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ABSTRACT: We present resonant two-photon ionization (R2PI) O\\
spectra of isocytosine (isoC) and pump—probe results on two of its

tautomers. IsoC is one of a handful of alternative bases that have been ’
’\&—N
~

proposed in scenarios of prebiotic chemistry. It is structurally similar to

both cytosine (C) and guanine (G). We compare the excited-state ] N\I H H—}_'

dynamics with the Watson—Crick (WC) C and G tautomeric forms. >_§/NH

These results suggest that the excited-state dynamics of WC form of G ' S /

g8 7 o= N

may primarily depend on the heterocyclic substructure of the H-N N—MH

pyrimidine moiety, which is chemically identical to isoC. For WC Y O//

isoC we find a single excited-state decay with a rate of ~10'° s™', while

the enol form has multiple decay rates, the fastest of which is 7 times

slower than for WC isoC. The excited-state dynamics of isoC exhibits e

striking similarities with that of G, more so than with the -

photodynamics of C.
Without a fossil record of the prebiotic chemical world we Cytosine isoGuanine

are left to conjecture to understand the roadmap that H /~N H

led to RNA and DNA. One of the factors that may have played . /\/N\H %I/Nj)\/N\H\
a role in the prebiotic chemistry on an early earth is the N lN L N| Ne o N
photochemistry that could have been important before modern i{ N | | H\\ |
enzymatic repair and before the formation of the ozone O AN N\ 0 . TNT N
layer.l_6 Nucleobases, when absorbing ultraviolet (UV) “He s | N> “ho AL, e

e . . . . N™ °N N™ °N
radiation, tend to eliminate the resulting electronic exc1telt1701; A S DR
by 1nter.na1.c.0nver51(?n (IC) in plCOSGCOI.ldS. (ps) or less.” Guanine isoCytosine
The availability of this rapid “safe” de-excitation pathway turns
out to depend exquisitely on molecular structure. DNA and Figure 1. Structures of G/C and isoG/isoC arranged to emphasize
RNA bases are generally short-lived in the excited state, and heterocyclic substructure similarities, emphasized in red and blue.
thus UV-protected, while many closely related compounds are
long-lived and thus more prone to UV damage. This structure experimental study has established the thermodynamic stability
dependence suggests a mechanism for the chemical selection of of the isoC/isoG base pair which nominally has greater free
the building blocks of life, implying that photochemical energy than G/C as well as of other possible base pair
properties may be molecular fossils of the earliest stages of combinations with isoC.'®'” This has piqued interest in the
prebiotic chemistry. prebiotic prevalence of these unnatural pairs in addition to their

It is therefore of great interest to study the photochemical role in synthetic research and medical applications."*'? Here
properties of possible alternative bases in comparison to the we aim to understand the photostability of isoC.
canonical bases. Especially intriguing are structures that can We have arranged the bases within Figure 1 to emphasize the
form alternate base pairs with the same Watson—Crick (WC) functional rearrangement from the standard base to its iso-
motif as the canonical ones, such as the triple hydrogen bonded analog about the pyrimidine heterocyclic centers. Doing so
guanine/cytosine (G/C) pair.'”"® The alternative bases likens isoC to the core moiety of G. The difference between G
isocytosine (isoC) and isoguanine (isoG) were predicted in and isoC is the five-membered ring in G (not present in isoC)
1962 as a plausible third WC base pair.'* As pointed out by which would have consequences for formation of a macro-
Saladino et al,, isoC can form WC base pairs with cytosine (C)
and isoguanine or a reversed WC base pair with guanine." Received: August 3, 2017
Here we focus on isoC, which is not only an isomer of C but Accepted: October 6, 2017
also an analogue of guanine (G), see Figure 1. Theoretical and Published: October 6, 2017
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molecular structure. In this work, we find that the excited-state
dynamics of isoC exhibits striking similarities with that of G and
more so than with the photodynamics of C.

IsoC has previously been identified in the gas ghase,zo and its
photo dynamics have been studied theoretically”"** and in the
condensed phase.”>”>° However, no excited-state lifetime has
been experimentally determined of isolated isoC in individual
tautomeric forms. The two lowest-energy forms are enol and
keto which can isomerize via an excited-state intramolecular
proton transfer. This isomerization after UV excitation has been
observed in solution®® by time-dependent absorption spectros-
copy and in a rare gas matrix by changes in the IR
absorption.”**> Chart 1 outlines the lowest-energy tautomers

Chart 1. Lowest Ground-State Energy Structures (AE < 50

kJ/mol)“
H.
o} o} o
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“Heterocyclic atoms are numbered for EAl, but the convention is the
same for all others. Arranged in order of relative energy given in
parentheses (kJ/mol). Zero-point corrected energies were calculated
by DFT analysis with the B3LYP hybrid functional and with a cc-
pVTZ basis set.

in the gas phase. KA2 corresponds to the WC structure in the
pairing with isoG in Figure 1. KAl can also form similar triple
hydrogen bonded structures with other tautomeric forms of G,
such as the enol form.

