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Abstract: To better understand DNA photodamage, several nucleosides were studied by femtosecond transient
absorption spectroscopy. A 263-nm, 150-fs ultraviolet pump pulse excited each nucleoside in aqueous solution,
and the subsequent dynamics were followed by transient absorption of a femtosecond continuum pulse at
wavelengths between 270 and 700 nm. A transient absorption band with maximum amplitude near 600 nm
was detected in protonated guanosine at pH 2. This band decayed in 191( 4 ps in excellent agreement with
the known fluorescence lifetime, indicating that it arises from absorption by the lowest excited singlet state.
Excited state absorption for guanosine and the other nucleosides at pH 7 was observed in the same spectral
region, but decayed on a subpicosecond time scale by internal conversion to the electronic ground state. The
cross section for excited state absorption is very weak for all nucleosides studied, making some amount of
two-photon ionization of the solvent unavoidable. The excited state lifetimes of Ado, Guo, Cyd, and Thd were
determined to be 290, 460, 720, and 540 fs, respectively (uncertainties are(40 fs). The decay times are
shorter for the purines than for the pyrimidine bases, consistent with their lower propensity for photochemical
damage. Following internal conversion, vibrationally highly excited ground state molecules were detected in
experiments on Ado and Cyd by hot ground state absorption at ultraviolet wavelengths. The decays are assigned
to intermolecular vibrational energy transfer to the solvent. The longest time constant observed for Ado is
approximately 2 ps, and we propose that solute-solvent H-bonds are responsible for this fast rate of vibrational
cooling. The results show for the first time that excited singlet state dynamics of the DNA bases can be
directly studied at room temperature. Like sunscreens that function by light absorption, the bases rapidly convert
dangerous electronic energy into heat, and this property is likely to have played a critical role in life’s early
evolution on earth.

Introduction

Rising skin cancer rates1 and anthropogenic modification of
the ozone layer2 have heightened awareness of the health risks
of the sun’s ultraviolet (UV) rays. It is now well-established
that solar UV radiation is the primary cause of nonmelanoma
skin cancer.3 An important factor in photocarcinogenesis is
photochemical damage to DNA by direct absorption of UV
light.4 Virtually no UV light with λ < 295 nm strikes earth’s
surface due to absorption by stratospheric ozone. As a result,
the bases are the only nucleic acid components that can be
electronically excited by sunlight. Understanding the excited-
state dynamics of the nucleobases is therefore an essential step
toward the long-term goal of a molecular-level understanding
of DNA photodamage.

As a first step toward understanding photoprocesses in DNA,
we have been investigating the photophysics of single nucleo-
sides.5 The time scale for excited state deactivation by mono-
meric bases is a crucial input for theories of electronic energy
migration in single- and double-stranded DNA. While charge

transport in nucleic acids has been widely discussed,6-16 energy
transport17-20 has received much less attention, despite the latter
topic’s greater relevance to DNA photobiology. Additionally,
the rate of energy transfer between bases is thought to control
the distribution of ionic species upon multiphoton ionization
of small, hydrated clusters of DNA bases.21
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The lowest excited singlet (S1) states of the bases lie more
than 4 eV above their respective ground states. The substantial
energy deposited by light absorption could initiate a variety of
photoreactions. For example, electronic excitation transforms
any of the bases into a potentially formidable redox partner.
The formal excited-state reduction potential of thymine,
E°(Thy*/Thy•+) ) 2.1 V,22 is high enough to oxidize guanine,
E°(Gua•+/Gua) ) 1.29 V at pH 7.25 Yet, there have been no
reports of interbase photoinduced electron transfer by singlet
excited states. Additionally, the quantum yields for the formation
of pyrimidine (6-4)pyrimidone photoproducts, cyclobutane
pyrimidine dimers, and other photoproducts are extremely
low.26-28 Reactive decay channels such as these are made highly
improbable by rapid nonradiative decay, which provides DNA
with a high level of intrinsic photostability.

The fluorescence quantum yields of the DNA bases were first
measured at room temperature in the early 1970s.24,29The yields
for the DNA nucleosides aree10-4. Triplet quantum yields30

are known less precisely, but are also very small, indicating
that nonradiative decay by internal conversion dominates the
excited state deactivation. While it has been widely recognized
that these emission characteristics imply S1 lifetimes of e10
ps,31 it has not been possible to obtain precise values for any
DNA base. This has hampered attempts to understand the
mechanism responsible for ultrafast nonradiative decay by the
nucleobases.

Most investigators have tried to characterize DNA base
excited-state dynamics by measuring emission decays with
streak cameras. However, for ultraweak fluorophores like the
DNA bases, only a vanishingly small number of photoexcited
molecules contribute to an emission signal at any instant. In
contrast, a high fraction of the molecules initially excited to
the S1 state can be detected by excited-state absorption (S1 f
SN absorption, or ESA) to higher lying singlet states before they
decay nonradiatively, if time resolution is sufficient. Nikogosyan
pioneered the application of the pump-probe method to nucleic
acid photoprocesses.35-37 Laubereau and co-workers have
continued this approach with improved time resolution.38,39

Unfortunately, the results have been difficult to interpret due

to the simultaneous occurrence of single-photon and multiphoton
processes. We have recently succeeded in directly detecting ESA
in several DNA and RNA nucleosides using femtosecond
transient absorption spectroscopy.5 Here we describe in detail
how femtosecond pump-probe measurements made at very low
pump intensities have been used to isolate the S1 dynamics from
signals arising from multiphoton processes such as water
photoionization. By directly observing ultrafast internal conver-
sion and vibrational cooling, the measurements presented here
provide a more complete and richly detailed picture of nucleo-
base photophysics.

