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Abstract: Ultrafast excited-state deactivation dynamics of
small cytosine (Cy) and 1-methylcytosine (1mCy) microhy-
drates, Cy·(H2O)1-3 and 1mCy·(H2O)1,2, produced in a super-
sonic expansion have been studied by mass-selected femto-
second pump–probe photoionization spectroscopy at about
267 nm excitation. The seeded supersonic expansion of Ar/
H2O gas mixtures allowed an extensive structural relaxation of
Cy and 1mCy microhydrates to low-energy isomers. With the
aid of electronic structure calculations, we assigned the
observed ultrafast dynamics to the dominant microhydrate
isomers of the amino-keto tautomer of Cy and 1mCy. Excited-
state lifetimes of Cy·(H2O)1-3 measured here are 0.2–0.5 ps.
Comparisons of the Cy·H2O and 1mCy·H2O transients suggest
that monohydration at the amino Watson–Crick site induces
a substantially stronger effect than at the sugar-edge site in
accelerating excited-state deactivation of Cy.

Hydrogen (H) bonds hold complementary nucleobases
together in DNA to form the double helical structure. How
the H-bonding interaction influences the intrinsic properties
of nucleobases, for example the photostability arising from
the short-lived nature of their excited-states,[1–3] remains an
interesting and challenging question. Each nucleobase pos-
sesses multiple H-bonding sites, and therefore, it is intuitive to
ponder if those involved in the Watson–Crick base pairing
exhibit distinctive effects than the others.[4,5] Because water is
an integral part of DNA biological structure and function,[6,7]

it is also essential to understand how hydration affects the
photostability of nucleobases at the molecular level. This
work addresses these issues by studying the effect of H-
bonding between water and an isolated nucleobase, cytosine
(Cy), on its excited-state dynamics in stepwise microhydra-
tion.

In the gas phase, Cy exists in three major tautomeric
forms, the amino-keto, amino-enol and imino-keto, hereafter
referred to as the keto, enol, and imino forms (see Figure 1),
respectively.[8–12] We have previously used femtosecond
pump–probe photoionization spectroscopy to identify intrin-
sic excited-state dynamics of these Cy tautomers.[12] Our
results indicated that, upon photoexcitation into their first
1pp* excited states, imino- and keto-Cy decay with sub-

picosecond dynamics for lex< 300 nm, whereas enol-Cy
decays in 3 to 45 ps for excitations between 260 and 285 nm.
These results are consistent with more recent experimental
and theoretical works.[13–16] For example, it has been shown
that the S1-state lifetimes of keto-Cy are a few tens of
picoseconds near the origin (ca. 314 nm) but drop sharply to
1–2 ps at 530 cm¢1 above the S1 zero point,[16] consistent with
the sub-picosecond lifetimes measured at higher excitation
energies.[12,17] In contrast, in aqueous solutions Cy exists
exclusively in the keto form, and the first 1pp* excited state
exhibits dynamics ranging from sub-picosecond to a few
picoseconds.[1, 2, 18,19]

Here, we extend our study to examine small Cy water
clusters, Cy·(H2O)1-3. The experimental setup is similar to that
employed previously,[12] and the details are given in the
Supporting Information. Briefly, we excited Cy and its water
clusters with femtosecond laser pulses at 267 nm, and the
excited-state dynamics was monitored by measuring the
multiphoton ionization yield at the mass channel of interest
with delayed probe pulses at 800 nm. The experiments were
carried out in a molecular beam apparatus equipped with
a time-of-flight mass spectrometer. To produce Cy·(H2O)n,
a gas mixture of Ar containing 12% of water vapor was
allowed to flow through an oven containing Cy crystal at
490 K and then expanded through a 100 mm diameter pinhole
to produce a continuous supersonic jet. The total stagnation
pressure was about 400 torr, and the nozzle was kept at
a slightly higher temperature (ca. 500 K) to avoid clogging.

