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Time-resolved transient absorption spectroscopy with sub-9 fs ultrashort laser pulses in the
deep-ultraviolet (DUYV) region is reported for the first time. Single 8.7 fs DUV pulses with a
spectral range of 255-290 nm are generated by a chirped-pulse four-wave mixing technique for use
as pump and probe pulses. Electronic excited state and vibrational dynamics are simultaneously
observed for an aqueous solution of thymine over the full spectral range using a 128-channel
lock-in detector. Vibrational modes of the electronic ground state and excited states can be
observed as well as the decay dynamics of the electronic excited state. Information on the initial
phase of the vibrational modes is extracted from the measured difference absorbance trace, which

contains oscillatory structures arising from the vibrational modes of the molecule. Along with other
techniques such as time-resolved infrared spectroscopy, spectroscopy with sub-9 fs DUV pulses is
expected to contribute to a detailed understanding of the photochemical dynamics of biologically
significant molecules that absorb in the DUV region such as DNA and amino acids.

1. Introduction

In the deep-ultraviolet (DUV) region from 200 nm to 300 nm,
many basic aromatic molecules absorb radiation and undergo
photochemical reaction. One of the most important examples
in terms of human health is reaction of the biologically
significant molecules DNA and RNA. These molecules absorb
DUV light from the sun, leading to photodamage.'? The
photodamage process has been investigated extensively and a
thymine dimer identified as one of the photoproducts.>™ At
the same time, it is known that DNA has relatively high
photostability, attributed to the ultrafast non-radiative relaxation
dynamics of its building blocks, the nucleobases.® The time scale
of this relaxation is in the sub-picosecond regime resulting also in
a low fluorescence quantum yield. A variety of techniques,
including transient absorption spectroscopy,>’'° time-resolved
fluorescence spectroscopy,”!!"!? and time resolved infrared (IR)
spectroscopy,*!* !¢ have been utilized to elucidate the photo-
chemical dynamics of DNA and its nucleobases.

Despite the extensive investigations performed to date, the
photochemical dynamics of these molecules have not been fully
understood, and even the dynamics of a simple nucleobase such
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as cytosine remain unclear.® The time resolution of such spectro-
scopic techniques is limited by the pulse duration of the excita-
tion and probe pulses, in particular by the duration of the DUV
pump pulse (several tens of femtoseconds). Probing the ultrafast
decay dynamics faster than 100 fs has been difficult.

In the visible spectral range, sub-10 fs visible pulses can be
readily obtained and utilized in transient absorption spectroscopy.
The vibrational dynamics and electronic excited state
dynamics of various molecules have been probed with a time
resolution of a few femtoseconds.'”>* Phase information on
the molecular vibrations, which cannot be obtained in time-
resolved IR spectroscopy or Raman spectroscopy, can be acquired
and used to assign each vibrational mode as an electronic excited
state or a ground state. Extension of sub-10 fs spectroscopy to the
DUV region would help elucidate the photochemical dynamics of
biologically relevant molecules by giving complementary informa-
tion to that obtained with time-resolved IR spectroscopy. A time
resolution of better than 10 fs would also enable resolution of
ultrafast electronic excited state dynamics, which occur much
faster than 100 fs and would even provide information on real-
time vibrational dynamics.

Spectroscopy with sub-10 fs DUV pulses, however, has not
been reported to date although approaches for generating the
pulses have been reported from several groups.>>* A fundamental
difficulty has been in the removal of group-velocity dispersion,
including high-order dispersion in the DUV wavelength region,
which is much larger than in the visible region. The sub-10 fs
pulse is readily broadened and distorted before it reaches the
sample position in pump—probe spectroscopy. To obtain sub-10
fs DUV pulses at the sample, an approach based on the
broadband chirped-pulse four-wave mixing (FWM) method
has been proposed. By this method a single-peaked pulse
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profile is obtained without satellite pulses and with a smooth
spectrum without the use of an external pulse compressor.
These features allow for application of the pulse in ultrafast
spectroscopy without undue complications. The pulse is easily
compressed down to a sub-10 fs pulse duration.?*-*

In the present article, an 8.7 fs DUV pulse generated by the
abovementioned technique is applied to transient absorption
spectroscopy with a sub-10 fs time resolution, generating time-
resolved data with electronic and vibrational dynamics with a
high signal-to-noise ratio for the first time. The sample investigated
was an aqueous solution of thymine. The decay dynamics in the
electronically excited state and the vibrational dynamics are
simultaneously investigated. Sub-picosecond and picosecond
decays related to the electronic excited state and a vibrationally
hot ground state, respectively, are observed in the thymine
measurements. Vibrational modes ranging from low to high
frequencies up to 2000 cm ™' can be simultaneously probed with
the short pulse. From the phase information of the vibrational
modes, obtained by Fourier analysis of the oscillatory signal in
a difference absorbance trace, it was found that wave packets
corresponding to several vibrational modes in both the electronic
excited states and ground state are simultaneously induced.