Experimental Methods

Transient Absorption Spectrometer. Femtosecond pump-probe
experiments were carried out on aqueous solutions of the various
nucleosides with use of 150 fs UV pump pulses with a center
wavelength of 263 nm. The pump pulse was obtained by third harmonic
generation from a kHz-repetition-rate, chirped-pulse amplified titanium:
sapphire laser system, as described elsewhere in more detail.40 The
variable wavelength probe pulse was generated by spectrally filtering
a continuum with an appropriate interference filter. The continuum
generated in a 1 cmwater cell by the laser fundamental provided probe
light at wavelengths between 400 and 700 nm, while the laser system’s
second harmonic was used to generate a UV continuum in a 1 mm
CaF2 glass flat for probing atλ < 400 nm. Pump and probe pulses
were focused and crossed in a free-flowing, liquid jet of the solution
under study. All measurements were carried out at room temperature
(T ) 22 ( 1 °C).

The pump pulse was linearly polarized by using a Glan-Taylor
polarizer made fromâ-barium borate because this material has higher
UV transmission than calcite. A half-wave plate positioned immediately
before the polarizer was used to vary the pump pulse energy for
intensity-dependent studies. The 1/e2 beam radius of the focused pump
pulse at the sample was measured to be 170µm by the scanning knife-
edge method.41 The probe pulse spot size was 3-4 times smaller. The
polarizations of the pump and probe pulses were set to the magic angle
to eliminate reorientational dynamics.

Transient absorption signals were recorded with use of a lock-in
amplifier referenced to a chopper that synchronously blocked every
third pump pulse. The transmitted probe pulse was detected with an
amplified silicon photodiode or a photomultiplier tube, depending on
wavelength. The induced absorbance change (∆A, equivalent to∆OD)
was recorded versus time delay between pump and probe pulses.∆A
is defined as the sample absorbance at the probe wavelength in the
presence of the pump pulse minus the absorbance at the same
wavelength with the pump blocked. Our instrument can routinely
measure absorbance changes as small as 10-20 ppm, and this high
sensitivity was essential for detecting the weak ESA from the
nucleosides.

Chemicals.The RNA nucleosides adenosine (Ado), cytidine (Cyd),
and guanosine (Guo) and the DNA nucleoside thymidine (Thd) were
obtained from Sigma Chemical Co. and used as received. Nucleosides
were selected for this study rather than the free bases because of their
greater solubility in water. Additionally, the (deoxy)ribose group of
the nucleosides eliminates some tautomers, reducing ground-state
heterogeneity. Some measurements were also performed with the
mononucleotide guanosine 5′-monophosphate (GMP), which was also
purchased from Sigma. Solutions were prepared with ultrapurified water
from a commercial water purification system (Barnstead Nanopure).
Identical results were obtained with HPLC-grade water (Aldrich). The
nucleosides were usually studied in unbuffered solutions at ap-
proximately pH neutral conditions. The lack of a pH buffer is most
likely to affect results for Cyd, on account of its high pKa of 4.242 for
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protonation. We found, however, that signals for Cyd are independent
of pH when the pH was varied between 4 and 8 by addition of HCl or
NaOH. The signals reported here for unbuffered conditions are therefore
assumed to accurately characterize the dynamics of the neutral
nucleosides.

Solute concentrations were in the 3-4 mM range, except for Guo,
the least soluble of the nucleosides. Solutions of Guo were prepared at
neutral pH by gently heating an aqueous solution to 70°C under stirring.
In this way, a supersaturated solution with a concentration of ap-
proximately 1 mM could be prepared and studied for up to an hour
before significant solute precipitation occurred. The absorbance at the
pump wavelength was roughly unity for Ado, Cyd, and Thd. In the
case of Guo, the absorbance was 0.5. All solutions were recirculated
through a home-built nozzle that formed a liquid jet with a path length
of approximately 0.4 mm. The flow rate was high enough to expose a
fresh portion of the solution to each successive pair of pump and probe
pulses. Solutions were not deaerated because bimolecular quenching
by oxygen ([O2] ≈ 0.3 mM at 20°C in H2O) occurs on a time scale of
hundreds of nanoseconds even for diffusion-limited quenching.