Recent work by Szabla et. al used state-of-the-art surface-
hopping adiabatic molecular dynamic simulations to predict the
excited-state lifetime of isoC to be the following: 7g,; = 533 fs
and 7y, = 182 fs.”' These lifetimes are from populating a
continuum of mixed character electronic states S1—S6 at the
5.5 + 0.2 eV spectral domain which proceed to relax through
S1 IC. Three dominant conical intersection (CI) geometries
are established in their work for the modeled EAl and KAl
starting structures, whereby pyramidalization of the planar
Franck—Condon (FC), i.e. excitation geometry, structure at the
C2 position accounts for ®Pg,; = 0.60 and Dy, = 093
nonradiative relaxation yields, while deformation about the
Cs=C; bond accounts for a CI of negligible yield. Hu et al.
also studied the KAl form computationally, comparing
different levels of theory. They assumed excitation at energies
closer to the vibrationless level and identified three ClIs, all
leading to IC to the ground state, one involving the C=O0
stretching vibration and two involving out-of-plane structures of
the NH, group. They found the preferred pathway to depend
on the computational method, as did the IC rate, leading to
excited-state lifetimes ranging from 100 fs to 1 ps.*°
Surprisingly, both computational studies are contrary to the
bulk of theoretical work done on pyrimidine relaxation
dynamics, where the Clcs_c¢ is understood to be a major
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pathway toward nonradiative deactivation by twisting of the
H—Cy=C4—H torsional angle to near ethylene geometry.”’ >’
Trachsel et al. most recently showed the importance of this
particular bond deformation when they measured excited-state
lifetimes of 5,6-trimethylenecytosine, a sterically constrained C
analogue, in the gas phase.”” This modified version yielded
lifetimes attributed to IC six times greater than that of C, likely
due to the absence of a Clqs_cg.

Figure 2 shows two-color (2C) resonant two-photon
ionization (R2PI) spectra of isocytosine with nanosecond
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Figure 2. 2C R2PI spectra for isocytosine (a) ns excitation with 193
nm ionization and (b) ps excitation with 213 nm ionization (Sth
Nd:YAG harmonic). Lifetimes are pump—probe data. See text for
details.

(ns) and ps pulse sources. The ns spectrum (Figure 2a) has a
well-defined origin transition at 35292 cm™' (starred *)
followed by a series of discrete peaks atop an elevated baseline
over a range of 500 cm™". This elevated baseline extends to the
red but is relatively low in intensity and devoid of features. The
ps trace (Figure 2b) exhibits the same defined vibronic
transitions seen in the ns spectrum but presents another
unique feature at 33266 cm'. Here, the elevated baseline
features to the red of the starred origin are by contrast to the ns
spectrum more intense. While this signal could result from
other tautomers, we suspect that this feature is due to hot bands
from the low-frequency breathing vibrational modes which are
more efficiently excited with the 6 cm™ spectral line width of
ps laser and artificially intensified by elevated laser power in
that region. The sharp feature at 35000 cm™" is a laser power
artifact and highlights the nonresonant nature of the absorption
in this range. Furthermore, we could not obtain an IR—-UV
double-resonant signal from this part of the spectrum, which is
also consistent with hot bands. We simultaneously recorded
wavelength and mass spectra, shown as a two-dimensional plot
in the Supporting Information (Figure S.1) to verify that there
is no contribution to the isoC mass channel from potential
higher-order clusters, including checking the M+1 mass
channel.

IR—UV double-resonance spectroscopy reveals the presence
of the EAl tautomer, with the origin at 35292 cm™' and the
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Figure 3. (a) IR UV hole burning results compared to anharmonic simulations for the six low-energy structures. Experimental spectra are from UV
ns probe 35428 (red) and ps probe 33266 (blue) cm™, respectively. (b) Nanosecond 2C R2PI spectrum (black) and the difference trace below
(red) when burning at the EA1 experimental wavelength of 3 470 cm ™. Anharmonic DFT analysis calculated with the B3LYP hybrid functional and
the cc-pVTZ basis set.
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Figure 4. Pump—probe results from the origin bands of (a) the KA2 and (b) the EA1 tautomer in the ps and ns regimes. The data in panels a and b
are fit to a curve (blue) which is the sum of a single exponential decay convolved with a Gaussian component (green) representative of our
instrument response function (IRF) and the IRF itself (red).

