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DECAY PATHWAYS OF PYRIMIDINE BASES: FROM GAS
PHASE TO SOLUTION
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Abstract: We use a variation of the pump-probe technique to unravel the photodynamics of nucleic
acid bases and their water complexes. Our work aims at bridging studies from the gas
phase with those in the solution phase. Our results indicate that the intrinsic properties of
the pyrimidine bases can be dramatically modified by the surrounding environment. As
isolated species, the bases exhibit fast internal conversion into a long lived dark state. We
present evidence and discuss the nature of this electronic state. When surrounded by water
molecules, however, the bases in the dark state can be quenched effectively, and the dark
state becomes unobservable to our nanosecond laser system. Although contradictive to
the long held belief that DNA bases possess intrinsic photostability under UV irradiation,
our conclusion offers a consistent explanation to all reported experimental and theoretical
results, both prior to and after our work. The long lifetime of the dark state implies that in
the early stages of life’s evolution prior to the formation of the ozone layer, the abundant
UV flux should have limited the existence of these bases, let alone their evolution into
complex secondary structures. A protective environment, such as water, is crucial in the
very survival of these carriers of the genetic code
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Mechanisms

11.1. INTRODUCTION

Recently, there has been a surge in applying gas phase spectroscopic techniques
for studies of biologically relevant species [1–9]. Laser desorption with super-
sonic cooling has fundamentally solved the problem of vaporization of non-volatile
species [5, 7]. Electrospray ionization coupled with ion trapping and cooling has
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also enabled multiply charged ions to be interrogated spectroscopically [8–10]. In
the meantime, theoretical developments in ab initio and semi-empirical methods
for both static and dynamic properties of large molecular systems, and sometimes
even with the inclusion of the solvent environment, have also gained tremendous
momentum [11–14]. It is now time for a systematic investigation of the intrinsic
properties of biologically related monomers and oligomers, and for a thorough
study of the role of the solvent environment in affecting the photochemical and
photophysical properties of biological systems.

Experimental data of biologically related monomers in the gas phase are important
in calibrating the accuracy of theoretical calculations, and in some cases, this
type of information bears direct relevance to biological processes in vivo [9, 15].
Nevertheless, a wide culture gap between biochemists and gas phase physical
chemists still exists. From a biochemist’s point of view, isolating a monomeric
species in the gas phase for a detailed interrogation bears no relevance to the
complex process in a biological environment. However, for a few systems that
have been studied in the gas phase [9, 15], the results are directly applicable to the
fundamental biological reaction. For example, the red Opsin shifts of Schiff-base
retinal chromophores in proteins were discovered to be blue shifts in reference to
the isolated species [16]. This discovery calls for a new interpretation of the role of
the protein environment in color tuning the visual pigments. In addition, without the
data from the gas phase for calibration, any ab initio or semi-empirical calculation
will have no reality check.

There are two issues that gas phase studies have to resolve when biologically related
species are interrogated. On one hand, most of these species do not have well resolved
rovibrational spectroscopy. Rather, they are dominated by fast internal conversion (IC)
intersystem crossing (ISC). Consequently, only in a few exceptional cases are high
resolution spectroscopic methods applicable. Similarly, many methods for studies of
dynamicalbehaviorsarealso limited inapplication [17].On theotherhand, tomakeany
gas phase observations informative in deciphering the chemistry in the solution phase,
effects of the solvent have to be addressed. Occasionally, solvent/solute interactions
dominate, while intrinsic properties of the isolated species become secondary. In this
work, we attempt to showcase our work on dynamical studies of nucleic acid bases
using a variation of the pump-probe technique, and we also demonstrate that through
the formation of solute/solvent clusters, we can obtain information that is directly
applicable in biological environments.

The photophysics and photochemistry of nucleic acid bases bear direct relevance
to mutation of DNA under ultraviolet (UV) irradiation [18, 19]. For this reason,
experimental and theoretical attempts have been made to investigate the energy
transfer in nucleic acid bases, nucleosides and nucleotides [20, 20–25]. In the
solution phase, the lifetime of the first bright electronically excited state S2 has
been determined to be on the order of 1 ps [22–25]. The mechanism of decay has
been considered to be fast internal conversion to the ground state. The local heating
effect of the absorbed photon can reach 1000 K in vibrational temperature [22].
The origin of this fast quenching effect is attributed to the extensive hydrogen bond
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network in the water solution or effective energy transfer among stacked bases
[26]. In the gas phase, vibronic structures of guanine, adenine and cytosine have
been observed and assigned to different tautomers [5, 27–30], but two pyrimidine
bases, uracil and thymine, showed structureless resonantly enhanced multiphoton
ionization (REMPI) spectra [31]. In a femtosecond pump-probe experiment, Kim’s
group has determined the lifetime of the S2 state to be on the same order as that
in the water solution [21]. Without the solvation environment, the bases in the gas
phase are deprived of relaxation partners, and the ultimate fate of the electronic
energy is therefore deeply puzzling.