Global Curve Fitting. Transient signals were fit to a sum of
exponentials by using our own implementation of a global, nonlinear
least-squares fitting program. The fitting function was analytically
convoluted with a Gaussian (fwhm 210 fs) that best represents the
instrument response function. Small changes to the width of this
Gaussian had no significant effect on the time constants reported below.
In global fitting, temporal decay curves at different probe wavelengths
are fit simultaneously under the constraint that one or more parameters
of the fitting function must take on common (“global”) values for all
curves.43 In our case, the exponential time constants were globally
constrained, while the amplitudes were allowed to vary independently.
Global fitting greatly improves the precision of exponential decay times
estimated from time- and wavelength-resolved data.43

Results

Transient Absorption at Visible Probe Wavelengths.The
singlet excited states of any molecule are more closely spaced
as energy is increased.44 As a result, S1 f SN transitions usually
lie at longer wavelengths than absorption bands of the electronic
ground state, S0. For this reason, we began our search for base
ESA at visible wavelengths. Our first measurements were
performed on aqueous solutions of Guo at low pH. Protonated
Guo (GuoH+) is significantly more fluorescent than Guo. The
well-characterized fluorescence lifetime45 provided a reliable
criterion for identifying ESA by the fluorescent state (see
Discussion section).

Transient absorption by Guo at pH 2 is shown at 570 nm in
Figure 1. After an instrument-limited rise, the signal decays
biexponentially. Transients with identical kinetics were detected
at probe wavelengths between 450 and 700 nm, with the largest
signals near 600 nm. Transients at five separate probe wave-
lengths were globally fit to a sum of two exponentials. The best-
fit values of the exponential time constants,τ1 ) 1.7 ( 0.3 ps
and τ2 ) 191 ( 4 ps, gave an excellent fit at all probe
wavelengths. The longer time constant agrees extremely well
with the emission lifetime of 196( 7 ps reported by Fujiwara
et al.45 These authors studied Guo at pH 2 using excitation pulses
at 263 nm and a synchroscan streak camera. This agreement
indicates that the slower decay component of the transient
absorption signal is due to absorption by the fluorescent (i.e.
S1) state of GuoH+.

The remaining measurements were performed at approxi-
mately neutral pH. ESA by GuoH+ turned out to be a good

predictor of S1 f SN absorption by the neutral nucleosides, and
a broad transient absorption band with a maximum near 600
nm was located for each compound. Signals recorded for Guo
at pH ≈ 7 are shown in Figure 2 at three probe wavelengths.
The dominant feature of the transients in Figure 2 is the
subpicosecond decay. At delay times greater than 2 ps, a small
offset is visible in each trace. The decays at all probe wave-
lengths were simultaneously fit to a single exponential plus a
constant to model the residual absorption at long times. The
exponential time constant (τ) was adjusted globally, while the
amplitude and constant were adjusted independently for each
transient. The best-fit value forτ is 460( 40 fs.

To investigate the offset, which was observed for all
nucleosides, pump-probe signals were recorded as a function
of pump energy. Four representative transients are shown for
Ado in Figure 3. These transients were recorded at pump
intensities between 2 and 46 GW cm-2, and have been scaled
to have the same maximum amplitude. Strong reshaping as a
function of pump intensity is clearly evident. Similar results
were observed for all nucleosides studied. Analysis shows that
the signal near zero delay time (t ) 0) varies linearly with pump
pulse intensity, while the long-time offset varies quadratically.
Thus, the subpicosecond decay is due to one-photon excitation,
while the constant signal seen afterward results from two-photon
excitation.

Transient spectra were assembled point-wise from signals
recorded at single wavelengths. Results are shown for Cyd in

(43) Knutson, J. R.; Beechem, J. M.; Brand, L.Chem. Phys. Lett.1983,
102, 501.
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Organic Molecules; VCH: New York, 1995.

(45) Fujiwara, T.; Kamoshida, Y.; Morita, R.; Yamashita, M.J. Photo-
chem. Photobiol. B: Biol1997, 41, 114.

Figure 1. Transient absorption (263 nm pump, 570 nm probe) of a 3
mM solution of guanosine in water at pH 2. The inset shows the
structure and ring numbering of protonated guanosine. R stands for
ribose.

Figure 2. Transient absorption from a 1.4 mM solution of guanosine
at pH 7 induced by a 263 nm pump pulse. The probe wavelengths are
550 (circles), 600 (triangles), and 650 nm (squares). The curves have
been offset vertically for clarity. Global, nonlinear least-squares fits
are shown by the solid curves.
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Figure 4. The transient spectrum 500 fs after the pump pulse
(closed circles) hasλmax≈ 560 nm and is considerably narrower
than the red-shifted spectrum measured at 15 ps delay (open
circles). As a guide to the eye, the solid line through the open
circles displays a Gaussian fit to the short time spectrum plotted
vs frequency. Similar short-time spectra with a broad peak
between 500 and 600 nm were observed for the other nucleo-
sides. The different spectra and the different intensity depen-
dence at early and late times indicate that the species contrib-
uting to the probe absorption are not the same at all delay times.
The dashed curve in Figure 4 shows the well-known spectrum
of the hydrated electron, eaq

-, scaled to agree with the maximum
amplitude of the 15 ps spectrum. The agreement is excellent,
indicating that absorption at long times originates from eaq

-.
The pump-power dependence indicates that hydrated electrons

are produced by two-photon absorption. To determine the source
of the electrons, transients were recorded at 600 nm for a range
of solute concentrations, while maintaining constant pump
intensity. The nucleotide guanosine-5′-monophosphate (GMP)
was used for this study because it is much more soluble than
Guo. Figure 5 displays the transients obtained when the GMP
concentration was varied by a factor of≈16. The ratio of the
offset to the signal maximum is largest at low GMP concentra-
tions. The inset to this figure shows how the absolute signal

changes 100 fs and 10 ps after the pump pulse. The short-time
signal increases dramatically, while the long-time signal actually
decreases as the solute concentration is increased.