2. Experimental
2.1 Sample preparation

Thymine powder (5-methyluracil) was purchased from Sigma
Aldrich and used without further purification. Thymine (65 mg)
was dissolved in distilled water (50 ml) to prepare an aqueous
solution with a molar concentration of 10 mM and with an
absorbance of 1.5 at 4.7 eV for an optical path length of
0.2 mm. The aqueous solution was continuously circulated
around a home-made flow cell using a peristaltic pump. The
cell had 0.2 mm thick CaF, input/output windows and an
optical path length of 0.2 mm.

2.2 Sub-10 fs DUV pump—probe spectroscopy setup

The technique of broadband chirped-pulse FWM used for
generating a sub-10 fs DUV pulse has been described else-
where.? Briefly, a near infrared (NIR) pulse from a Ti:sapphire
chirped pulse amplifier was transmitted through glass blocks
(10 mm fused silica and 5 mm BK7) and positively chirped. The
pulse was then focused into a krypton-gas-filled hollow fiber for
spectral broadening by self-phase modulation. A near UV (NUYV)
pulse generated by frequency doubling of a NIR pulse was
negatively chirped with a double-pass prism pair. The broadband
NIR pulse and NUV pulse were spatially and temporally
synthesized in another hollow core fiber filled with argon
gas. By the FWM process in the hollow core fiber, a broad-
band and negatively chirped DUV pulse was generated. After
collimation of the DUV pulse with a concave mirror, the NIR
and NUYV pulses transmitted through the hollow core fiber and
co-propagated with the DUV pulse were carefully eliminated
using harmonic separators. For this process, the following
setup was used: two low-dispersion dielectric mirrors for
s-polarized pulse in the wavelength range of 250-290 nm
(Layertec GmbH), two low-dispersion harmonic separators
reflecting the DUV wavelength component while transmitting
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Fig. 1 Experimental setup. HS1, HS2: harmonic separators; PS: peri-
scope; CM: aluminium-coated concave mirror, f = 150 mm; MLA: optical
fiber followed by a multi-channel spectrometer and a 128-channel
lock-in amplifier.

the NIR wavelength component (Layertec GmbH, HS1 in
Fig. 1), and a low-dispersion harmonic separator reflecting
the DUV component and transmitting the broadband NUV
component (custom product, Layertec GmbH, HS2 in Fig. 1).
The pulsed beam was incident to all the harmonic separators
with nearly normal incidence. After these separators, the pulse
energy of the residual NUV and NIR pulses co-propagating
with the DUV pulse (150 nJ) was less than 1 nJ, or less than
1% of the energy of the DUV pulse. The polarization of the
horizontally polarized DUV pulse was changed to vertical
polarization with a periscope consisting of aluminium mirrors.
The pulse was spatially split into two beams®' using the edge of
an aluminium mirror, as shown in Fig. 1. One of the two
beams was sent to an optical delay line composed of a stepping
motor stage (FS-1020PX, Sigma-Tech), an aluminium mirror,
and a fused-silica prism. Due to Fresnel transmission loss from
the prism surface, the pulse energy was reduced by a factor of
about ten before being used as a probe pulse. The other beam
was reflected with a retro reflector with aluminium coating and
used as a pump pulse. The pump and probe pulses were
focused noncollinearly into a 0.2 mm thick CaF, plate. By
detecting the self-diffraction (SD) signal generated in the
plate with a multi-channel spectrometer (USB2000, Ocean
Optics) while scanning the optical delay line, a SD-frequency-
resolved-optical gating (SD-FROG) trace was measured for
characterization of the pulse shape.’'** Another piece of
0.2 mm CaF, plate was placed in front of the CaF, plate for
the SD-signal generation. This was done to pre-compensate for
pulse broadening in the input window of the flow cell used in
the pump-probe experiments. By optimizing the distance
between the harmonic separators in air via path length tuning,
the pulse duration of the DUV pulse was compressed to the
shortest pulse duration possible.?

