biological DNA arising from the oxidative
stress of adenine,[18,19] being its yield comparable to the most
frequent lesion, 8-oxoguanine.[19–21] It has also been demon-
strated that certain polymerases are able to insert IsoG in an
oligonucleotide forming Watson-Crick like pairs with
isocytosine.[22] This unconventional non-canonical nucleobase
pair is part of the Artificially Expanded Genetic Information
System (AEGIS) Hachimoji alphabet[23] and has been thoroughly
studied in the literature.[24] Notwithstanding the relevance of
the photoproperties of IsoG, there are only a few studies
available on the literature on this system. Based on resonance-
enhanced multiphoton ionization, IR-UV double resonance
spectroscopy, pump-probe experiments and quantum mechan-
ical results, de Vries and coworkers propose a relaxation
mechanism for the keto tautomers of IsoG in gas phase, which
suggests the population of dark nπ* states with long excited
state lifetimes.[25] Recently, the excited state dynamics of IsoG
nucleoside and deoxynucleoside were reported in aqueous
solution at pH 1.4 and 7.4.[26] The results in this work reveal that
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the protonation status of IsoG does not seem to have a large
impact on the excited state dynamics of this system. However,
to the best of our knowledge, there is no information available
about the excited state dynamics of the free nucleobase in
aqueous solution, affected by the existence of several
tautomers.[27,28]

Considering the drastic pH changes and photoexcitation
processes that occurred during the prebiotic Era due to the
absence of the ozone layer, we have considered in this study
the impact of protonation in the photodynamics of this
system.[1,29,30]

Protonation processes at low pH could have had a dramatic
impact on the excited state dynamics of prebiotic
nucleobases,[1] turning relevant the study of their excited state
dynamics under these experimental conditions. Hereby, steady-
state and femtosecond broadband transient absorption spec-
troscopy, combined with gas phase quantum mechanical
calculations, were used to elucidate the excited state relaxation
pathways of the tautomeric forms of IsoG in aqueous buffer
solution at pH 2.4. For completeness, the photophysics of IsoG
in neutral medium has been also simulated. Experimental
measurements in aqueous solutions at a neutral pH were not
possible due to the poor solubility of the nucleobase under
these experimental conditions.

Results and Discussion

Absorption spectrum

Figure 2 shows the absorption spectrum of IsoG in aqueous
buffer solution at pH 2.4. It contains two absorption bands with
maxima around 175 and 284 nm, which agrees with previous
experimental absorption spectrum reported for IsoG in aqueous
solution at pH 2.[31] Molar absorption coefficients were obtained
from the work by Mason, where the maximum of the lowest
energy band at 284 nm refers a value of 10.7×103 M� 1 cm� 1

(Figure S5).[32] IsoG in aqueous buffer solution at pH 2.4 can be
considered non-fluorescent since a very low emission intensity
was registered for this molecule, which might be affected by
the sensitivity of our spectrometer. Hence, a 10� 4 fluorescence
quantum yield was estimated for IsoG in aqueous buffer
solution at pH 2.4, similar to canonical nucleobases in aqueous

solution.[6] The pKa values for IsoG were reported as 4.51 and
8.99.[32,33] With these pKa values and the Henderson-Hasselbalch
relationship, it was determined that 99% of IsoG exists as the
protonated species in aqueous buffer solution at pH 2.4. The
tautomers available in aqueous solution under acid conditions
were calculated to be the 7H and 9H keto forms of IsoG, which
are the focus of this investigation.

Following the protocol described in the Computational
Details section, we estimate that the relative abundance of the
two tautomers 7H :9H of protonated IsoG in water solution is
78 :22 (Figure 1). The comparison of the experimental and
theoretical spectra in Figure 2 (see also Tables S1–S4 and
Figures S1 and S2) reveals an excellent agreement for the low
energy region and the number of states considered. The
theoretical spectrum presents three significant absorption
bands in the range from 200 to 320 nm. The lowest energy
band (~280 nm) arises from the combination of the S1 bright
states (S1 π1π1*) (Tables S1, and S2, labelling of the orbitals
follows Schemes S1–S2) of both tautomers. In addition, 7H is
responsible for the shoulder at 227 nm, corresponding to the S2

Figure 1. Most relevant tautomers of IsoG in aqueous solution and their relative abundance: (a) 1H,9H-IsoG (left, major tautomer) and 3H,9H-IsoG (right, minor
tautomer) in neutral medium and (b) 1H,3H,7H-IsoG (left, major tautomer) and 1H,3H,9H-IsoG (right, minor tautomer) in acidic medium (right). Atom
numbering of the purine ring is shown in red.