To isolate the monophotonic dynamics from the multiphoton
signal component, pump-probe scans were carried out on all
nucleosides at neutral pH at the lowest possible pump intensities
that still resulted in acceptable signal-to-noise ratios. The results
are shown in Figure 6. The pump pulse energy was fixed at
250 nJ for the purine nucleosides (Ado and Guo), corresponding
to a pump intensity of 3.5 GW cm-2. The traces for the
pyrimidine nucleosides (Cyd and Thd), which absorb more
weakly at short times, were obtained with a pump pulse energy
of 600 nJ (8.3 GW cm-2). Global fitting to low-power signals
at several probe wavelengths was performed by using a model
function consisting of a single exponential and a constant. The
best-fit decay times are summarized in Table 1.

Transient Absorption at UV Probe Wavelengths. In
contrast to the signals observed in the visible, signals at UV
probe wavelengths are significantly more intense, and exhibit
slower dynamics. Results are shown in Figures 7 and 8 for Ado
and Cyd. Figure 7a shows the transients for Ado on an absolute
absorbance scale. In Figure 7b the same transients have been
normalized to have the same maximum amplitude. The transients

Figure 3. Intensity dependence of the transient absorption signal at
570 nm from a 4.0 mM adenosine solution at pH≈7. The pump
intensities are 46 (diamonds), 16 (triangles), 8.0 (squares), and 2.0 GW
cm-2 (circles). The signals at the three lowest intensities have been
scaled to agree with the peak of the 46 GW cm-2 trace at short times.
Global, nonlinear least-squares fits are shown by the solid curves.

Figure 4. Transient spectra from a 4.3 mM aqueous solution of cytidine
recorded 500 fs and 15 ps after excitation with a 150 fs, 263 nm pump
pulse. The solid curve was obtained by fitting a Gaussian to the short-
time spectrum plotted vs frequency. The dashed curve is the absorption
spectrum of the solvated electron [from: Jou, F.-Y.; Freeman, G. R.J.
Phys. Chem. 1979, 83, 2383].

Figure 5. Transient absorption at 600 nm for guanosine 5′-mono-
phosphate (GMP) as a function of solute concentration. The pump
intensity was 5 GW cm-2 for each scan. The inset shows the variation
of the absolute signal strength with GMP concentration at two different
delay times.

Figure 6. Transient absorption (263 nm pump, 570 nm probe) for all
nucleosides studied. The pump intensity was kept as low as possible
to minimize interference by the hydrated electron. The pump intensity
was 8.3 GW cm-2 for the pyrimidine bases and 3.5 GW cm-2 for the
purine bases.
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between 270 and 340 nm clearly cannot be globally fit to a
single time constant. Decay time and signal strength increase
dramatically as the probe wavelength is decreased. Individual
fits to the transients for Ado are shown in Figure 7 by the solid
lines. The fitting function consisted of two exponentials and a
delta function (to model the spike att ) 0) convoluted with
the instrument response. The time constant of the exponential
describing the decaying portion of each curve steadily increases
from 0.4 ps at 340 nm to 2.0 ps at 270 nm.

Signals at several UV probe wavelengths are shown in Figure
8 for Cyd. As for Ado, stronger, more slowly decaying signals
are observed for Cyd in the UV compared to the visible. The

signals in Figure 8 were recorded with higher intensity pump
and probe pulses than was the case for Ado in Figure 7. Under
these conditions an instrument-limited spike att ) 0 is
prominent. A weaker spike can be seen in the UV transients
for Ado, particularly at 270 nm, where a shoulder is evident
neart ) 0. The higher pump intensity used for the Cyd signals
in the UV also results in a pronounced offset at long times,
which increases at longer wavelengths.

Discussion

Internal Conversion from S1 to S0. At low pH Guo is
substantially more fluorescent than at pH 7.46 This increased
fluorescence is due to protonation at N7 (see Figure 1 for ring
numbering),46,47 and is consistent with the greater fluorescent
character of other 7-substituted purine nucleosides.48,49Consis-
tent with the enhanced emission, the S1 lifetimes for 7-substi-
tuted purines are relatively long, and easily measured by streak
camera methods. Georghiou et al. measured a fluorescence
lifetime of 180-210 ps for 7-methyl GMP.50 More recently,
Fujiwara et al. measured a lifetime of 196( 7 ps for GuoH+.45

This value is in excellent agreement with our best-fit decay time
of τ ) 191( 4 ps, confirming that the slowly decaying signal
component in Figure 1 is due to absorption by the S1 state
(fluorescent state) of GuoH+.