Figure 1A shows the pump–probe photoionization tran-
sients of Cy and Cy·(H2O)1-3. Only small Cy·(H2O)n cluster
ions (n� 4) were observed in the mass spectra when these
transients were recorded (see the Supporting Information).
Further reductions in water concentration as well as laser
pulse energies did not change the decay profiles, suggesting
that ionic fragmentation of larger clusters is not important.
This is also supported by the fact that single-photon ionization
of Cy·(H2O)1–3 up to 10.5 eV did not show clear evidences for
fragmentation.[20,21] The Cy monomer transient (trace a) is
similar to that reported previously.[12] It contains an initial
spike and other decay components that can be attributed to
Cy major tautomers. The initial spike is mainly due to
nonresonant pump–probe multiphoton ionization occurring
only at time zero, and therefore, is irrelevant to the excited-
state dynamics (see the Supporting Information).[12] For Cy
monomer, theories and experiments have shown that the enol
form is more stable than the keto by 3 kJmol¢1.[8–12] However,
structural relaxation during expansion is hindered by high
barriers of 150–175 kJmol¢1 that separates Cy tautomers,[22–25]

making their populations frozen at the temperature prior to
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expansion (ca. 500 K). As concluded previously,[12] at 267 nm
excitation the small 0.5 ps component is mostly due to keto-
Cy, whereas the long component (ca. 4.5 ps) is due to enol-Cy.

With a single water molecule attached, the Cy·H2O
transient exhibits a very different behavior. In addition to
the nonresonant initial spike, the rest of the temporal profile
can be well described by a single exponential decay of 0.5 ps.
Comparing the Cy and Cy·H2O transients, it seems that upon
monohydration the long component (ca. 4.5 ps) fades away,
while the short components remain intact. For larger micro-
hydrates, Cy·(H2O)2,3, the decays become even faster (ca.
0.2 ps). These observations immediately suggest an
apparent excited-state lifetime shortening upon
microhydration of Cy.

Interpretations of these transients must take the
isomeric structures of Cy microhydrates into
account. We calculated the relative energies of
various Cy·(H2O)1-3 isomers with the G4MP2 com-
posite method,[26] an economical version of the high-
accuracy G4 theory. For comparison, we also carried
out the dispersion-corrected density functional
theory calculations at the wB97XD/aug-cc-pVTZ
level of theory.[27] This functional has been reported
to give an excellent performance[28] for interaction
energies of noncovalent molecular complexes,[29–31]

including those involving H-bonding between nucle-
obases.[31] The energies of a few important structures
were also calculated at the more expensive CCSD-
(T)/aug-cc-pVTZ level of theory for accuracy assess-
ments.

Table 1 lists the relative
energies of the two most
stable monohydrates for
each Cy major tautomers,
and the wB97XD-optimized
structures of the three lowest-
energy isomers are shown in
Figure 1B. A more thorough
list of Cy·H2O isomers are
given in the Supporting Infor-
mation. The water binding
sites are denoted as A, B,
and C, following the labeling
conventions used by other
authors.[32–34] For keto-Cy,
site A is at the sugar edge,
whereas sites B and C are
along the Watson–Crick edge.
In general, our computation
results are consistent with
previous studies regarding
the stability order among
Cy·H2O isomers.[8, 23, 24,32–39]

The G4MP2 energies agree
very well with the more accu-
rate CCSD(T) results. How-
ever, we found that wB97XD
fails to predict the correct
stability order of the keto

and enol forms of Cy monomer (see the Supporting Informa-
tion), and therefore, wB97XD results should be considered
only for binding-site isomers of the same Cy tautomers.

As shown in Table 1, the stability order between the enol
and keto forms of Cy microhydrates is inverted even with
a single hydration water. For the binding site A, keto-Cy·H2O
is predicted to be more stable than enol-Cy·H2O by 3 kJmol¢1

at the G4MP2 and CCSD(T)/aug-cc-pVTZ levels. Unlike in
the case of Cy monomer, we believe that structural relaxa-
tions occur rapidly in Cy·(H2O)n during expansion because of
the following reasons. 1) Tautomerization barriers in Cy·

Figure 1. A) Mass-selected pump–probe photoionization transients (lpump = 267 nm; lprobe =800 nm) of Cy
and Cy microhydrates: a) Cy monomer, b) Cy·H2O, c) Cy·(H2O)2, and d) Cy·(H2O)3. The black solid lines are
the best fits with a single-exponential (multi-exponential for the monomer) decay and an initial spike
convoluted with the IRF (0.2 ps FWHM Gaussian). The dashed lines are the individual components
obtained from the fits. B) Top panel: Chemical structures of the three major tautomers of Cy. Middle panel:
wB97XD-optimized structures of the three lowest-energy isomers of Cy·H2O. Bottom panel: wB97XD-
optimized structures of the lowest-energy isomers of Cy·(H2O)2 and Cy·(H2O)3.