KA2 tautomer, with the feature at 33266 cm™’, shown by observed in matrix isolation experiments.””** Three possible
Figure 3a. We matched IR—UV hole burning spectra (probed reasons certain tautomers are not observed in our experiment
as annotated in Figure 3a) with anharmonic computations. The are the following. (1) There can be tautomers that absorb in
peaks observed in the ns 2C R2PI scan are all correlated with different ranges of the UV spectrum, which we have not
the EA1 tautomer by IR—UV double-resonance spectroscopy in covered. (2) Our experiment measures action spectroscopy
which the IR resonance at 3 470 cm™" was held constant 200 ns rather than direct absorption. It is possible that a molecule is
prior to scanning the UV source (Figure 3b). We have attached excited by the first photon but not ionized by the second. One
UV—-UV hole burning results at 35428 cm™' as Figure S.2 way this situation can occur is when the excited-state lifetime is
which further confirms that all the peaks shown in the ns significantly shorter than the ionizing laser pulse. A very similar
spectrum belong to a single tautomer which we identify as EAL. situation exists for guanine: the lowest-energy keto tautomers,
After characterization, the KA2 and EAl electronic origin equivalent to KAl in isoC, have not been observed so far by
transition energies correlated to within 10% of those predicted R2PI, although from direct absorption in microwave experi-
for KA1 and EAI by Szabla et al. and KAl by Hu et al.”"*° ments and in He droplets they are known to exist.”"*” (3) A
Referring to Chart 1, KA2 is predicted to be the highest- molecule may undergo fragmentation after excitation or
energy structure indicating that if this tautomer is present all ionization adding complexity to the action spectrum as we
other forms may be present in our beam as well. Jet-cooling is typically monitor only the parent ion mass. We did not observe

not an equilibrium process; therefore, we cannot predict the any obvious nonstatistical fragmentation.
tautomer distribution, but in our experience in our setup Figure 4 shows a selection of the pump—probe results from
usually the lowest-energy tautomers up to typically about 50 the origin transitions of EA1 and KA2; additional pump—probe
kJ/mol are present. Furthermore, the KAl tautomer was fits are found in Figure S.3. The derived lifetimes are shown
5186 DOI: 10.1021/acs.jpclett.7b02032
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within Figure 2ab. The 463—491 ps lifetime of the EAl
tautomer represents the decay rate of the excited state. All
pump—probe curves were fit to a monoexponential decay.

We probed the broad elevated baseline signal present to the
red of the EAI origin in Figure 2a in hopes of attributing it to a
specific species from Chart 1. The lifetime of 491 ps agrees with
the ps component measured for EAl. We were unable to
support this pump—probe correlation to EAl with conclusive
IR—UV hole burning results, like those from Figure 3a. The
inability to obtain a clear IR—UV spectrum would be consistent
with hot bands.

Table 1 lists vibrationless excited-state lifetimes, following 0—
0 excitation unless otherwise noted, which we found here for

Table 1. Vibrationless Excited-State Lifetimes”

keto KA1 keto KA2 enol
isocytosine N/O 69 ps 489 ps/478 ns
cytosine N/O 730 ps**/290 ns** 56 ps”/30.5 ns”
guanine N/O N/O 13 ns**/40 ns®®

“N/O = not observed. “These reported pump—probe results for enol-
C were not obtained at the 0—0 transition but rather on the rising edge
of its broad initial absorption region.

isoC and compares those with the equivalent lifetimes for C
and G. In terms of its photodynamics, isoC has elements of
both G and C. The six-membered ring in G is an amino-
pyrimidione, identical to isoC with a five-membered ring that
immobilizes the C5=C6 bond that is free in isoC. Szabla et al.
identified major conical intersections involving ring puckering,
C=O0 stretching, NH, out-of-plane bending, and C=C
rotation.”’ The former three are similar to the Cls that
dominate G dynamics,*® while the latter cannot occur in G but
is characteristic for pyrimidines, including cytosine.”’