The biexponential character of the signal in Figure 1 is due
to the presence of Guo and GuoH+. From the reported pKa of
2.2,46 a solution at pH 2 is predicted to contain 61% GuoH+

and 39% Guo. The slow decay component reflects excited-state
decay by GuoH+ and the 1.7 ps decay component is assigned
to excited-state decay by Guo, which is seen in Figure 2 to
undergo much more rapid decay at pH 7. From the least-squares
fits the amplitude of the slow component varied between 65
and 85% as the probe wavelength was varied across the S1 f
SN absorption band. This is in reasonable agreement with the
concentration of GuoH+ estimated from the pKa, and suggests
that ESA by the S1 states of the protonated and unprotonated
forms is similar in shape and amplitude. The 1.7 ps decay
component in Figure 1 is substantially longer than the 0.46 ps
lifetime measured for neutral Guo at pH≈ 7 (Figure 2). Since
the S1 lifetime of Cyd did not change when the pH was varied
between 4 and 8, excited state deactivation of Guo is unlikely
to be affected by pH, especially in view of the short excited-
state lifetime. Instead, the disagreement may be due to the
uncertainty in fitting the shorter time constant of a biexponential
decay.

The removal of a single proton from GuoH+ shortens the
lifetime of the transient absorption signal by a factor of over
400, as shown in Figure 2. The other nucleosides also show
subpicosecond decays at pH 7, as seen in Figure 6. On the basis
of the intensity-dependent results, the short-time dynamics
clearly originate from one-photon excitation of the nucleosides.
We considered and rejected other assignments of the short-time
dynamics. The triplet states of the bases have microsecond
lifetimes,26 ruling out triplet-triplet absorption. The signals also
cannot be due to aggregates since the association constants
determined by vapor-phase osmometry predict negligible ag-
gregation in aqueous solution for the millimolar nucleoside
concentrations used here.51 If the signal arose from base dimers,
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1985, 41, 209.

Table 1. S1 Lifetimes and Initial Vibrational Temperatures in H2O
at T ) 22 °C

nucleoside τa/fs Tvib
b/K Tvib

c/K

adenosine 290 1232 1177
guanosine 460 1203 1121
cytidine 720 1292 1208
thymidine 540 1272 1190

a S1 lifetime ((40 fs, 95% confidence).b Vibrational temperature
calculated from eq 2.c Vibrational temperature calculated from eq 3,
using electronic (0-0) transition energies from ref 26.

Figure 7. Transient absorption for adenosine at UV probe wavelengths
on an absolute (a) and normalized intensity scale (b).

Figure 8. Transient absorption for cytidine in the UV. Traces have
been offset horizontally and vertically for clarity.
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then it should increase as the square of the solute concentration.
We found, however, that the short-time signal was always
strictly proportional to the absorbance by the nucleoside at the
pump wavelength when the solute concentration was varied, as
shown in the inset to Figure 5. The short-time signals are
assigned then to dynamics of the S1 states of the nucleosides,
which are populated by the absorption of a single pump photon.
The spectral similarity between the S1 f SN absorption bands
of Guo and GuoH+ further indicates that the fast signals at pH
7 are due to ESA. The subpicosecond decays observed for all
nucleosides (Figure 6) therefore reflect internal conversion from
S1 to S0.

From the transient spectrum recorded 15 ps after the pump
pulse (Figure 4), absorption by eaq

- is responsible for the offset.
For our pump wavelength of 263 nm, two-photon absorption
prepares an excited state with an energy of 9.4 eV. This energy
is higher than the vertical ionization potentials reported by Hush
and Cheung for the DNA bases in the gas phase.52 Solvation
results in a substantial lowering of the ionization thresholds of
neutral molecules in aqueous solution, and the nucleosides Ado,
Guo, and dCyd have all been reported to undergo monophotonic
ionization in water at 193 nm (6.4 eV).53 Although the ionization
potential of water in the gas phase lies well above 9.4 eV, it is
well-established that eaq

- is produced in bulk water at excitation
energies as low as 6-6.5 eV.54-56 Ionization of both solute and
solvent is thus energetically allowed.

The assignment of eaq
- production to solvent photoionization

is definitively established by the concentration-dependent results
in Figure 5. As the GMP concentration is increased at constant
pump intensity, the offset decreases, indicating that fewer eaq

-

are produced. This is the opposite of the expected behavior if
two-photon ionization of the solute were dominant. The results
in Figure 5 can be modeled by considering only one-photon
absorption by the solutes, and two-photon absorption by the
much larger number of solvent molecules. Since two-photon
absorption depends quadratically, whereas one-photon absorp-
tion depends linearly on light intensity, one- and two-photon
absorption depend differently on distance along the propagation
direction through the liquid jet. The exponential attenuation of
photon flux with distance by the one-photon absorbers decreases
the total number of two-photon excited states that are produced
throughout the sample thickness.

Two-photon ionization of water is promoted by two factors.
First, water has a large cross section for two-photon absorption
in the UV.54 Second, the quantum efficiency for electron ejection
from states reached by two-photon excitation is high. Bartels
and Crowell reported that water-excited states with a final energy
of 9.3 eV are photoionized with 50% probability.57 Working at
lower pump intensity reduces the amount of solvent photoion-
ization faster than it reduces the number of monophotonically
excited solute molecules. Nevertheless, the minimum detectivity
of our instrument (∆A ≈ 2 × 10-5) prevents us from lowering
the pump intensity below a few GW cm-2. This is a direct
consequence of the strong absorption cross section of eaq

-

(ε630 nm) 14 400 M-1 cm-1 58) and the small cross section for

ESA by the nucleosides. Modeling suggests an upper limit of
about 1000 M-1 cm-1 for the molar absorption coefficients of
the purine nucleosides. Absorption coefficients for the pyrimi-
dine bases are estimated to be a factor of 3 smaller, and this is
the reason for the larger offset for Cyd and Thd in Figure 6.