After characterization of the pulse duration, the two CaF,
plates were replaced with the home-made flow cell. The
transmitted probe pulse from the flow cell was focused into
a multi-mode fiber which was connected to a multi-channel
spectrometer coupled to a 128-channel multi-channel lock-in
amplifier.'® The intensity of the pump pulse was modulated
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with a frequency of 500 Hz by an optical chopper for the
lock-in detection. The difference absorption spectra were
measured over a range of pump-probe delay times from
—200 fs to 1800 fs with a step size of 0.2 fs. The pulse energies
of the input pump and probe pulses were 40 nJ and 5 nJ,
respectively. After repeating the measurement of the thymine
sample three times, the sample inside the cell was removed and
replaced with pure water and the same measurement procedure
repeated. It was found that the blank experiment with water
gave no signal other than a coherent artefact at a delay time of
around 0 fs as will be discussed later. All the experiments were
performed at room temperature (293 K).

3. Results and discussion
3.1 The DUYV laser pulse and stationary absorption

The spectrum of the DUV laser pulse measured with a multi-
channel spectrometer (USB2000) and that retrieved from the
SD-FROG trace are shown in Fig. 2(a). The retrieved spectrum
agrees well with that directly measured with the spectrometer,
indicating that measurements of the SD-FROG trace and phase
retrieval from the trace are accurate enough for evaluation of
the pulse temporal profile. The retrieval was performed with
commercial software (FROG 3.0, Femtosoft Technologies) and
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Fig. 2 (a) Spectrum of the DUV pulse measured with a USB2000
multi-channel spectrometer placed in front of the pump-probe setup
(solid line) and that retrieved from the SD-FROG measurement (solid
area). The spectral phase retrieved from the SD-FROG trace is shown
by the dotted line. (b) The temporal intensity profile of the DUV pulse
(solid area) and phase (dotted line) from the SD-FROG measurement.
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Fig. 3 The stationary absorption spectrum of an aqueous thymine
solution measured with a sub-10 fs probe pulse in the pump—probe
setup using a 128-channel lock-in detector (solid line). The DUV laser
spectrum is also shown (dotted line).

the retrieval error was 0.005. The temporal profile of the
intensity of the pulse retrieved from the FROG trace is shown
in Fig. 2(b). The profile is free from any satellite pulses and the
energy contained in the pedestal component(s) is less than 5%
of the main pulse.” Thus the pulse is well suited to pump—
probe spectroscopy and does not suffer from multiple excita-
tions or multiple probing. The full-width at half-maximum (or
pulse duration) of the intensity profile is 8.7 fs. A single pulse
shape of sub-10 fs pulse duration can be readily obtained by
optimizing the propagation distance of the DUV pulse in air
using the chirped-pulse FWM technique.?*°

Fig. 3 shows stationary absorption spectra of the aqueous
solution of thymine measured with the pump—probe setup. In
the same figure, the spectrum of the DUV laser pulse measured
with the lock-in amplifier is also depicted. The absorption
spectrum has a peak at 4.68 eV, while that of the DUV laser
pulse has a peak at 4.52 eV. The spectrum of the DUV pulse
overlaps well with the absorption spectrum in the photon
energy range below 4.82 eV.

3.2 Dynamics of the electronic excited states

Fig. 4 shows 2D difference absorption spectra of the aqueous
thymine solution (average of three measurements (Fig. 4(a))
and pure water (Fig. 4(b)). In the positive delay time range, the
thymine spectra exhibit positive A4 signals at photon energies
below 4.42 eV but negative AA signals at higher photon
energies. The pure water sample does not show any appreciable
positive or negative AA4 signals except at delay times of around
0 fs. These signals are also seen at delay times of around 0 fs for
the thymine sample, which can be seen more clearly in a
difference absorbance trace obtained after averaging in the
range between 4.70 eV and 4.75 eV [see Fig. 5]. Specifically,
there are intense oscillatory structures in the delay time range
between —100 fs and 100 fs, with similar structures apparent for
both samples in this delay range. Therefore, the intense oscillatory
structure is not attributed to thymine but is considered to be
mainly due to a coherent artefact, possibly from two-photon
absorption of the DUV pulse by the solvent (water) and/or the
CaF, windows. The small differences in the strength of the artefact
in the range of 4.6-4.8 eV are explained as follows. It is well
known that the coherent artefact appears in the same direction as
the incoherent signals.** Therefore, the negative artefact in the
thymine sample occurs due to the negative incoherent signal.
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Fig. 4 The measured 2D difference absorption (AA4) spectra of
the (a) aqueous thymine solution and (b) pure water samples.
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Fig. 5 (a) The measured difference absorbance trace of the thymine
sample averaged over the photon energy range between 4.70 and
4.75 eV (gray line). The solid black line indicates the global fitting
curve fitted to the experimental data. (b) An expanded view of (a), in
which the oscillatory structure present in the difference absorption
trace is clearly seen.

