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The amino-keto tautomer of supersonic jet-cooled cytosine undergoes intersystem crossing (ISC)
from the v = 0 and low-lying vibronic levels of its S;('n7*) state. We investigate these ISC rates
experimentally and theoretically as a function of S; state vibrational excess energy E,. The S
vibronic levels are pumped with a ~5 ns UV laser, the S; and triplet state ion signals are separated
by prompt or delayed ionization with a second UV laser pulse. After correcting the raw ISC yields
for the relative S; and 7 ionization cross sections, we obtain energy dependent ISC quantum yields

e = 190—5%. These are combined with previously measured vibronic state-specific decay rates,
giving ISC rates kjgc = 0.4-1.5 - 10° s7!, the corresponding S; ~> S internal conversion (IC) rates
are 30—100 times larger. Theoretical ISC rates are computed using SCS-CC2 methods, which predict
rapid ISC from the Sy; v = 0 state with k;sc = 3 - 10° s7! to the T1(*nzr*) triplet state. The surprisingly
high rate of this El Sayed-forbidden transition is caused by a substantial admixture of 'non* character
into the S;('77*) wave function at its non-planar minimum geometry. The combination of experiment
and theory implies that (1) below E,. =550 cm™! in the S state, S; ~> Sy internal conversion
dominates the nonradiative decay with k;¢ > 2 - 10'° 571, (2) the calculated S, ~» T} (‘nn*~377*)
ISC rate is in good agreement with experiment, (3) being El-Sayed forbidden, the S; ~» T} ISC is
moderately fast (k;sc = 3 - 10° s71), and not ultrafast, as claimed by other calculations, and (4) at
E.. ~ 550 cm™! the IC rate increases by ~50 times, probably by accessing the lowest conical inter-
section (the C5-twist CI) and thereby effectively switching off the ISC decay channels. © 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4937375]

I. INTRODUCTION

The canonical pyrimidine nucleobase cytosine (Cyt) pairs
with guanine within double-stranded DNA, and its derivatives
play an important role in epigenetics and medicine. In aqueous
solution, cytosine is highly stable against UV irradiation. The
fact that cytosine has survived photolysis by the intense
UV solar radiation on early Earth has been taken to imply
photochemical selection of the molecular building blocks
of life.'=> In this context it is important to investigate the
radiationless relaxation rates of the biologically relevant
keto-amino cytosine tautomer. The !'zz* state lifetimes of
cytosine derivatives in aqueous buffer solutions have been
measured by femtosecond (fs) transient absorption and fs
fluorescence upconversion methods,>® to be 7 = 1.0 ps for
cytosine,® 7 = 0.7-1.0 ps for the RNA nucleoside cytidine
(Cyd),*® and T = 0.8-1.2 ps for the RNA nucleotide CMP.>®
These values are in agreement with the fluorescence quantum
yields of cytosine derivatives, which are <107*.° Methylation
of cytosine and cytidine at the 5-position increases the
lifetimes by about seven times, 7 =7.2 ps for both 5-
methylcytosine and 5-methylcytidine.® In aqueous solution,
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the intersystem crossing quantum yield for triplet formation
from the lowest 77" state of cytosine (and its derivatives) is
below a few percent,'®!! indicating that nonradiative decay
by internal conversion (IC) is the dominant nonradiative
relaxation pathway of the '77* state of cytosine and its deriva-
tives.

In the gas phase, the situation is different: De Vries and
co-workers have measured the resonant two-photon ionization
(R2PI) spectra of supersonically jet-cooled cytosine, 5-
methylcytosine and 1-methylcytosine and assigned the R2PI
spectrum of cytosine near 32000 cm™! to the Sy — S; (‘77*)
transition of the keto-amino N1H tautomer.'”"'* They noted
that excitation of the cytosine '77* state leads to a long-lived
state with 7 =290 ns, which they tentatively assigned to
a triplet state.'”'* Recent R2PI spectroscopic investigations
of the lowest '7n* transition of keto-amino cytosine have
confirmed that the long-lived dark state of cytosine is indeed
efficiently formed and that the energy of the dark state,
determined via its photoionization threshold using pump-
delayed probe photoionization, agrees almost perfectly with
the theoretically predicted 7 state energy.'>'® However, there
is so far no direct experimental evidence (such as polarization
or magnetic field dependence) of the triplet nature of the
long-lived state.