Figure 2. Normalized absorption spectrum for IsoG in aqueous buffer
solution at pH 2.4 (solid line) superimposed to the gas phase convoluted
MS-CASPT2 absorption spectrum considering both protonated tautomers
(dashed line). 7H excitations are represented by vertical blue lines whereas
red vertical lines are used for the 9H tautomer. Oscillator strengths were set
relative to the normalized S1 of 7H and weighted according to the
corresponding tautomeric abundances.
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π1π2* state. The second band predicted experimentally below
200 nm, is due to a combination of excitations of both
tautomers, where the main contributors to the red edge of the
band are the S4 π1π2*/π2π1* excited state of 9H and the S4 π6π1*
excited state of 7H (Tables S1 and S2).

Deactivation pathways of protonated IsoG

The main deactivation pathways, following excited state
relaxation from the Franck-Condon (FC) region, are depicted in
Figure 3. Geometries of the relevant stationary points are
available in the Supporting Information (Supporting Informa-
tion, Figures S6–S12). As the major tautomer, the potential
energy surface (PES) of 7H is discussed first. Following 292 nm
irradiation, the system is expected to populate the S1 π1π1*
excited state (Figure 3, green path). From this point, the system
will evolve to a planar minimum, π1π1*min1, with an adiabatic
energy of 3.77 eV. This region of the PES is connected to a
0.40 eV more stable plateau (π1π1*plateau) compared to π1π1*min1.
Structurally, this plateau involves the puckering at the C6
position, and the relocation of the NH2 group almost perpendic-
ular to the plane (δC2� N1� C6� N11=73°, recall Figure 1 for atom
labelling). The evolution from the minimum to the plateau is
smooth as revealed by the almost barrierless profile between
the two regions of the PES as described by linear interpolated
pathways (LIIC) calculations. A barrierless profile was found to
connect the plateau with the S1 π1π1*/S0 internal conversion
funnel, ICa.

For completeness, we have also explored the deactivation
mechanism involving the puckering at the C2 position (Figure 3,
purple path); a typical decay coordinate in nucleobases and
nucleobase derivatives.[33] A S1 π1π2*/S0 conical intersection was
located at 4.07 eV, ICc. The topology of this region of the PES
was found to be planar and thus the system is expected to be
retained in this region (π1π2*plateau) before internally converting
to the ground state. Access to this plateau is direct from the FC
region, when the system approaches the S2 π1π2*/S1 π1π1*

internal conversion funnel (ICb) characterized by a dihedral
angle of δC6� N1� C2� O10=66°.

Finally, the possibility of deactivation through the triplet
manifold from the singlet minimum was also considered.
Although the triplet state, T1 π1π1*, lies close in energy at the
position of the ππ* minimum, the computed Spin-Orbit
Coupling (SOC) is negligible (<1 cm� 1), in agreement with the
El-Sayed rules.[34,35] We found no triplet states with nOπ1*
character in an energy range of 2 eV around the minimum
position. We succeeded in optimizing a S1 π1π1*/T2 nOπ1*
intersystem crossing (ISC) funnel with a strong coupling
between the singlet ππ* and the T2 (SOC of 60 cm� 1), however,
its energy, relative to the S1 π1π1* minimum (+0.53 eV), is
significantly high for this crossing to be efficient upon
excitation at 292 nm. Notwithstanding, should part of the
excited population reach the triplet manifold through this
crossing, the population would decay to a very stable
T1 minimum (Figure S16 of the Supporting Information).

The deactivation potential energy profile for the 9H
tautomer can also be found in Figure 3 (values in parenthesis).
Compared to 7H, two additional π1π1*min2 and π1π2*min3 minima
were found at the position of the plateaus localized for 7H. Also
interesting, the IC funnels to the ground state (ICa and ICc) and
energy barrier to access the C2 puckering deactivation route
(ICb) were found to lie systematically higher for the 9H
tautomer.