Our study of the photostability issue of nucleic acid bases began with isolated
bases, and later extended to their water complexes [15, 32]. Our observation has
thus revealed not only intrinsic properties of the bases, but also the effect of the
environment on the decay mechanism of the excited state. Most of our results have
been obtained from 1,3-dimethyl uracil (DMU) due to the ease of vaporization.
To generalize our conclusion, however, we have also investigated 1-methyl uracil
(MT), thymine (T), and 1,3-dimethyl thymine (DMT). In particular, we believe that
1-methyl uracil is an excellent mimic of uradine because of the similar substitution
position on uracil.

11.2. EXPERIMENTAL METHOD

The experimental apparatus, as shown in Figure 11-1, was a standard molecular
beam machine with a heated pulsed valve for vaporization of the non-volatile
species and for supersonic cooling. Samples of 1-methyluracil, 1,3-dimethyluracil
and thymine were purchased from Aldrich Co. and used without further purifi-
cation. The sample 1,3-dimethylthymine was synthesized from thymine following a
literature procedure [33], and its purity was checked by nuclear magnetic resonance
(NMR) and infrared absorption (IR) spectroscopy. The heating temperatures varied
for different samples: 130�C for DMU, 150�C for MU, 180�C for DMT, and
220�C for thymine. No indication of thermal decomposition was observed at these

Figure 11-1. Experimental apparatus. The sample is supersonically cooled and intercepted by counter-
propagating laser beams. Both fluorescence and ion signals can be observed
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temperatures based on the mass spectrum obtained using non-resonant multiphoton
ionization. The vapor was seeded in 2 atm of helium gas, and the gaseous mixture
was expanded into a high vacuum chamber at a 10 Hz repetition rate through a
1 mm orifice. Water complexes were formed by bubbling the carrier gas through a
room temperature water reservoir (vapor pressure: ∼ 23 mbar) before being routed
to the heated sample.

A Nd:YAG (Continuum, Powerlite 7010) pumped optical parametric oscillator
(OPO, Continuum, Panther) and a Nd:YAG (Spectra Physics GCR 230) pumped dye
laser (LAS, LDL 2051) were used in these experiments. In the REMPI experiment,
the two lasers were set to counterpropagate; and the light path, the flight tube,
and the molecular beam were mutually perpendicular. The delay time between the
two lasers was controlled by a delay generator (Stanford Research, DG535). Two
different types of 1+1′ REMPI experiments were performed, by either scanning the
resonant or the ionization laser. In the laser induced fluorescence (LIF) experiment,
the molecular beam was intercepted by the laser beam from the OPO laser; and the
signal was detected by a photomultiplier tube (PMT, Thorn EMI 9125B) through
two collection lenses in the direction opposite the molecular beam. In order to
reject scattered light, masks were used to cover all the windows and lenses, and
cut-off filters were inserted in front of the PMT. Using a Tektronix TDX350 digital
oscilloscope, the time resolution of the fluorescence signal was essentially limited
by the width of the laser pulse (∼ 5 ns). The wavelength region of the fluorescence
signal was determined using long pass filters.

11.3. RESULTS

11.3.1. Bare Molecules

Figure 11-2 shows the 1+1 (one color, dashed line) and 1+1′ (two color, solid line)
resonantly enhanced multiphoton ionization spectra together with the gas phase UV
absorption spectrum of 1,3-dimethyl uracil (dotted line). The absorption spectrum
was taken at 140�C in a gas cell using a conventional UV/VIS spectrometer, while
the REMPI spectra were obtained from a supersonic jet with the pulsed valve heated
to the same temperature. In the one color experiment, a second order dependence
of the ion signal on the laser intensity was observed, while in the two color
experiment, the single photon nature of each excitation step was confirmed from
a linear dependence of the ion signal on both laser beams. The delay between the
pump and the probe laser in the two color experiment was 10 ns, and the probe laser
was set at 220 nm. The two features in the UV absorption spectrum were assigned
as the second and third excited singlet state, S2 and S3, and both were believed to
have ��∗ characters [34]. The one color REMPI spectrum more or less traces the
absorption curve for the S2 feature, while the missing S3 feature is solely a result
of the low output power of the OPO laser. Limited by the non-flat tuning curve of
the OPO laser, artificial structures caused by the scanning laser were observed and
smoothed out. For this very reason, neither REMPI spectrum was normalized by
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Figure 11-2. 1 + 1 REMPI, 1 + 1′ REMPI and UV absorption spectra of 1,3-DMU [15]. The 1 + 1′