©2015 AIP Publishing LLC
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Numerous theoretical studies of the excited-state dy-
namics and decay mechanisms of Cyt have been reported,
most of which have focused on the keto-amino tautomer 1
(see Figure 1) because of its biological importance.'!7-33 The
minimum of the lowest 'z7* state of 1 has been shown to be
connected to three different conical intersections (CIs) with
the Sy surface; all three involve some degree of out-of-plane
deformation of the pyrimidine ring. Tomic et al. calculated the
vertical and adiabatic absorption energies of the keto, enol,
and keto-imino tautomers of cytosine.'” They determined
density functional/multi-reference configuration interaction
(DFT/MRCI) energies along the time-dependent density
functional (TDDFT) reaction path that connects the excited-
state '77* minimum and this conical intersection and found
that the '77* minimum is separated by a 1600 cm™' (0.2 eV)
barrier from the CL'® Two recent excited-state dynamics
studies including non-adiabatic as well as spin—orbit coupling
claimed the decay of the S| population via ISC to the 75 state to
be ultrafast.’>33 At least for vibrationally cold S; cytosine, this
result contradicts the recent experimental findings by Lobsiger
et al.'>'® For the pyrimidine bases uracil and thymine, Etinski
et al. carried out combined coupled-cluster and DFT/MRCI
calculations to determine ISC rate constants.>* They predicted
ISC to play an important role in the electronic relaxation from
the initially excited 'mn* state in the gas phase. This was
later confirmed experimentally.®> The predictive power of that
theoretical study motivated us to reinvestigate the excited-state
processes in the biologically relevant keto-amino cytosine by
means of approximate coupled-cluster methods, with a focus
on ISC.
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FIG. 1. The six most stable tautomers of gas-phase cytosine.
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Femtosecond (fs) pump-probe time-resolved ionization
and photoelectron spectroscopic experiments have been
performed on thermally vaporized and jet-cooled cyto-
sine.’**" The early measurements*® found sub-picosecond
to picosecond lifetimes with mono- or biexponential decay
profiles. Ullrich et al. noted that both keto and enol tautomers
of cytosine contribute to the signals observed.>’” However,
these measurements employed excitation at UV wavelengths
(250-267 nm), at which several gas-phase tautomers can be
excited. Kosma et al. attempted to distinguish the decay of
the keto-amino tautomer 1 from those of the enol-amino (2a,
2b) and keto-imino (3a, 3b) tautomers (see Figure 1) by
exciting at 280-290 nm, where only 1 absorbs UV light.>
At 280 nm they fitted lifetimes of 7 = 1.2 ps and at 290 nm
of 7 =1.1 ps. Cheng and co-workers performed fs pump-
probe measurements up to 300 nm and observed 7 = 1.5 ps.*
However, even at 300 nm the keto-amino tautomer 1 is excited
far above its lowest conical intersection (the C5-C6 “twist”
CI) in the S;('77*) state.

Recently, Lobsiger ef al. have determined the lifetimes of
the lowest S;('77*) state vibronic levels with excess energies
E... = 0-550 cm™! by measuring the Lorentzian broadening
of the rovibronic band contours.'® The lifetime at the 0f)
band is 7 > 44 +5 ps and remains in the 30-45 ps range
up to the 2v] level at +205 cm™!. This decay rate is ~30-40
times slower than the nonradiative rates measured by fs time-
resolved pump-ionization measurements,**" signaling much
slower nonradiative dynamics for the vibrational levels that
are localized near the S;(!77*) minimum. The levels in the
range 308—447 cm™! have lifetimes 7 ~ 25 ps, the 6a level
lifetime at E,,. = 530 cm™! was estimated to be 3-6 ps.16
No vibronic bands are observed above 530 cm™!, implying
an upper lifetime limit of 7 < 2 ps for these levels. Trachsel
et al. have performed analogous lifetime measurements for
5-methylcytosine.*!

Il. COMPUTATIONAL METHODS AND RESULTS
A. Computational methods

We employed the spin-component scaled coupled-cluster
method with approximate treatment of doubles (SCS-CC2)
for electronic structure calculations. Spin-component scaling
assumes different scaling of energy contributions of the same-
and opposite-spin components. This scaling enhances the
accuracy of 0-0O transition energies both for nz7* and nx*
states.*> In a recent benchmark study, it was shown that
the standard deviation of 0-0 transition energies for a set
of organic molecules is 0.06 eV.** For the calculations of
SCS-CC2 energies we used the standard scaling factors 1/3
for the same-spin and 6/5 for the opposite-spin components.