Femtosecond transient absorption spectroscopy

Figure 4 presents broadband transient absorption spectroscopy
measurements performed for protonated IsoG upon 292 nm
excitation. The formation of two transient bands, with maxima
at 400 and 600 nm, is observed within the cross-correlation of
the pump and probe beams (Figure 4a). During the initial
0.47 ps, an increase in intensity is observed for the transient
band at 400 nm with a simultaneous blueshift to ca. 385 nm.
This is accompanied by a decrease in the amplitude for the
lower-energy band with a maximum at 600 nm, forming an
apparent isosbestic point around 490 nm (Figure 4b). After
0.47 ps, the amplitude of the higher-energy band decreases and
slightly blueshifts around 10 nm. The transient bands decay
until no absorption signal is observed at ca. 4 ps within the
sensitivity of the spectrometer used (Figure 4c).

The transient absorption data of protonated IsoG was fitted
(350–700 nm) with a two-component sequential model, using a
Gaussian instrument response function with a full width at a
half maximum (FWHM) of 200 fs (Figure 5). Lifetimes of (0.33�
0.06) and (0.83�0.01) ps and evolution associated difference
spectra (EADS) were obtained. Several studies show that vibra-
tional cooling is often probe-wavelength dependent, with
shorter wavelengths presenting longer lifetimes than the longer
wavelengths.[36,37,38,39] In this study, the possibility of observing
vibrational cooling in the ground state has been ruled out since
the analysis suggests that the longer decay signal is not probe-
wavelength dependent. It is important to point out that the
solvent signal has a small contribution to the initial dynamics at

Figure 3. Schematic potential energy profile along the coordinates relevant
to the relaxation process for 7H and 9H tautomers of IsoG (the data for the
9H tautomer is shown in parenthesis). Energies were set relative to the
ground state minimum in eV.
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probe wavelengths below ca. 350 nm (<0.4 ps); for this reason,
this region was not considered during the data analysis.

The computed excited state absorption (ESA) spectra at
each stationary point for the main tautomer, 7H, are depicted in
Figure 6a. The ESA for π1π1*min1 presents two absorption bands
of similar intensity peaking at the red-edge of the spectrum,
i. e., at 500 and >700 nm; whereas the π1π1*plateau has only a
main band more into the blue at ~420 nm. For its part, the
absorbance of π1π2*plateau is less important, but could also
residually contribute to the experimental spectra both in the
red and the blue-sides. The ESA for the π1π1*min1 of the minor
tautomer, 9H (Figure 6b), also presents two bands, but are
blueshifted with respect to 7H, in agreement with the observed
trend in the FC region. For 9H, only π1π1*min1 and π1π1*min2 were
considered in the simulations since the barrier to access
π1π2*min3 lies considerably higher in energy.

Photophysics of neutral IsoG

For completeness, the PES of the tautomers of IsoG in neutral
medium was also studied. Please recall that the lack of solubility
of this nucleobase in neutral medium prevented us from
obtaining experimental results. Neutral IsoG presents two
important tautomers (Figure 1, left): 1H,9H-isoguanine (1H) and
3H,9H-isoguanine (3H) with relative abundances 80 :20.[40] The
gas phase theoretical absorption spectrum of neutral IsoG,
accounting for the two most abundant tautomers, is shown in
Figure 7 (see also Tables S5–S8 and Figures S3 and S4). The two
least energetic bands correspond to the bright states of the two
tautomers, S1 π1π1*, peaking at 305 and 258 nm for the major
and minor tautomer, respectively. Near the UV-C range, two
additional bands appear, ascribed to the S4 π3π1* of 1H, almost
three times as intense as the S2 π1π2* of 3H, which peak at 197
and 212 nm, respectively. In general, we observe that the MS-
CASPT2 spectra is moderately blue shifted compared to the
ADC(2) results of de Vries and coworkers, and that ADC(2)
produces an stabilization of the nOπ* state by 0.6 eV for the
most stable keto tautomer.[25]

Figure 4. Evolution of the transient absorption spectra of IsoG in aqueous
buffer solution at pH 2.4, following 292 nm excitation. Time zero was
determined at the maximum amplitude of absorption (panel a) within the
cross-correlation of the pump and probe beams. Black arrows show the
evolution of the transient absorption spectra in each panel. Note that the
overtone of the excitation beam is observed around 584 nm. However, its
amplitude is small enough not to significantly affect the global analysis
performed for the transient data.