REMPI spectrum was obtained by scanning the pump laser and setting the probe laser at 220 nm with
a delay time of 10 ns. Neither REMPI spectrum was normalized by the laser power, and at the short
wavelength side of the figure, the low output power of the OPO laser resulted in the missing S3 feature
in the 1+1 spectrum. The absorption spectrum was taken at 140�C, the same temperature as that of the
pulsed valve during the REMPI experiments. (Reproduced with permission from J. Phys. Chem. 2004,
108, 943–949. Copyright 2004 American Chemical Society.)

the intensity of the OPO laser. When divided by the square of the laser power, the
one color REMPI spectrum indeed peaked up again in the vicinity of the S3 feature.
In Figure 11-2, the one color REMPI spectrum shows slightly higher energy onset
than that of the absorption spectrum, possibly due to supersonic cooling in the
REMPI experiment. The 1 + 1′ REMPI spectrum, on the other hand, shows clear
differences from the one color spectrum. It has a much narrower feature between
285 nm and 240 nm, and its center is slightly shifted to a lower energy. Under the
same experimental conditions, no two color signal was obtained when the resonant
laser scanned further into the S3 region, even after taking into account the low
output power of the OPO laser.

The solid line in Figure 11-3 shows the result of a different REMPI experiment,
while the dashed line is from the one laser experiment discussed in Figure 11-2.
Immediately after finishing the one color 1+1 REMPI spectrum (dashed curve) by
scanning the OPO laser, we introduced a dye laser beam at 250 nm 10 ns before the
OPO laser, and rescanned the same wavelength region using the same OPO laser
at the same laser energy. The intensity of the dye laser was carefully controlled so
that it generated no ion signal by itself, and when the OPO scanned through the
region between 240 and 217 nm, a first order dependence of the two laser ion signal
on the power of the dye laser was obtained. This experiment is notably different
from a typical 1 + 1′ REMPI experiment, and it is referred to as a “two laser”
experiment in the following. Similar to Figure 11-2, neither spectrum in Figure 11-3
was normalized by the power of the OPO laser, and the precise shapes of the
observed features are unimportant to the present discussion. The two laser spectrum
in Figure 11-3 shows a sharp rise at the short wavelength region despite of the
drop in the power of the OPO laser. Qualitatively, a thirty-fold increase in the ion
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Figure 11-3. Effect of the pump laser at 250 nm with a time advance of 10 ns on the one laser REMPI
spectrum of the probe laser [15]. Both spectra were recorded using the same intensity for the probe
laser. The pump laser in the two laser experiment resulted in a maximum depletion of 20–25% in the
region between 245 and 280 nm, and an enhancement of three decades at 220 nm. See text for a detailed
explanation of the experimental method. (Reproduced with permission from J. Phys. Chem. 2004, 108,
943–949. Copyright 2004 American Chemical Society.)

signal at 220 nm is observable. In contrast, when the OPO laser is at a wavelength
between 245 and 280 nm, the early arrival of the pump laser causes a depletion
of ∼25% of the one color ion signal. This depletion/enhancement effect was also
observed to be sensitive to the delay between the two lasers, but insensitive to the
pump wavelength of the dye laser within the absorption profile of the S2 state.

Figure 11-4 shows a pump-probe transient of 1,3-DMU with both laser beams
in the S2 region: the pump beam at 265 nm, while the probe beam at 248 nm.
The profile is fitted by a Gaussian function with a time constant (full width at
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Figure 11-4. Pump-probe transient ionization signal of 1,3-DMU in the gas phase with the pump and
probe wavelengths at 265 and 248 nm, respectively [15]. The time constant (full width at half maximum)
for the Gaussian function is 5.45 ns. (Reproduced with permission from J. Phys. Chem. 2004, 108,
943–949. Copyright 2004 American Chemical Society.)



Decay Pathways of Pyrimidine Bases 307

half maximum) of 5.54 ns. Kang et al. reported the lifetimes of the S2 state of the
pyrimidine bases to be in the range of several picoseconds using their femtosecond
laser system [21]. Thus Figure 11-4 confirms that the lifetime of the S2 state is
indeed much shorter than our instrumental response, and that our time resolution is
on the order of 5.5 ns.

In contrast, Figure 11-5 shows the pump-probe transient of 1,3-DMU with the
probe wavelength at 220 nm, while the pump wavelength was maintained within
the S2 region at 251 nm. On the scale of the figure, the ion signal due to either
one laser alone was insignificant, and the overall signal intensity showed linear
dependence on the power of both lasers. The solid line in the Figure represents
a fitting result by assuming a convolution of a single exponential decay function
and a Gaussian function (dashed line). The time constant of the Gaussian function
agrees with that of Figure 11-4. In Figure 11-5, the signal reaches its maximum at
a delay time of 8 ns between the two beams, and then it decays to the background
level exponentially. This time response is clearly different from the picosecond
decay reported by Kang et al. [21], and the involvement of another totally different
state, i.e., a dark state, has to be invoked.