Hot Ground-State Absorption and Vibrational Cooling
Dynamics in S0. The assignment of the dynamics at visible
probe wavelengths to ultrafast internal conversion is strongly
supported by transient absorption measurements in the UV.
Figures 7 and 8 show the substantially more intense signals
observed at wavelengths on the red edge of the ground-state
absorption bands of Ado and Cyd. The kinetics are much slower
in the UV than in the visible, suggesting that different states
are responsible. This is confirmed by measurements of the time
zero anisotropies for Ado. The visible band has a time-zero
anisotropy of 0.15, while a value of≈0.4 was measured for
the UV band at 280 nm. The difference indicates that distinct
electronic transitions are responsible for the signals in the visible
and in the UV.

We assign the UV band to absorption by hot ground-state
molecules that are formed by internal conversion. This explains
the initial anisotropy of 0.4 since probe absorption in the UV
monitors the same electronic transition excited by the pump
pulse. In a nonradiative electronic transition, the energy in an
excited molecule is not removed by an emitted photon, but
instead remains localized in the molecule and its immediate
environment. Due to the high-lying S1 states of the bases
(average S1 energy is ≈34 000 cm-1 in room-temperature
aqueous solution24), molecules that internally convert from S1

to S0 are vibrationally very highly excited. The large vibrational
excess energy results in a pronounced red-shift of the ground-
state absorption spectrum. This explains the strong absorption
signals seen at wavelengths on the red edge of the S0 f S1

absorption band. This “red edge” or “hot band” absorption has
been observed previously in molecules for which electronic
relaxation is more rapid than vibrational energy dissipation to
the solvent. Examples include azulene59-63 and linear polyenes
such as hexatriene.64,65 As vibrational energy is transferred to
nearby solvent molecules, the solute’s vibrational temperature
decreases and the electronic absorption spectrum returns to its
room-temperature band shape. The rate of this vibrational
cooling process is obtained from the decays at UV probe
wavelengths. The decay times obtained by fitting the transients
in Figures 7 and 8 vary strongly with probe wavelength. This
is a common signature of vibrational cooling in ultrafast transient
absorption spectroscopy,66,67 and further justifies our interpre-
tation.

It is usually assumed that intramolecular vibrational redis-
tribution (IVR) occurs rapidly enough after initial photoexci-
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tation that a Boltzmann population distribution is established
before there is significant intermolecular vibrational energy
transfer to the solvent.68,69Under these conditions a vibrational
temperature can be meaningfully assigned to quantify a mol-
ecule’s excess vibrational energy. In the harmonic approxima-
tion, the mean vibrational energy of anN-atom polyatomic
molecule in excess of its zero-point energy depends on
temperature as,

whereVi are the 3N - 6 normal-mode frequencies. If the total
photon energy,Ephoton, remains in the molecule prior to internal
conversion, then the initial vibrational temperature,T, is the
solution to eq 2. If vibrational excess energy in S1 is lost to the

solvent before internal conversion, thenEphotonmust be replaced
by the 0-0 transition energy,E0-0,

Little information is available on the rate of intermolecular
vibrational energy transfer in the condensed phase, particularly
in excited states, so we computed initial vibrational temperatures
using both eqs 2 and 3. Normal-mode frequencies were
calculated for the electronic ground state of each nucleoside by
using the PM3 Hamiltonian in Hyperchem 5.0 (Hypercube Inc.,
Gainesville, FL). The initial temperatures are insensitive to the
exact normal-mode frequencies, justifying the use of an empiri-
cal Hamiltonian. The results in Table 1 show that the initial
vibrational temperature in the electronic ground state is ap-
proximately 1200 K for each nucleoside. Since vibrational
cooling for both Ado and Cyd is substantially slower than
internal conversion, photoproduct formation by hot ground-state
molecules could be more important than reactions on the S1

state surface. It was proposed earlier that pyrimidine photohy-
drates are formed from vibrationally hot molecules in S0.70

Additional work is required to fully determine whether thermal
chemistry in S0 can compete with the picosecond time scale of
vibrational cooling.

Time constants obtained by fitting the decays for Ado in
Figure 7 vary from 0.4 to 2.0 ps, depending on probe
wavelength. This is considerably faster than cooling rates
reported in other molecules. For example, cooling times of≈10
ps were measured for azulene in a variety of nonaqueous
solvents.59-61 The much faster cooling rates for the nucleosides
arise in our opinion from hydrogen bonding to water molecules,
which provide efficient pathways for intermolecular vibrational
energy flow to the solvent. Evidence that H-bonds can accelerate
vibrational cooling comes from a study of azulene by Troe and
co-workers.60 They observed cooling in 3.3 ps in a 1:3 methanol/
water mixture, faster than in any of the solvents in their study,
and considerably faster than cooling in neat methanol (τ ) 8.3
ps). Terazima has shown recently that the number of solvent
OH groups per unit volume correlates well with the vibrational
cooling rates for betaine-30, following S3/S0 internal conver-

sion.71 A variety of other studies have found evidence for
ultrafast vibrational energy relaxation through hydrogen
bonds.72-76 The ease of observing vibrational cooling in the
nucleobases and their large number of hydrogen-bonding sites
may make the DNA and RNA bases good model compounds
for testing the dependence of vibrational cooling on hydrogen
bonding.