Figure 5. (a) Representative decay traces of IsoG in aqueous buffer solution
at pH 2.4. The solid lines correspond to the best fit obtained from a global
analysis of the transient absorption data in a 350 to 700 nm region. Note
that the abscissa is linear until 1.2 ps, after which a log scale is used. (b)
Evolution associated difference spectra (EADS) for the protonated IsoG in the
probe spectral range between 350 to 700 nm.

Figure 6. Computed excited state absorption (ESA) spectra for the (a) 7H and
(b) 9H protonated tautomers of IsoG: π1π1*min1 (orange), π1π1*plateau and
π1π1*min2 (brown) and π1π2*plateau (purple).
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The PES relevant to the deactivation of photoexcited-1H is
summarized in Figure 8. Following irradiation at 292 nm, the
same wavelengths used for the protonated nucleobase, the
system is expected to populate the S1 π1π1* minimum, ππ*min,
lying at 3.45 eV above the ground state minimum. This
minimum is not completely planar and exhibits a slight
pyramidalization of the N1 position. Then, a negligible barrier
(�0.05 eV) needs to be surpassed to reach a smooth down-hill
region of the PES that converges into a S1 π1π1*/S0 conical
intersection at 3.13 eV (IC in Figure 8). This conical intersection
is analogous to the ICa of protonated IsoG and presents a
puckered C6 position with the amino group lying out-of-plane
(δC2� N1� C6� N11=72°).

In the case of 3H (Figure 8, in parenthesis), we also located
a S1 π1π1* minimum, ππ*min, accessible from the FC region, at

3.67 eV. Compared to the 1H tautomer, this minimum presents
a more important distortion of the six-membered ring, which is
folded along the C6� N3 axis. Depopulation of this minimum is
possible via the S1 π1π1*/S0 conical intersection, which happens
to be located higher in energy compared to the equivalent
conical intersection for the 1H tautomer, at 3.95 eV. Accessing
this funnel requires surmounting an energy barrier of 0.42 eV.
In consequence, the 3H tautomer is expected to deactivate in a
longer time scale compared to the 1H tautomer through this
equivalent pathway. Geometries of the relevant stationary
points can be found in the Supporting Information (Figur-
es S13–S15).

Singlet-triplet population transfer was also explored as a
potential deactivation route. At the S1 π1π1* minima positions,
no neighboring electronic triplet states strongly coupled to the
singlets were found. ISCs with strong singlet-triplet SOCs (60
and 56 cm� 1 for 1H and 3H, respectively) were located for both
tautomers. However, the high energy of these funnels com-
pared to the singlet-singlet conical intersections suggest
exclusive deactivation along the singlet manifold upon excita-
tion at 292 nm. Schemes of the triplet PES are included in the
Supporting Information (Figure S16).

Discussion

Steady-state photophysics of IsoG in acidic medium

The excellent agreement between the experimental and
computed absorption spectra for protonated IsoG, as shown in
Figure 2, supports our computed relative abundances and the
presence of both tautomers in solution. According to our
simulations (Figures S1 and S2, Tables S1–S4), the least ener-
getic band at 284 nm in the experimental absorption spectrum
can be ascribed to the S1 states of both tautomers, whereas the
shoulder of the most intense band at 230 nm is attributed to
the S2 π1π2* excited state of 7H.

Excited state dynamics of IsoG in aqueous buffer solution at
pH2.4

Considering the theoretical and experimental results, we
propose the following nonradiative relaxation mechanism for
IsoG in aqueous buffer solution at pH 2.4. As previously
reported for other purine derivatives,[33] the primary relaxation
pathway for protonated IsoG upon excitation at 292 nm
involves an ultrafast branching of the population along two
reaction coordinates, which respectively evolve through the
puckering of the C6 and C2 positions. The population is
expected to reach in a first stage the planar π1π1*min1 minimum
and partially the π1π1*plateau and π1π1*min2 minimum with a
lifetime (τ1) of (0.33�0.06) ps. In fact, the black EADS (Fig-
ure 9b), extracted from the global analysis, is perfectly repro-
duced by a combination of the π1π1*min1 of the 7H and 9H
tautomers, with a small contribution of π1π1*min2 and π1π1*plateau
(Figure 9a). This pathway is expected to be faster for the major

Figure 7. Normalized gas phase convoluted MS-CASPT2 theoretical absorp-
tion spectrum considering the 1H and 3H tautomers of neutral IsoG. 1H
excitations are represented with vertical blue lines, whereas red vertical lines
denote excitations of 3H. Oscillator strengths were set relative to the
normalized S1 of 1H and weighted according to the corresponding
tautomeric abundances.