The lifetime of this dark state demonstrates explicit dependence on the wavelength
of the pump beam and the degree of substitution on the uracil ring. Figure 11-6
summarizes the results on the four pyrimidine bases investigated in this work.
The general trend is that the more substituted the ring and the longer the pump
wavelength, the longer the lifetime of the dark state. Moreover, substitution at
the –1 position is more effective than at the –5 position in stabilizing the dark state.

To further assess the fate of the molecules in the excited state, we attempted
to observe the fluorescence signal, but the signal was so weak that a quantitative
measurement of the dispersed spectrum was impossible using our existing setup.
However, by recording the decay profile, the fluorescence lifetimes were obtained
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Figure 11-5. Pump-probe transient ionization signal of 1,3-DMU in the gas phase with the pump and
probe wavelengths at 251 and 220 nm, respectively. Hollow circles represent experimental data, and
the solid line is a theoretical fit including a single exponential decay convoluted with the instrumental
response (dashed trace). The exponential decay constant is 52 ns, while the full width at half maximum
of the Gaussian function is 5.5 ns
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Figure 11-6. Lifetimes of 1-methyl uracil, 1,3-dimethyl uracil, 1,3-dimethyl thymine, and thymine at
different excitation wavelengths. (Reproduced with permission from J. Phys. Chem. 2004, 108, 943–949.
Copyright 2004 American Chemical Society.)

at different pump wavelengths. Figure 11-7 shows two typical fluorescence decay
curves. The oscillations in these profiles were caused by an electrical problem of
our detection system. All decays could be fitted to single-exponential functions,
with constants ranging from 18 ns at 236 nm to 54 ns at 260 nm for 1,3-DMU.
These values were obtained without corrections of the instrumental response, so
they should be regarded as qualitative rather than quantitative. Nevertheless, these
fluorescence lifetimes are in good agreement with the decay time of the REMPI
signal in Figure 11-6. Using long pass filters, we determined that the peak of the
radiation was centered between 370 and 440 nm.
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Figure 11-7. Fluorescence signal of 1,3-DMU in the gas phase at different excitation wavelengths [15].
Solid curves are best fits to the experimental data. The oscillations in the decay curves were caused by
an electrical problem in our detection system. (Reproduced with permission from J. Phys. Chem. 2004,
108, 943–949. Copyright 2004 American Chemical Society.)
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11.3.2. Hydrated Clusters

The relevance of the dark state to a biological system in water can be elucidated from
studies of hydrated complexes. Through the sequential addition of water molecules
to thymine, we can observe the gradual change in photophysics as we build up the
solvent environment.

Figure 11-8 compares the transients of thymine and T(H2O)1 obtained from a two
color 1 + 1′ experiment. With the pump wavelength at 267 nm and the ionization
wavelength at 220 nm, the lifetimes of the dark state of thymine and T(H2O)1 were
measured to be 22 ns and 12 ns respectively. The fact that the decay profile of
T(H2O)1 contains only a single exponential decay function is evidence that this
measurement was not contaminated by dissociative products of larger complexes.
For clusters containing two or three water molecules, the two color signal was
too weak for an accurate determination of the decay constant. However, as we
increased the delay time between the pump and the probe laser, we observed that
heavier clusters disappeared faster than lighter ones. We therefore conclude that
this decrease in lifetime with increasing water content is gradual in complexes with
n < 5. No two color ion signals were observable for clusters with four or more
water molecules.

Another interesting observation in this study is the dependence of the mass
spectrum on the excitation energy in the one laser 1+1 experiment. We observed
that from 220 nm to 240 nm (the absorption region of the S3 state of the bare
molecule), small water clusters with n up to 4 were readily observable, as shown in
Figure 11-9a, while in the region of 240 to 290 nm (the absorption region of the S2

state of the bare molecule), these hydrated cluster ions were conspicuously missing
or barely detectable in Figure 11-9b. This wavelength dependence is summarized
in Figure 11-10, where the intensity of each cluster ion is normalized at 220 nm
to highlight the dynamics at the S2 state. At 220 nm, all cluster ions with n ≤ 5
can be clearly seen, suggesting the existence of the corresponding neutral clusters
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Figure 11-8. Pump-probe transients of bare thymine and T(H2O)1 in the gas phase with the pump and
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2004, 108, 943–949. Copyright 2004 American Chemical Society.)
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Figure 11-9. One-color REMPI mass spectra of hydrated thymine clusters, obtained at the excitation
wavelengths of 229 nm (a) and 268 nm (b) respectively. (Reproduced with permission from J. Phys.
Chem. 2004, 108, 943–949. Copyright 2004 American Chemical Society.)