Table 1: Zero-point energy corrected relative energies (DEZPE) and Boltzmann
populations (%) at 50, 100, and 150 K of low-energy isomers of Cy mono- and di-
hydrates. All energies are in kJmol¢1.

Cy·(H2O)n_sites DEZPE
[a]

G4MP2
DEZPE

[b]

wB97XD
DEZPE

[c]

CCSD(T)
P50 K

[d]

[%]
P100 K

[d]

[%]
P150 K

[d]

[%]

keto-Cy·H2O_A 0 0 0 98.9 86.3 70.5
keto-Cy·H2O_B 1.96 2.28 2.70 1.0 10.3 19.6
enol-Cy·H2O_A 2.89 9.49 3.24 <0.1 2.43 5.89
enol-Cy·H2O_B 3.92 10.7 ca. 0 0.94 3.77
imino-Cy·H2O_A 8.02 13.9 ca. 0 ca. 0 0.13
imino-Cy·H2O_B 10.3 14.6 ca. 0 ca. 0 ca. 0

keto-Cy·(H2O)2_AA 0 0 99.6 93.2 82.6
keto-Cy·(H2O)2_AB 2.39 4.20 0.25 3.7 8.52
keto-Cy·(H2O)2_BB 2.85 4.15 0.1 3.0 8.63

[a] G4MP2. [b] wB97XD/aug-cc-pVTZ. [c] CCSD(T)/aug-cc-pVTZ//wB97XD/aug-cc-
pVTZ. [d] Boltzmann populations calculated with DG0 values obtained from G4MP2
results.
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(H2O)1-3 are greatly reduced with the assistance of water
bridges to 40 kJmol¢1 (see the Supporting Information) or
less.[23, 24, 39–42] 2) Isomerization barriers between different
water binding sites are expected to be even lower. For
example, it has been shown that the barrier between two
remote H-bonding sites of the t-formanilide·H2O complex is
only about 12 kJmol¢1.[43] 3) Small Cy microhydrates are very
strongly bound because of the presence of dual H-bonds for
each water. Previous studies at various levels of theory have
reported hydration energies of about 40–50 kJ mol¢1 per
water molecule.[8, 32–36, 38, 44]

These properties assure extensive structural relaxation of
Cy·(H2O)n in the Ar/H2O expansion.[45–48] First, upon forma-
tion of metastable Cy···H2O collision complexes in the
clustering region of the expansion, the binding and collision
energies can quickly flow into internal modes of the complex
via rapid intramolecular vibrational-energy redistribution.
Thus, the total internal energy of the complex is the sum of the
binding energy, the internal energy of Cy and H2O, and the
collision energy.[45–48] Because Cy contains a substantial
amount of thermal energy before complete cooling, for
example 20 kJmol¢1 at 300 K,[49] the incipient Cy···H2O
complexes possess internal energies well above barriers to
water-assisted tautomerization and binding-site isomeriza-
tion. Randomization rapidly proceeds to equilibrate among
all isomeric structures until the complexes are cooled to some
intermediate temperatures at which barrier crossing are not
feasible. Second, transient cold collisions of Cy microhydrates
with water molecules (ca. 12%) in the non-clustering binary
collision region can catalyze further structural relaxation and
drive the distributions to equilibrium near the terminal
temperatures of the expansion.[45,48] Schematic illustrations
of these relaxation processes are given in the Supporting
Information.