Figure 8. Schematic potential energy profile for the 1H and 3H tautomers
(values for 3H in parenthesis), connecting the FC region and the C6-puckered
internal conversion funnel. Energies are presented in eV relative to the
ground state minimum.
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tautomer and we predict an increase of this lifetime concom-
itant to an increment in the proportion of 9H tautomer due to
the larger barrier to access ICa for this species.

The remaining population in π1π1*min1 would evolve to
π1π1*min2 and the π1π1*plateau with a lifetime (τ2) of (0.83�0.01)
ps. In this way, the red EADS (Figure 9b), resulting from the loss
of intensity at the red-edge and a blue shift of the 400 nm
signal, would be mainly described by the absorption of
π1π1*min2 and the π1π1*plateau. Indeed, a linear combination of the
spectra of these two points provides a good agreement
between the experimental and theoretical EADS (Figure 9),
even though it was necessary to apply a small blue shift to the
theoretical spectrum. According to the topology calculated for
the potential energy landscape of 7H, a fraction of the excited
population could follow an alternative deactivation route. The
part of the population accessing the S1 with an excess of
vibrational energy could overpass the small energy barrier
connected to the S2 π1π2*/S1 π1π1* internal conversion funnel
(0.09 eV), ICb, and then reach π1π2*plateau. From this point, the
population could access the internal conversion funnel, ICc, and
decay back to the ground state. Indeed, we cannot exclude the
contribution of the π1π2*plateau to the transient signal since the
barrier preceding its population could be overcome in the time
scales registered and the ESA from this plateau presents a very
weak intensity in the range of wavelengths investigated. C2
secondary deactivation, however, is not expected to play a role
in the deactivation for 9H under our experimental conditions
since the ICb barrier lies 0.41 eV above the FC S1 π1π1* excitation
energy, making it inaccessible for the system.

The apparent isosbestic point observed in the transient
absorption data of protonated IsoG in Figure 4b suggests that
drastic conformational changes might be occurring to access
the conical intersections to the ground state. This is confirmed
by the geometrical rearrangements necessary to access the
internal conversion funnels found in our simulations: ICa
presents a distorted purine ring at the C6 position and a
displacement of the amino group out of the plane of the

aromatic ring; and in the same line, accessing ICc internal
conversion funnel affects the oxo group at the C2 position. The
experimental data suggests that the triplet excited states are
not populated in IsoG under the experimental conditions
considered. Consistently, the only located ISC point showing a
strong S� T coupling (SOC 60 cm� 1), lies too high in energy to
be accessed, considering the excitation wavelength used in the
experiments (292 nm, 4.2 eV).

Comparison with IsoG in gas phase

To the best of our knowledge, there is only one study in the
literature that partially addresses the PES of neutral IsoG.[25] We
will restrict the following comparison to the 1H species, which
is the only keto tautomer analyzed in the bibliography (Keto-
N1,9 in Ref. [25]).

Similarly to our MS-CASPT2 results, the ADC(2)/aug-cc-pVDZ
absorption spectrum for 1H presents two intense bands
peaking at 317 and 231 nm with oscillator strengths of 0.141
and 0.171 respectively,[25] although the two methods predict
reverse intensities.

According to the ADC(2) and NEVPT2/MRCIS(6,5) potential
energy profiles calculated in Ref. [25], the photoexcited system
is expected to populate a transient S1 nOπ* minimum at ca.
4.0 eV that would be subsequently depopulated through the
nOπ*/S0 conical intersection,[25] located ca. 0.5 eV above the
minimum. Our MS-CASPT2 calculations, however, reveal that
the ADC(2) geometry of the S1 nOπ* minimum in Ref. [25] does
actually not correspond to a minimum but a S2 nOπ*/S1 ππ*
degeneracy. In fact, no nOπ* minimum was found in the S1
potential in the present work.