in our source. In the absorption region of the S2 state, however, the attachment of
one water molecule decreases the ion signal to half of its value compared with that
of the bare molecule. Additional attachment of one or two water molecules has a
similar effect. When four or more water molecules are attached, the S1 state is no
longer observable from the ionization spectrum. Since the ionization energy (IE)
of thymine is 9.15 eV, corresponding to 271 nm in this one laser experiment, and
T(H2O)n clusters are believed to have even lower IEs [35], the lack of heavy ions in
the S2 region cannot be attributed to the low excitation energy. This loss of heavy
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REMPI experiment. The intensities of different sized cluster ions were normalized at 220 nm (S3 state)
to highlight the dynamics at the S2 state. (Reproduced with permission from J. Phys. Chem. 2004, 108,
943–949. Copyright 2004 American Chemical Society.)
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ions in the S2 region should therefore imply a loss of population during excitation
or ionization.

11.4. DISCUSSION

11.4.1. A Dark Electronic State

The above results provide concrete evidence that the decay mechanism of methyl
substituted uracil and thymine bases involves more than two states and depends
on the environment. Figure 11-11 shows the proposed energy levels and processes
for the pyrimidine bases in the gas phase. After initial excitation to the S2 state,
we believe that a significant fraction of the gas phase molecules decays to a dark
state S1. While the lifetime of the S2 state is shorter than our instrumental response,
the lifetime of the dark state is in the range of tens to hundreds of nanoseconds,
depending on the degree of methylation and the amount of excess energy. The
nature of this dark state is most likely a low lying 1n�∗ state, and further ionization
from this dark state requires a much higher excitation energy. Although we are
unable to provide a precise estimate of the quantum yield for this decay channel,
based on our previous estimate, the lower limit should be 20% in bare molecules.
Water molecules, on the other hand, can significantly reduce the lifetime of the S2

state and enhance the IC from the dark state to the ground state. As a result, in
aqueous solutions, the dark state becomes undetectable using our nanosecond laser
system.

D1(n-1) 

D0(π-1)

hν hν ′

S1S2

hν
S0

Figure 11-11. Proposed potential energy surfaces and processes for the pyrimidine bases. Ionization
from the S2 state and the dark state S1 samples a different Franck-Condon region of the ionic state
(D0��

−1�) or reaches a different ionic state (D1(n−1�), resulting in different ionization energies for these
two states
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This model can provide a consistent explanation of our experimental observation.
The 1+1′ REMPI signal in Figure 11-2 (solid line) is from ionization of this dark
state, while the one color signal (dashed line) is from ionization of the initially
populated S2 state. The narrower width of the 1+1′ spectrum compared with that
of the one color spectrum reflects the limited energy range for effective overlap
between the dark state and the S2 state. This dark state does not absorb in the
region of 245–280 nm, rather, it absorbs in a much higher energy region from 217
to 245 nm. Relaxation of the molecular frame in the dark state could result in a
different Franck-Condon region for vertical ionization, or more likely, an entirely
different cationic state accessible only from the dark state. In the REMPI experiment
of Figure 11-3, the dye laser at 250 nm pumps a significant fraction of the overall
population to the dark state. After a delay of 10 ns, the scanning OPO probes a
reduced population, resulting in a loss of the overall ion signal between 245 and
280 nm. However, when the OPO scans into the absorption region of this dark state
between 217 and 245 nm, all molecules either in the ground state or the dark state
can be ionized. The ionization yield of the dark state is higher than that of the S2

state in this wavelength region, hence an enhanced ion signal is observable. The
decay profile in Figure 11-5 corresponds to the decay of this dark state. Fluores-
cence from this dark state should take place in a red-shifted region, i.e., 370–440 nm
from this study, compared with that of the S2 state (300 nm) [36]. The similarity
of the decay constants of the fluorescence (Figure 11-7) and the 1 + 1′ REMPI
signal (Figure 11-6) confirms that in both experiments, we are probing the same
dark state. Methyl substitution stabilizes this dark state as shown in Figure 11-6,
while vibrational excitation destabilizes this state by opening more decay
channels.