Although the true distributions among various Cy·(H2O)n

isomers are not exactly known and probably cannot be
described by a single temperature, some important conclu-
sions can still be derived by considering their equilibrium
distributions within a probable range of final vibrational
temperatures in the jet. In Table 1 we also listed the
Boltzmann populations calculated with DG0 obtained from
G4MP2 results (see the Supporting Information) at three
temperatures: 50, 100, and 150 K. The lower limit (50 K) is
based on a previous report of similar expansion condi-
tions,[50, 51] and the higher ones are estimates accounting for
possible incomplete vibrational cooling.

Within this temperature range, the keto form becomes the
dominant tautomer for Cy·H2O with a population of > 90 %.
Accordingly, we proposed that the Cy·H2O transient is mostly
due to keto-Cy·H2O, and contributions from other tautomers
are minor (< 10 %).[52] Our calculations also predict that
monohydration of keto-Cy at site A is more stable than at site
B by about 2.0–2.7 kJmol¢1. This result is consistent with
a recent study that experimentally confirmed that 2-pyridone
binds more strongly at site A than at site B of keto-Cy.[53]

Because of the lower barriers involved, the distributions of
binding-site isomers are expected to approach those near the
low temperature limit (< 100 K), suggesting that the Cy·H2O
transient arises mostly (> 90 %) from keto-Cy·H2O with the

water bound at site A. An immediate conclusion is that
monohydration of keto-Cy at site A does not alter its excited-
state deactivation dynamics much, because the decay time is
essentially the same as that of keto-Cy monomer at the same
excitation energy.

For Cy dihydrates, our calculations predict that the keto
form predominates exclusively; all other tautomeric forms of
Cy·(H2O)2 are much higher in energy (see the Supporting
Information). The relative energies and populations of the
three lowest-energy keto-Cy·(H2O)2 isomers are also listed in
Table 1. The most stable keto-Cy·(H2O)2, shown in Figure 1B,
has both water molecules bound at site A and is denoted as
the “AA” isomer. The next two stable isomers, denoted as
“AB” and “BB” isomers, are very close in energy and are
about 2.4–4.2 kJmol¢1 higher than the “AA” isomer. As
a result, the “AA” isomer dominates (> 93%) the dihydrate
population near the low temperature limit. This assignment
indicates that two-water binding at site A induces a stronger
lifetime shortening than just a single water bound at the same
site. For Cy·(H2O)3, our calculations predict two major
isomers, AAB and ABB (see the Supporting Information),
which dominate the trihydrates population near the low
temperature limit. The Cy·(H2O)3 decay is nearly the same
(ca. 0.2 ps) as that of the dihydrates, indicating that the
lifetime shortening may saturate with 2–3 microhydrated
water molecules.

Although the size of microhydrates studied here are
rather small, it is enlightening to compare our results with
those measured in the bulk. Interestingly, a very recent
study[19] for Cy excited at about 267 nm in aqueous solutions
has revealed an ultrafast initial decay of about 0.2 ps, which is
nearly the same as the lifetimes observed here with 2–3
microhydrated water molecules. However, two slower com-
ponents of 1.5 and 7.7 ps were also identified,[19] suggesting
that the deactivation dynamics may be more complex in the
bulk due to full hydration.

Because the N1 position is the sugar-binding site for Cy,
the dominant monohydrate with a H2O bound at site A is less
biologically relevant. To explore the effect of hydration at site
B, which is a more pertinent analogy to the H-bonding in the
Watson–Crick base pairing, we also study microhydrates of 1-
methylcytosine (1mCy). Figure 2 displays the 1mCy and
1mCy·(H2O)1,2 transients measured under similar conditions.
1mCy exists predominately as the keto form in the gas phase,
and as such, 1mCy has often been used to identify the keto
contributions in Cy tautomeric mixtures.[12, 53, 54] The presump-
tion that the excited-state energetics and dynamics of 1mCy
closely resemble those of keto-Cy has been discussed
previously[12,54] and is supported by more recent theoretical
studies.[14, 15] As shown in Figure 2, the 1mCy monomer
transient does exhibit the characteristic 0.5 ps decay of keto-
Cy at 267 nm excitation. However, unlike the monohydrated
keto-Cy, 1mCy·H2O exhibits a markedly shorter excited-state
lifetime of about 0.15 ps. Chemical intuition suggests that
methyl substitution at the N1 position also makes water
binding at site A unfavorable. Indeed, our calculations predict
that the most stable structure of 1mCy·H2O is the one with
a H2O bound at site B. Other isomers are at much higher
energies (see the Supporting Information). Thus, the differ-
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ence observed between the Cy·H2O and 1mCy·H2O transients
suggests a possible hydration-site dependence, that is, mono-
hydration at the Watson–Crick site B induces a substantially
stronger effect than at the sugar-edge site A in accelerating
the excited-state deactivation of keto-Cy.