The calculations were performed with the TURBOMOLE
program.** We used the resolution-of-identity (RI)* CC2
implementation in TURBOMOLE* for the ground state*’
and the corresponding linear response theory version for
excited-state optimizations*® and vertical excitation energies
and the calculation of properties.*’ In all calculations, only
valence electrons were correlated. Throughout, Dunning’s>%>!
augmented correlation-consistent basis set (aug-cc-pVTZ)
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was employed. Auxiliary basis sets for the RI approximation of
the two-electron integrals were taken from the TURBOMOLE
library.> The SNF> program was used for numerical calcu-
lations of vibrational frequencies in harmonic approximation.

In previous work on thymine and uracil,** we had
combined potential energy surfaces from CC2 calculations
and spin—orbit matrix elements (SOMEs) obtained from
DFT/MRCI wave functions to determine ISC rate constants.
This procedure seemed inappropriate here because the SCS-
CC2 and the DFT/MRCI calculations gave substantially
different electronic structures of the excited states. In
particular, the relative weights of 77" and nn* configurations,
which are crucial for the size of the SOMEs, were found
to differ largely. For this reason, we decided to use the
amplitudes of the SCS-CC2 wave functions to determine the
SOME:s.

The fact that linear response calculations yield non-
zero amplitudes only for those configurations that are
singly excited with respect to the electronic ground (Sp)
state facilitates the evaluation of SOMEs. Thus, for each
configuration only a single spin-adapted configuration state
function (CSF) contributes. For triplets, the two open shells
are chosen to be occupied by electrons with « spins, i.e.,
(a(1)a(2)), whereas in the singlet case a linear combination
of two determinants is necessary to represent the CSF, i.e.,
(a(1)B(2) - B(1)(2))/V2. Using an effective one-electron
spin—orbit Hamiltonian, matrix elements (¢ 7|Hso|' 5) are
only different from zero if a=5b or r =5. Due to the
symmetry properties of the spin—orbit Hamiltonian, matrix
elements vanish if a =5 and r =s. Furthermore, the

antisymmetry of the spatial part of the spin—orbit integrals,
i.e., (alf|by = —(b|f|a), and a prefactor of —1/V2 from the
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spin part have to be taken into account in the evaluation of
the SOMEs.>* Spin—orbit integrals of the underlying Hartree-
Fock molecular orbitals were evaluated using the SPOCK
program®> employing a one-center mean-field approximation
to the Breit-Pauli Hamiltonian.>%

With the electronic coupling matrix elements, vibrational
frequencies and wave functions at hand, intersystem crossing
(ISC) rates were calculated using the VIBES program.>$-!
The calculation of rates makes use of the Fermi golden-rule
and harmonic multimode approximation including Dushinsky
rotations. Theoretical details of the method are provided
elsewhere.’~%! In all ISC rate calculations a Gaussian damping
function of width 1.0 cm™! was employed.

B. Theoretical results

As stated above, we used SCS-CC2 for computing the
potential energy surfaces of the ground and excited states. The
reason for this choice of method was the optimized geometry
of the first excited singlet state of keto-amino cytosine. SCS-
CC2 was the only method that resulted in a non-planar
equilibrium structure of the S state, in agreement with the
UV spectroscopic results.'>!6 Regular CC2 as well as TDDFT
employing the B3LYP functional yielded an non™ electronic
structure for the S state with planar minimum geometry. For
a comparison of the geometric parameters obtained at these
levels of theory, see Figures S1 and S2 of the supplementary
material . In the following, only the SCS-CC2 results will be
discussed.

The optimized geometries of all states are presented in
Figure 2. Adiabatic excitation energies and 0-0 transition
energies of the Sy(nn*), Ti(nx*), and Tr(nonm*) states are

FIG. 2. The optimized geometries of keto-amino cyto-
sine 1 at the SCS-CC2/aug-cc-pVTZ level: (a) Sy state,
(b) S state, (c) T state, (d) T state. Bond lengths in A.
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