Then the difference absorbance of the thymine sample
observed to have a negative sign is expected to be affected
by the coherent artefact signal. Meanwhile, the artefact signal
in water leads to a positive difference absorbance (artificial)
signal, and that obtained for thymine at the same photon

energy is negative. This negative signal is obtained as a result of
the sum of the positive artefact signal and a negative artificial
signal arising from thymine related to non-artificial bleaching
and/or stimulated emission at a positive time delay. Similar
behaviour is observed over nearly all probe photon energies as
can be clearly seen if we compare the 2D difference absorption
spectra of the thymine sample and water shown in Fig. 4.

To extract the lifetime information from the 2D difference
absorption spectrum AA(w, f), the trace was fitted by a global
fitting procedure using the following fitting function, which
allows for three separate species, A4 (w), Adx(w), and AAd;(w),
and two corresponding time constants, 7; and 7, (Where 7; < 15):

AA(w, 1) = Ad(w)exp(—t/t1) + Adr(w)exp(—t/t2) + AAdz(w),
ey

where the third term corresponds to a decay component with a
time constant much longer than the experimental delay time
(ranging up to 1.8 ps), and w is the angular frequency of the
spectral component of the probe pulse. Fitting was performed
in the photon energy range between 4.33 eV and 4.81 eV, for
which the relative intensity of the laser is higher than 1% of
the peak of the laser spectrum. In this equation, assignment of
the exponential coefficients differs depending on whether the
sequential model or parallel model is used as discussed later.

Because of the intense coherent artefact in the time range
near 0 fs, direct fitting of the trace to the function was difficult
and the following step-by-step fitting procedure was carried
out to minimize the effect of the artefact. First, the difference
absorbance at a delay time longer than 900 fs was fitted to a
function consisting of only the second and third terms of
eqn (1). At this delay time, the contributions of the first term in
eqn (1) and the influence of the coherent artefact on A4 are
negligibly small, allowing fitting to be readily performed
without considering the artefact. Indeed, the time constant
7, extracted by this fitting did not change substantially when
the minimum delay time for fitting was changed in the range
from 900 fs to 1300 fs. The time constant 7, is thus considered
to be correctly estimated by this procedure. The average
and standard deviations of 7, from six different fittings were
1, = 1220 fs and 50 fs, respectively. This estimated time
constant 7, was then substituted into eqn (1) and the resultant
equation was fitted to the 2D difference absorption spectrum
to estimate the shorter time constant ;. When the minimum
probe delay for this fitting was varied from 50 fs to 90 fs, the
time constant 7; extracted by global fitting of the difference
absorbance did not change appreciably, and the average time
constant and standard deviation were 7, = 140 fs and 7 fs,
respectively. For minimum probe delays shorter than 40 fs, the
smaller the delay the smaller the time constant, indicating a
non-negligible contribution from the coherent artefact as a
source of error in determination of the time constant. In Fig. 5,
the resulting fitted curve with the estimated time constants of
11 = 140 fs and 1, = 1220 fs is shown together with the
observed difference absorbance trace. Whereas the curves are
consistent for delay times longer than 100 fs, there is some
discrepancy for delay times below this value due to the coherent
artefact, the contribution of which is highly dependent on the
probe photon energy as indicated by the observed relation
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between the interference structure over time and the inverse of
the time separation between the peaks of the pump photon
energy and corresponding probe photon energy. However, we
believe this effect is minimized by the careful step-by-step
procedure outlined above for determination of the parameters.