The decay time scales observed here are too short for the
evaporation of water molecules, that is, vibrational predis-
sociation, and therefore, they must be interpreted with
reference to the microhydration effects on the deactivation
of the initially excited 1pp* state of keto-Cy. Previous
theoretical studies have identified at least three deactivation
pathways leading to the ground state via characteristic conical
intersections (CIs).[13, 55–63] The first pathway connects the
Franck–Condon (FC) region to a 1pp*/S0 type CI associated
with a dihedral twist around the C5-C6 bond.[55–58, 63] The
second pathway connects the FC region to a 1nNp*/S0 type CI
characterized by a N3 puckering and involves a state switch
between the 1pp* and the 1nNp* states.[57,58, 60] A recent study
has indicated that this 1nNp*/S0 CI is probably better
described as a 1pN3p*/S0 CI with a non-negligible 1nNp*
contribution.[13] The third pathway goes through a semi-planar
1nOp*/S0-type CI, which has been shown to be highly
unfavorable because of a substantially high barrier
involved.[13, 57–60] The first two pathways involve similar low
barriers of about 0.1–0.2 eV,[13, 57–59, 63] and therefore, the
initially excited 1pp* state of keto-Cy probably decays
competitively via these two pathways. Recent experiments
have supported the presence of such low barriers.[12,16] It is
likely that microhydration perturbs the energetics of these
pathways, and thereby, accelerates the excited-state deacti-
vation.

The hydration-site dependence may arise from unique
perturbations at specific sites[5] and can be qualitatively
understood as follows. Single-water H-bonding interaction
with the nonbonding orbitals of the C=O group at site A may
perturb the pathway via the 1nOp*/S0 CI, but the effect is
probably not strong enough to lower the associated high
barrier to alter the dominance of the other two more
important pathways, which are probably only weakly per-
turbed by monohydration at site A. On the other hand, H-
bonding interaction with the nonbonding electrons on the N3
atom at site B directly influences the energetics of the 1nNp*/
S0 CI pathway, one of the major deactivation route, and
therefore, is more likely to produce a stronger effect. Indeed,
it has been shown that, although the vertical excitation energy
of the first 1pp* states of keto-Cy is nearly invariant (< 0.1 eV
for n = 1,2) for microhydration at both sites,[33] water binding
at site B results in a substantially larger effect than at site A in
raising the 1nNp* state energy.[33] The 1nNp* pathway has also
been shown to be destabilized upon monohydration at site
B.[37] However, it should be noted that such effect does not
necessarily imply an increase in the barrier height between
the 1nNp* and 1pp* states. A recent study at CC2/def2-
TZVPPD level of theory indicated that the minimum of the
first 1nNp* state is lower than that of the first 1pp* state by
about 0.3 eV.[64] Consequently, water binding at site B reduces
the energy gap between the 1nNp* and 1pp* states, and
a barrier lowering may occur in a scenario similar to the
Marcus inverted region in electron transfer reactions. (see
Figure S9 in the Supporting Information) Apparently, rigor-
ous theoretical investigations are definitely needed to eluci-
date the nature of such hydration-site dependence.

In summary, the present study has shown that a markedly
lifetime shortening occurs upon microhydration of Cy with
even a few water molecules, and the excited-state lifetimes
measured here for Cy·(H2O)1-3 are about 0.5–0.2 ps. Compar-
isons between Cy·H2O and 1mCy·H2O transients suggested
a possible hydration-site dependence, that is, monohydration
at the amino Watson–Crick site induces a substantially
stronger effect than at the sugar-edge site in accelerating
excited-state deactivation of Cy.
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