We believe that the dark state is an independent electronic state, rather than a
stack of highly vibrationally excited states in the ground electronic state populated
from fast internal conversion and intramolecular vibrational redistribution (IVR)
[37]. This belief is based on the decay time and the signal intensity in the two
laser experiment of Figure 11-3. The decay of the “recovered” molecules when the
probe beam is between 217 and 245 nm is on a time scale of tens to hundreds of
nanoseconds. These constants are much smaller than those from decay of hot vibra-
tional levels after IVR under collision free conditions [37]. More importantly, the
result of IVR is typically a wide spread of population in many different vibrational
levels and modes, and the resulting population in each vibrational level is low.
Under the excitation of a laser with a band width of less than a few wavenumbers,
the ionization signal is expected to be small. The chance to observe a 30 fold
increase in absorption probability is thus minimal. The concentrated population at a
certain rovibronic level further implies that the dark electronic state is energetically
close to the initially accessed S2 state, and only a small degree of IVR is possible.
The large Stokes shift in the fluorescence spectrum between S2 (370 – 440 nm) and
S1 (300 nm), on the other hand, could be a mere indication of large differences in
molecular geometry between S1 and S0.
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11.4.2. Nature of the Dark State

Among the many possible candidates of the dark state, including 1n�∗, 1��∗, and
3��∗, we consider a 1n�∗ state most likely, although we do not have enough
evidence to exclude the possibility of a triplet state. The presence of several
heteroatoms with lone pair electrons results in the existence of a number of low-
lying 1n�∗ states close to the 1��∗ state. These states are readily coupled to the
1��∗ state by out-of-plane vibrational modes via conical intersections (CI). This
type of fast state switch has been invoked to explain the extremely low quantum
yield of fluorescence from the 1��∗ state. Based on our assessment of the low
fluorescence quantum yield of this 1n�∗ state, however, we further propose that
there exists a weak conical intersection between this 1n�∗ state and the ground
state, and there also is an energy barrier on the 1n�∗ surface that hinders effective
population relaxation. The fact that the lifetime of the dark state drops continuously
with increasing pump photon energy offers supportive evidence for the energy
barrier. A recent calculation by Sobolewski et al. has shown that conical inter-
sections between the 1��∗ state and nearby 1��∗ states in aromatic biomolecular
systems are ubiquitous [38]. However, the authors have stressed that this inter-
section relies on the polarizability of the NH or OH bond. It is therefore unclear
to us whether the same mechanism would be applicable to N-methyl substituted
compounds. The multiplicity of the dark state is certainly a point of debate, and our
limited information is from the literature report on millisecond to second lifetimes
of the triplet state for these bases in the condensed phase [39–41]. Moreover, our
work on water complexes of thymine demonstrates strong quenching effect on the
lifetime of the dark state with the addition of just one or two water molecules. Such
a strong effect is not quite likely if the involved state is triplet in nature. Although
a triplet state for the corresponding nucleosides in solutions is known to be within
the same energy region as this dark state [42], a few theoretical calculations also
reported simultaneous existence of singlet states [43–45].

The 1n�∗ nature is also consistent with the observed absorption and emission
characteristics of the dark state. Ionization from a non-bonding orbital should yield
an ionic state D1(n−1), and the required ionization energy is about 0.5 eV higher
than that of D0��

−1) for uracil [46]. This increase in IE could be the reason for
the inability to absorb between 245 and 280 nm from the dark state of DMU. If
the large Stokes shift in the emission spectrum is truly representative of a large
difference in equilibrium geometry between S1 and S0, direct absorption from S0

would be in a much higher energy region than the adiabatic energy difference.
The possibility of direct absorption from S0 to S1 would thus be difficult, if
possible at all.

The involvement of a dark state in the decay of electronically excited states is not
limited to methylated uracil and thymine. In fact, all five nucleic acid bases have
demonstrated similar behaviors upon electronic excitation [27, 30]. The possibility
of a low lying state that couples with the S2 state has been suggested by Levy and co-
workers to explain the broad structureless spectra of uracil and thymine in jet-cooled
gas phase experiments [31]. de Vries’ group has recorded vibrationally resolved
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REMPI spectrum of cytosine [27], and the lifetime of the dark state is on the order
of 300 ns. Mons group has studied the spectroscopy of guanine [30], and evidence
for the dark state has also been reported. For adenine, the photophysical model
involving two interacting electronic states has been evoked by both Kim’s and de
Vries’ groups [47, 48]. Using picosecond time resolved 1+1′ photoionization, the
lifetime of the first electronically excited state of adenine has been determined by
Lührs et al. [49]. The authors have also cast doubt on the generally believed model
that involves direct IC to the ground state after photoexcitation. The possibility of
either a low lying n�∗ state through IC or a triplet state via intersystem crossing
has been suggested. The existence of a dark state in the decay pathway of nucleic
acid bases has also been proposed in several theoretical studies [38, 50]. Broo has
suggested that in adenine, a strong mixing between the lowest n�∗ and ��∗ states
via the out-of-plane vibrational modes could lead to increased overlap with the
vibrational states of the ground state [50]. This “proximity effect”, as suggested
by Lim [51], has been used in the past to explain the ultra short lifetimes of the
DNA bases. To some extend, the universality of the dark state among nucleic acid
bases is not too surprising, since all heterocyclic compounds are rich in unpaired
electrons. Excitation of lone pair electrons is generally forbidden, which explains
the dark nature of these states. On the other hand, out of plane deformation of the
planar structure can easily induce interactions between these states and the optically
bright �∗ orbital [52].