In addition to hot ground-state absorption, there are two other
contributions to the UV signals. Absorption by eaq

- produced
by the two-photon ionization of water is again responsible for
long-time signal offsets. Because absorption by eaq

- is much
weaker in the UV, offsets are significant only for the high pump
intensity used to record the transients in Figure 8. In this figure,
it is also evident that the offset is larger for longer probe
wavelengths, as expected from the absorption spectrum of eaq

-.
A second contribution is coherent (simultaneous) absorption of
one pump photon and one probe photon neart ) 0, as first
described by Reuther et al.38 This results in an instrument-limited
spike, which is most obvious in the Cyd scans in Figure 8, but
can also be seen at 270 nm in Figure 7. Since the cross-section
for simultaneous absorption of two photons by water increases
with the sum of the photon energies, the spike is larger at shorter
probe wavelengths. Interestingly, the UV signals do not show
clear evidence of a bleach recovery, even at 270 and 280 nm,
where the bases show significant ground-state absorption. This
may be due to interference by the coherent absorption spike,
and our somewhat poorer time resolution (200-300 fs) at UV
probe wavelengths.

Comparison to Previous Lifetime Measurements.The S1

lifetimes reported here are significantly faster than all previously
reported values from time-resolved measurements. Excited-state
deactivation in the nucleosides occurs in hundreds of femto-
seconds, and not in the 1-10 ps range, as most widely discussed
in the past. The streak cameras used by others45,77,78 lack
sufficient temporal resolution to capture the subpicosecond
excited-state decays reported here. Previous pump-probe stud-
ies35,38,39,79,80were similar in spirit to ours, but they did not
identify ESA, and instead focused on dynamics in the UV. As
we have shown, this spectral region is dominated by ground-
state vibrational cooling dynamics. These more slowly decaying
signals provide no information about the internal conversion
dynamics. Furthermore, the past pump-probe studies used
intensities that are 1-2 orders of magnitude higher than the
ones used here. These high intensities produce substantial
multiphoton excitation, which greatly complicates the analysis.
Reuther et al. recently reportedτ ≈ 1 ps for A, C, T, and U
based on analysis of their data using a 7-level kinetic scheme.39

In contrast, our lifetimes were obtained by globally fitting a
single exponential directly to our experimental transients. Our
results show that each base has a characteristic decay time.
According to our lifetime ordering (A< G e T < C),
nonradiative decay is faster for the purines than for the
pyrimidines. This is consistent with the purine bases’ lower
propensity for photodamage, and validates the notion that
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photodamage is minimized when the rate of nonradiative decay
is maximized.

Subpicosecond decays in the visible and the slower hot
ground-state dynamics in the UV provide a consistent picture
that argues for the accuracy of our measured lifetimes. Further
support comes from good agreement with estimates based on
the known fluorescence quantum yields. The fluorescence
lifetime, τF, of any fluorophore can be calculated from the
fluorescence quantum yield,φF, by the relationτF ) φFτ0, where
τ0 is the radiative lifetime. The radiative lifetime can be
estimated by using the Strickler-Berg formula81 and the
stationary absorption spectrum. There is considerable uncertainty
in this procedure due to the difficulty of isolating the lowest
absorption band in a UV-vis spectrum. Nevertheless, estimates
of the radiative lifetime,τ0, of the DNA bases between 3 and
8 ns were published by Callis.82 Even with the longer value of
8 ns and the known values ofφF for the nucleosides, subpico-
second lifetimes are predicted. On the basis of their estimates
of the radiative lifetimes, Vigny and Duquesne reportedτF

values of 0.3, 0.5, 0.8, and 1.0 ps for the nucleotides AMP,
GMP, TMP, and CMP in 1976.32 The lifetime ordering is the
same as ours, and the absolute values agree quiet well,
particularly for the purines.

Mechanistic Implications. Our measurements show that
excited state decay occurs in hundreds of femtoseconds for Ado,
Guo, Cyd, and Thd. Since transients at UV wavelengths that
lie within the ground state absorption spectrum recover com-
pletely within a few picoseconds, proposed mechanisms that
involve relaxation to a long-lived dark state83 can be ruled out.
Instead, the evidence overwhelmingly supports ultrafast return
to S0. It is impossible to explain subpicosecond rates of internal
conversion by using the energy gap law. The average energy
gap between the S0 and S1 states of the different nucleobases at
room temperature is≈34 000 cm-1 as determined from the
emission spectra in water.24 There is no correlation between
the ordering of the S1 state energies at 300 K, G< C e T <
A,26 and the ordering of S1 lifetimes reported here, A< G e
T < C. In fact, Ado, the nucleoside with the largest 0-0
transition energy in aqueous solution, has the highest rate of
internal conversion.