We first compare isoC with G. Neither the 1H-9h-keto-
amino (KAl equiv) nor the 3H-keto-amino (KA2 equiv) have
been identified yet by ps or ns R2PI. So in both isoC and G we
do not observe the KAl form (because of the difference in
numbering between pyrimidines and purines, this is N3H for
isoC and N1H for G, see Figure 1). For G this is the WC form
and is sli%htly less in energy than the imino forms, which are
observed.”®*” As noted before, one likely reason for not
observing a species with R2PI is an excited-state lifetime
significantly shorter than the laser pulse length. In the G
experiments pulse widths were of the order of S ns, and in the
current isoC experiments they are lower limited at 30 ps.
Excited states with lifetimes of the order of a few hundred
femtoseconds could thus defy detection by R2PI in these
experiments. Notably, the conical intersection that is most
responsible for the ultrafast IC in the G keto case involves
pyramidalization at the C2 position and does not involve the 5-
membered ring.29’36’39‘40 Therefore, it is possible for the isoC
KAl form to undergo very similar ultrafast IC. For the KA2
form of isoC we find a lifetime of 69 ps, while the equivalent
form for G was not observed with R2PI although it is lower in
energy than the imino forms that are observed with
R2PL’"***' For both compounds the enol form is significantly
longer-lived, with two independent decay channels of almost
0.5 ns and 0.5 ys for isoC and 13 and 40 ns for G.*° In both
cases we consider that the long-lived dark state could be a
triplet state and for G the 13 ns decay can be attributed to
fluorescence.”” In the case of enol isoC the observation of two
decays with a 3 orders of magnitude difference implies that
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those two channels do not decay from the same excited state. If
they did, the higher rate process would have 3 orders of
magnitude larger quantum yield and dwarf the signal from the
lower rate process. Instead we assume an ultrafast population of
a doorway state, possibly a triplet, which in turn decays at the
slow rate.

In comparing isoC and C, we notice larger differences in
excited-state dynamics. Again we do not see the KA1 equivalent
form for C, which is about 30 kJ/mol higher in energy than the
WC KA2 equivalent and enol forms. The KA2 form, which is
the lowest-energy keto form for C, behaves very different from
isoC. Leutwyler and co-workers have reported this case in great
detail, finding a vibrationless decay time of 730 ps.*>**~* Nir
et al. reported on a long-lived state, presumably a triplet, with a
290 ns lifetime.***® These observations suggest different
dynamics than for isoC where we found a single 69 ps decay.
For the enol form of C we find a 56 ps short component which
populates a longer-lived state with a 30.5 ns lifetime (shown in
Figure S.4). Because the ns R2PI spectra of enol C, also
reported by Nir et al, is broad and without a clear 0—0
transition,*® we performed these pump—probe measurements
on the rising edge of the broad signal which appears along with
the ps 2C R2PI in Figure S.4. So for C the vibrationless excited
state for the enol form is shorter lived than for the keto form,
contrary to the situation for both G and isoC. Szabla et al. find
a CI for the isoC enol that involves the C5=C6 twist, which
also plays a role in C; however, according their calculations,
only 14% of the trajectories follow this path in isoC.*" It should
be noted that their trajectories start at 5.5 & 0.2 eV, which is a
full electronvolt more excited-state energy than what we impart
in our experiments. This may suggest that the C5=C6 CI for
EA1 has an energy barrier of up to 1 eV.

The conclusion that isoC resembles G in its photochemistry
is just one of the considerations in evaluating its potential role
in prebiotic scenarios. For example, we are currently
investigating the photostability of isoguanine as one of its
possible alternative base pair partners. Furthermore, the
response to radiation is wavelength-dependent, and its
consideration should not be limited to a single wavelength or
small parts of the spectrum. The study of the dynamics near the
threshold for absorption provides opportunities to probe the
potential energy landscape close to the most relevant Cls and
barriers. It is hoped that these data will serve as support for
further detailed theoretical treatments.

B EXPERIMENTAL SECTION

Here we report results which identify the EAl and KA2
tautomers of cold isocytosine prepared in a molecular beam.
We have investigated the absorption spectrum with 2C R2P]I,
identified the tautomers with IR—UV hole burning, and
performed pump—probe experiments to probe excited-state
relaxation dynamics in the ns and ps time regimes. The
instrument and explanation of these specific techniques are
detailed elsewhere and very briefly outlined here.”>*” IsoC
standard (Sigma, >99%) is entrained into a pulsed molecular
beam by laser desorption and ionized by tunable 2C R2PIL The
ps spectroscopic and pump—probe delay measurements are
performed with a Nd:YAG driven optical parametric oscillator
(OPG) laser system which produces ~30 ps laser pulses. The
molecule is excited by the tunable light from the OPG and
ionized by 213 nm, which is mechanically delayed up to 1.5 ns
before colineation with the OPG beam. A variable electronic
delay between the OPG UV laser and an excimer laser (193
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nm, 6 ns pulse width) is used for spectroscopic and pump—
probe measurements in the ns time delay range.

For IR—UV double-resonant spectroscopy, an optical
parametric oscillator/amplifier (OPO/OPA) precedes the 2C
R2PI by 200 ns. IR resonant frequencies are compared to
anharmonic DFT analysis calculated with the B3LYP hybrid
functional with the cc-pVTZ basis set.
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