11.4.3. Hydration and the Dark State

The effect of hydration on the decay pathway can reconcile the differences between
results from the gas phase and those from the liquid phase. In the work of Wanna
et al. on pyrazine and pyrimidine, a similar loss of ion signal from hydrated clusters
was observed [53], and an increased rate of internal conversion upon solvation was
proposed. In the case of the pyrimidine bases, however, we could not distinguish
the destination of the increased IC either being the dark state or the ground state,
although indications from our experimental data, including the faster decay of the
dark state upon hydration, favor the dark state as the destination. Typically in a
n�∗ transition, solvation by a proton donor such as water causes a blue shift; while
in a ��∗ transition, this effect is a slight red shift [54]. The energy gap between
the initially accessed ��∗ (S2) and the n�∗ dark state can thus be reduced in the
presence of water, and subsequently a better vibronic coupling between the two
states can occur. On the other hand, we cannot exclude the possibility that IC
directly to the ground state might still be somewhat competitive with IC to the
dark state even in the gas phase. In the presence of water, the balance between the
two decay pathways could shift, and a faster direct IC process to the ground state
could also accelerate the relaxation process. In either explanation, the photophysics
of the pyrimidine bases is significantly affected by the water solvent. The origin
of the photostability of the pyrimidine bases therefore lies in the environment, not
in the intrinsic property of these bases.
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As to the change in the mass spectrum with the excitation energy in our one laser
REMPI experiment in Figure 11-9, we believe it is due to the shortened lifetime
of the S2 state under water complexation. In our experiment using a nanosecond
laser system, the failure to accumulate a population at the S2 state for further
ionization can only be attributed to fast depopulation from the initially prepared
state, through internal conversion, intersystem crossing, or dissociation. Kim and
co-workers studied hydrated adenine clusters in the gas phase [55, 56]. Using a
nanosecond laser, they observed a near complete loss of hydrated adenine ions in the
S1 region, while using a femtosecond laser, all hydrated clusters were observable.
They also measured the lifetime of the S1 state to be 230 fs for A(H2O)1 and 210 fs
for A(H2O)2, while the lifetime of the S1 state of bare adenine was 1 ps. This five
fold change in lifetime was apparently sufficient to cause a qualitatively different
behavior under femtosecond or nanosecond excitation.

Lifetime reduction of both the dark state and the S2 state upon hydration should
be no surprise based on studies in the gas phase and in the liquid phase. For thymine,
the lifetime of the S2 state was reported to be 6.4 ps in the gas phase [21] and
1.2 ps in the liquid phase [25]. Similarly, for the other two pyrimidine bases, uracil
and cytosine, the lifetimes of the S2 states were measured to be 2.4 ps and 3.2 ps
respectively in the gas phase [21], while these values decreased to 0.9 ps and 1.1 ps
in the liquid phase [25]. In this work, we report a gradual decrease in lifetime with
the increase of hydration. When four or more water molecules are in the vicinity,
we suspect that the behavior of thymine is essentially the same as that in the liquid
phase, i.e., on the picosecond time scale.

11.4.4. Further Evidence of the Dark State

Since the publication of our work, a few other experimental work using different
techniques, in both gas and solution phases, and several theoretical reports, have
all confirmed the existence of this long lived dark state [20, 57]. Most notable is a
recent work by Kohler’s group in the solution phase [58, 59]. Using the femtosecond
transient absorption technique, Hare et al. [58, 59] have reported that upon photoex-
citation, the pyrimidine bases bifurcate into two decay channels, and approximately
10–50% of the population decays via the 1n�∗ state with lifetimes on the order
of 10–150 ps. This is a significant amendment to the original picture proposed by
the same group where only fast IC from S2 directly to S0 was emphasized [60].
Moreover, several folds of longer lifetimes for the nucleotides and nucleosides
have also been observed, revealing an unprecedented effect of the ribose group.
In the gas phase, Stolow’s group and Kim’s group have observed long tails in
their femtosecond pump-probe experiments [20, 21], and the decay time of this
component is beyond the time limit of their instruments. However, Ullrich et al.
have assigned a much faster component with a lifetime of 490 fs to the 1n�∗ state
[20], while the authors have offered no explanation to the slow component. A
discrepancy therefore emerges with regard to the lifetime of the 1n�∗ state: if
it is less than half a picosecond in the gas phase, then it should not be longer
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than 10 picoseconds in solution [58, 59]. Assigning the dark state and the state in
solution with a lifetime of 10 ps to a triplet state would resolve this issue, but it
will contradict with the reported lifetime of triplet states of several milliseconds
in the condensed phase [39–41]. More experimental work, in particular, quenching
experiments with triplet scavengers, is needed to clarify the situation. The existence
of a singlet state in the vicinity of the dark state has also been confirmed from
two independent theoretical calculations [57] (T. Martinez, 2005, Private commu-
nication). Even the lifetime of the singlet state has been modeled to be on the order
of tens of nanoseconds. Moreover, in a photoinduced DNA-protein cross-linking
experiment [61], Russmann et al. have observed that by delaying the pump and
probe lasers with a time lag of 300 fs, the yield of cross-linking can be further
enhanced. The time scale of this intermediate state is too fast in comparison with
the report from Kohler’s group [58, 59], but it is on the same order as that of
Stolow’s group [20]. The jury is still out whether this state bears any relation to the
1n�∗ state.