Initial motion on the excited state surface must rapidly move
the initial wave packet toward a geometry where the energy
gap with S0 is much smaller, if indeed a gap exists at all. We
suggested previously5 that a conical intersection could explain
ultrafast excited-state decay, as has been found, for example,
for azulene.84 Lim has described how vibronic coupling between
energetically nearby n-π* and π-π* states can reduce the
energy gap to the ground state and provide a mechanism
(“proximity effect”) for efficient fluorescence quenching in
nitrogen heterocyclic compounds.85 This mechanism, although
it does not require conical intersection between S0 and S1, has
been mentioned in the past as an explanation of the short
lifetimes of the DNA bases.34,86Ab initio calculations by Broo
have provided some qualitative support for this mechanism.87

Using CASSCF, CIS, and AM1 methods, Broo found strong
mixing between the lowest n-π* and π-π* states of adenine.
Ring puckering in the six-membered ring of adenine (particularly
at N1-C2-N3) was identified as the coordinate that transforms
the initially planarπ-π* state into the nonplanar n-π* state.
The quasistationary points corresponding to these two states are
close in energy and separated by a small barrier of just 0.6 kJ
mol-1. Out-of-plane distortion leads to increased overlap with
the S0 vibrational states. The resulting large Franck-Condon
factors lead to rapid radiationless decay.

A further possibility is that photochemical rearrangement
occurs during excited-state decay. Decay from S1 might then
occur by conical intersection to the electronic surface of a
transient intermediate, which subsequently relaxes to S0.
Domcke and co-workers proposed such a mechanism to explain
nonradiative decay in pyridine and other azines.88 They sug-
gested that electrocyclic ring-closing in S1 produces a preful-
vene-like intermediate, which subsequently re-aromatizes in a
barrierless process to regenerate the electronic ground state. This
de-aromatizationf re-aromatization process provides a pho-
tochemical alternative to the purely photophysical picture of
Lim. Chachisvillis and Zewail recently invoked a similar concept
to explain their ultrafast measurements of pyridine dynamics
in solution.89 It is possible that a similar mechanism could be
operative in the DNA bases. High-quality ab initio calculations
of the excited states will be required to decide this issue. In
any event, the speed of excited state decay suggests that it occurs
by a substantially barrierless process.

Implications for Molecular Evolution. Photodamage rates
to DNA and RNA would be significantly higher in the absence
of ultrafast nonradiative decay by the bases. Greater genomic
photostability is advantageous, and this observation has interest-
ing implications for the origin of life and the evolution of
biomolecules. The DNA and RNA bases have essentially the
same photophysical properties as sunscreens that function by
absorption. Such sunscreens nonradiatively dissipate potentially
damaging electronic energy rapidly and with high efficiency.90

By converting potentially damaging electronic energy into
vibrational energy (i.e. heat) in S0 in hundreds of femtoseconds,
the nucleobases provide passive photoprotection like other
natural compounds such as the flavonoids of plants,91 cyano-
bacterial pigments such as scytonemin,92 and the mycosporine-
like amino acids.93

The photoprotective properties of the DNA bases would have
been especially important at the dawn of life on earth. Current
evidence suggests that life arose a billion or more years before
the presence of a significant stratospheric ozone layer. Today’s
ozone layer provides nearly total attenuation of UV light at
λ < 295 nm at earth’s surface, restricting electronic excitation
of the bases to their long-wavelength absorption tails, where
the absorption cross sections are smaller. On the other hand,
the high, and spectrally uniform fluence of short-wavelength
UV light during the Archean era would have posed a grave
threat to the earliest life forms.94 Ultrafast nonradiative decay
would have been an essential molecular survival mechanism,
particularly at the earliest times before the appearance of the
complex enzymes necessary for active repair of photodamaged
nucleic acids. In their role as “primordial sunscreens” the
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nucleobases may have provided essential photoprotection as
components of the first self-replicating biomolecules on the early
earth. Sunscreen-like functionality may have been just as
important for the adoption of the bases as the building blocks
of the genetic code as their ability to noncovalently associate
through hydrogen bonding. From this viewpoint, nonradiative
decay may be as highly evolved in nature as the better-known
ultrafast biological photoprocesses95 of visual signal transduc-
tion, light harvesting, and electron transfer in the photosynthetic
reaction center.

Conclusions

Excited state decay by common nucleosides occurs in
hundreds of femtoseconds by internal conversion to the elec-
tronic ground state. Two spectrally distinct regions of transient
absorption have been identified. Excited-state absorption by the
S1 state of each nucleoside is characterized by a broad, but weak
absorption band centered near 600 nm, which decays in

hundreds of femtoseconds by internal conversion. Signals in
the UV reveal the subsequent dynamics of vibrational cooling
in the electronic ground state. Vibrational cooling for Ado occurs
in e2 ps, considerably slower than the initial relaxation to S0.
The vibrational cooling rate is, however, substantially faster than
commonly observed for hydrocarbons in nonaqueous solvents,
suggesting that solute-solvent H-bonds provide efficient path-
ways for intermolecular vibrational energy transfer. The ability
to directly observe excited state dynamics in the DNA bases,
as demonstrated here, should significantly advance understand-
ing of the mechanism underlying their ultrafast nonadiabatic
dynamics. We anticipate that the techniques described here for
studying the photophysics of monomeric bases will be useful
for studying the excited-state dynamics of oligo- and polynu-
cleotides. Such studies will provide insight into how base
stacking and base pairing influence energy relaxation, and may
explain the sequence-dependent quantum yields of certain DNA
photoproducts.
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