Comparison with canonical nucleobases (Gua and GuoH+)

Considering the above information regarding the photophysics
and the photodynamics of IsoG in acidic and neutral media, we
are now in the position to compare the photoexcited dynamics
of IsoG with that of the canonical nucleobase Gua. There is an
overall consensus in the computational literature that photo-
excited (ππ*La) Gua in the gas phase deactivates in a barrierless
manner to the ground state via the 2E conical intersection,[41,42]

puckered at C2 with an out-of-plane deviated NH2

substituent,[33] resembling the conical intersection found in this
work for neutral IsoG. Although ISC has been reported along
the main decay pathway of Gua, the estimated SOC is small
(8 cm� 1),[43] and, thus, the experimentally estimated triplet
quantum yield for Gua is almost negligible (0.0012).[44] Consis-
tently, femtosecond experiments of Gua ribonucleoside and
nucleotide in aqueous solution at neutral pH report a lifetime in
the sub-ps regime (<1 ps).[45] From all the above, we can
conclude that the exchange of the substituents’ position of Gua
does not seem to severely affect the shape of the PES.
Accordingly, excited state lifetimes of 3 ps were reported for 2’-
deoxyisoguanosine and isoguanosine using femtosecond tran-
sient absorption spectroscopy.[26]

Figure 9. (a) Comparison of the simulated EADS (upper panel) obtained from
the combination of 7H IsoG (70% π1π1*min1+10% π1π1*plateau)+9H IsoG
(15% π1π1*min1+5% π1π1*min2) (black) and 7H IsoG (80% π1π1*plateau)+9H
IsoG (20% π1π1*min2) (red), and (b) the experimental EADS (lower panel). A
blue shift of 0.3 eV was applied to the simulated EADS.
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A very important increase in the fluorescence quantum yield
(by a factor of ~400), compared to the neutral form, was
registered for the protonated guanosine (GuoH+) and guano-
sine monophosphate (GMPH+),[46] with fluorescence lifetimes of
196�7 ps,[47] 191�4 ps,[38] or 209 ps[48] (GuoH+), and 167 ps
(GMPH+), respectively.[46] Transient absorption measurements
on GMPH+ in aqueous buffer solution at pH 2 upon 287 nm
excitation confirm the population of the 1 ππ* La state, with two
quasi stationary points contributing to the absorption signal:
La

planar and La min, with N7 and C8 lying out of the plane.[46] A
small energy barrier needs to be overcome to transition from
La

planar to La min, with lifetimes of τ1=0.4 ps and τ2=2.3 ps.
Slow internal conversion occurs from the La min to the ground
state in τ3=167 ps.[46] Thereby, IsoG decays faster than GuoH+

in acidic aqueous solution. From these results, we then
conclude that the exchange of oxo and NH2 group positions in
GuoH+ accelerates the internal conversion process.

Conclusions

The electronic relaxation pathways of protonated IsoG in
aqueous buffer solution at pH 2.4 were investigated by
combining steady-state and femtosecond broadband transient
absorption spectroscopies, with quantum mechanical calcula-
tions. Two tautomers are present in these experimental
conditions, 7H and 9H. The S1 potential energy surface of the
two tautomers of IsoG, suggests the population in a first stage
of a planar ππ* minimum (π1π1*), with partial population of a
distorted ππ* plateau (7H)/minimum (9H), both connected by
an almost planar PES. This process has been attributed a
lifetime of 0.33 ps. The evolution of the population from the
minimum to the plateau occurs in 0.83 ps. The 7H tautomer
presents an additional deactivation pathway that involves a
different ππ*(π1π2*) excited state that might be either popu-
lated from internal conversion from the S2 or along the S1, after
the access of the system to the S2 π2π1*/S1 π1π1* region that lies
close to the FC S1 ππ*. Deactivation via the S1 π2π1*/S0 crossing
cannot be discarded for 7H, based on the collected data. The
latter mechanism is energetically hindered for the minority 9H
tautomer due to the 0.32 eV higher energy barrier found to
access the conical intersection region. No ISC funnels were
found to be energetically accessible from the populated minima
or plateaus, in accordance with the experimental data.

The investigation of the deactivation mechanism of neutral
IsoG suggests the decay of the major tautomer 1H via C6-
puckered funnel, which is accessed in a barrierless manner from
the FC region. This mechanism was found to be importantly
hindered for the 3H tautomer, where a 0.42 eV energy barrier
between the S1 π1π1* minimum and the S1 π1π1*/S0 conical
intersection was located. In consequence, an ultrafast decay in
the range of the subpicoseconds is expected for photoexcited
1H, whereas a slower decay would be expected for the 3H
tautomer.