11.5. ORIGIN OF PHOTOSTABILITY OF NUCLEIC ACID BASES

The discovery of the dark state forces us to reconsider the origin of the photo-
stability of nucleic acid bases. The conventional belief that natural evolution has
selected these four bases as carriers of the genetic code because of their intrinsic
photostability, is proven untrue. In fact, isolated pyrimidine bases can be stuck
in an energetic state after absorbing a UV photon, and with so much energy
stored, encounters with other species could well lead to a whole gamut of chemical
reactions, from formation of radicals to loss of electrons. In particular, the high
yield of ionization at 220 nm as shown in Figure 11-3 implies that there should be
no neutral base exists under high UV flux conditions. Thus prior to the formation
of the protective ozone layer in the upper atmosphere, the nuclear acid bases can
simply not survive, let alone accumulate in concentration and ultimately evolve
into an oligomeric form. In the presence of water, however, the situation becomes
much more promising. With the shortening in lifetime of the dark state, the species
is offered a facile deactivation pathway, and the survival probability is increased
dramatically. Moreover, with further increase in concentration and ultimately with
the evolution of secondary structures, base pairing and base stacking offer more
protection. de Vries’ group has reported that the Watson-Crick base pair is the
shortest lived in the excited state among the many possible arrangements of the
dimmer [5]. It is therefore reasonable to speculate that ultimately, the photochemical
stability of the overall system, including the bases and their immediate environment,
survives the harsh condition and dominates the primordial soup.

The photochemical stability of the nucleic acid bases under UV irradiation is
no longer a major concern after the formation of the ozone layer, and the role
of the 1n�∗ state in the form of modern life is significantly reduced. However,
Kohler’s group suspects that the 1n� state might still be involved in the formation
of photohydrates and pyrimidine/pyrimidine photoproducts, while the formation of
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cyclobutane dimers is now believed to be directly through the ��∗ state without
any potential barrier [62].

11.6. CONCLUSIONS

We present experimental results on photophysical deactivation pathways of uracil
and thymine bases in the gas phase and in solvent/solute complexes. After photoex-
citation to the S2 state, a bare molecule is funneled into and trapped in a dark state
with a lifetime of tens to hundreds of nanoseconds. The nature of this dark state
is most likely a low lying 1n�∗ state. Solvent molecules affect the decay pathways
by increasing IC from the S2 to the dark state and then further to the ground state,
or directly from S2 to S0. The lifetimes of the S2 state and the dark state are
both decreased with the addition of only one or two water molecules. When more
than four water molecules are attached, the photophysics of these hydrated clusters
rapidly approaches that in the condensed phase. This model is now confirmed
from other gas phase and liquid phase experiments, as well as from theoretical
calculations. This result offers a new interpretation on the origin of the photosta-
bility of nucleic acid bases. Although we believe photochemical stability is a major
natural selective force, the reason that the nucleic acid bases have been chosen
is not because of their intrinsic stability. Rather, it is the stability of the overall
system, with a significant contribution from the environment, that has allowed the
carriers of the genetic code to survive, accumulate, and eventually evolve into life’s
complicated form.

Our work on hydrated clusters manifests the value of gas phase experiments.
Condensed phase studies reveal the properties of the bulk system. However,
it is difficult to distinguish intrinsic vs. collective properties of a system. Gas
phase studies, on the other hand, directly provide information on bare molecules.
Moreover, the investigation of size selected water complexes can mimic the
transition from an isolated molecule to the bulk. The comparison of gas phase
experimental results with theoretical calculations can also provide a direct test of
theoretical models. This test is in urgent need if theoretical modeling is to evolve
into calculations of solvated systems with credibility.

ABBREVIATIONS

LIF laser induced fluorescence
REMPI resonantly enhanced multiphoton ionization
DMU 1,3-dimethyl uracil
T thymine
IC internal conversion
OPO optical parametric oscillator
ISC intersystem crossing
IVR intramolecular vibrational redistribution
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