Overall, our experimental and theoretical results suggest
that IsoG is photostable in aqueous buffer solution at pH 2.4, an
essential property for the survival of this molecule in the early

Earth. Calculations on neutral IsoG suggest that the 1H
tautomer should be essentially photostable in a neutral environ-
ment, whereas the 3H tautomer is expected to undergo a
slower deactivation. The higher fluorescence yields and the
excited lifetimes of hundreds of ps reported for GuoH+

monomers compared to protonated IsoG support that the latter
presents a photophysical profile compatible with the minimiza-
tion of photochemical processes compared to Gua under drastic
acidic pH conditions. Preserving its integrity even under
extreme prebiotic conditions could justify at least in part the
existence of IsoG in the early Earth period. Interestingly, both
neutral Gua and IsoG exhibit a similar photophysical behavior,
i. e., ultrafast decay, pointing to the small effect of C2 and C6
substituents exchange under neutral conditions.

Experimental Section
Chemicals and steady-state measurements: Isoguanine (IsoG, 95%
purity) was purchased from Combi-Blocks, Inc. and was used as
received. An aqueous buffer solution at pH 2.4, with a total
concentration of 16 mM, was freshly prepared using monosodium
phosphate and o-phosphoric acid in ultrapure water. We note that
IsoG in its neutral form is not soluble in neutral aqueous buffer
solution.[49] Steady-state absorption spectroscopy was performed
using a Cary 300 spectrophotometer, with a 300 nm/min scan rate,
a data interval of 1.0 nm, and an average time of 0.2 seconds.

Broadband transient absorption spectroscopy: Excited state
dynamics were investigated using broadband transient absorption
spectroscopy. The transient absorption setup used has been
described in detail elsewhere.[51,52,53] TAS spectrometer (Helios,
Ultrafast Systems) uses a Ti : Sapphire oscillator (Vitesse, Coherent)
that seeds a regenerative amplifier (Libra-HE, Coherent), generating
laser pulses centered at 800 nm with a repetition rate of 1 kHz
(100 fs). The laser output seeds an optical parametric amplifier
(TOPAS, Quantronix/light conversion), tuned to the excitation
wavelength of 292 nm for transient absorption measurements. The
power of the excitation pulse was set to 0.5 mW. A continuously
moving 2 mm CaF2 crystal was used for white light continuum
generation, which gives access to a spectral range from 320 to
700 nm. Fused silica cells with a 2 mm path length were used, with
continuous stirring of the solution with a Teflon-coated magnetic
stir bar. After completing transient absorption measurements,
almost no photodegradation was observed (<0.5%). No hydrated
electron signal of the two-photon ionization of the solvent was
detected under the experimental conditions presented in this
work.[54] Global and target data analyses were performed using the
Glotaran software.[55] The data was globally fit using a two-
component sequential model, convoluted with a Gaussian instru-
ment response function of 200�50 fs (FWHM). The EADS were
extracted from the global and target analyses.[56]

Computational details: The relative abundance of the tautomers
for neutral IsoG in water solution was extracted from the work by
Eberlein et al.,[40] whereas for protonated IsoG they were estimated
with M06-2X[57]/PCM[58]/6-31G(d,p) following the protocol described
in Ref. [40]. For the photophysical study of the protonated and
neutral form of IsoG, all the structures were optimized at the MS-
CASPT2[59]/SA-8-CASSCF[60](14,11)/ANO-S[61] level of theory using an
active space that includes 6π, 4π*, and 1 nO orbitals (Schemes S1–
S4). Details regarding the absorption spectrum calculations are
discussed in the Supporting Information. Absorption spectra at
different stationary points of the excited potential energy surface
were calculated using the same protocol described above, with
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15 roots. Imaginary level[62] and IPEA[63] shifts of 0.30 and 0.25 were
respectively used in the MS-CASPT2 calculations. MS-CASPT2 LIICs
were employed to connect stationary points. For the calculation of
SOC terms, we resorted to the ANO-RCC[64] basis set to include
relativistic effects. All the multiconfigurational calculations were
performed with OpenMolcas,[65] and Bagel.[66]
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troscopy and quantum mechanical
calculations reveal the photophysical
feasibility of isoguanine as a nucleo-
base precursor under prebiotic condi-
tions. Protonated isoguanine decays
to the ground state in sub-ps time
scales, consistently with the barrier-
less potential energy profiles connect-
ing the Franck-Condon region with
internal conversion funnels.
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