3.3 Assignment of the species in the relaxation process

To date sub-picosecond electronic decays have been experi-
mentally investigated by two spectroscopic methods: femtosecond
pump/probe spectroscopy and fluorescence up-conversion spectro-
scopy. In the pioneering work of Kohler’s group, pump/probe
experiments were performed with an experimental instrument
response function time of 200 fs using a 150 fs pulse at 267 nm
as a pump'®** and probe pulses at a limited number of
wavelengths.'” They observed two decay components with
lifetimes of 2.8 and 30 ps at 250 nm, a 0.72 ps component at
340 nm, and long-lived components at both wavelengths. The
short-lifetime component of 2.8 ps at 250 nm was attributed to
a vibrational cooling process and the 30 ps component to an
nn* state. The short-lifetime component of 0.72 ps at 340 nm
was attributed to absorption from the lowest mrm* state.
However, because of the limited time resolution and number
of probe photon energies at which the time-resolved measure-
ment has been done, assignment is a little ambiguous.

The fluorescence upconversion method has been demonstrated
by Gustavsson and coworkers.!! By time-resolved fluorescence
spectroscopy with an instrument response function time of about
300 fs, time-resolved ultrafast decay behaviour could be observed
with the fluorescence decay dynamics exhibiting components
with lifetimes of 195 fs and 633 fs.!! The short and long decay
constants were assigned as relaxations from the L, state to the Ly,
state, and the L, state to the ground state, respectively. However,
the dynamics were considerably complicated as admitted by the
authors. Such difficulties can readily be appreciated for analysis
of a decay signal involving four states fitted by global fitting with
a limited signal-to-noise ratio and time resolution, and with
additional limitations arising from the fact that the fluorescence
is almost always only emitted from the lowest excited state. In
the case of thymine particularly, the lowest excited state has the
forbidden character of '(nm*), and it is difficult to analyse the
observed data in this case with a four-state model.

Another research methodology used is the theoretical approach.
Using various methods, including TD-DFT!! and the surface-
hopping approach,® it has generally been agreed that the primary
process in thymine after an ultrashort pulse excitation is mainly
internal conversion from the strongly allowed nrt* (L) state to the
forbidden (dark) state of nm* character. The surface-hopping
approach predicts that the lifetimes of the '(mn*) and !(nn*) states
are 17 fs and 420 fs, respectively.®

From the studies mentioned above we can start to consider the
assignment of the excited species with lifetimes of 7; = 140 fs and
1, = 1220 fs. These assignments are based on the time-resolved
vibrational information obtained from real-time vibrational
spectroscopy performed for the first time in the present study.
Details on the vibrational information will be discussed later for
simplicity.

From the well-accepted theoretical model, the Franck—
Condon state of the strongly allowed '(nn*) state is considered

to be very close to the conical intersection (CI) and relaxes
through the CI to the '(nm*) state. In this scheme, the first
intermediate that appears as an induced absorption (A4 > 0)
in the probe photon energy range of 4.25-4.4 eV is most
reasonably assigned to the transition from the '(nm*) state
(L, state) to a higher excited state. The next species that
appears may be assigned as the '(nm*) state, the L, state, or
a charge-transfer (CT) state as discussed by Gustavsson.'?
Among them the L, state can be ruled out since the transition
probability between two L, states in the L, family is considered
to be smaller than those in the L;, family and this goes against
the experimental observation of a readily observed visible time-
resolved signal. Also the transition probability between the CT
states is expected to be small because the CT character is
borrowed from the '(nn*) state by configuration mixing. On
the other hand even though the '(nn*) state is a dark state, to
which transition is forbidden from the ground state, there is a
possibility of intense transition from the state to the higher
Y(nn*) state (here we call it '(nm**) state or the '(nn’*) state
because the transition probability for these transitions can be as
high as the corresponding transitions from the !(nn*) state to
the !(mm**) state (or '(nn**) state)).

To assign the two species with lifetimes of 140 fs and 1220 fs,
we must consider previous experimental and theoretical studies.
First there is no doubt that the excited state is the '(nn*) state.
The state obtained after relaxation is considered to be the '(nm*)
state based on the following reasons.

Relaxation to another nn* (L,) state can be ruled out. It is
because if the relaxation were to the L, state, the fluorescence
quantum yield would be higher than the reported value® of
10~* as in many of the aromatic molecules. Let us consider the
possibility of relaxation to the (nm*) state. The relaxation
times for the !(nn*) and '(nn*) states in thymine were reported
to be 0.72 ps and 30 ps, respectively, from the data obtained by
a pump/probe experiment using a 200 fs experimental response
function.'® The same states were estimated to be 195 fs and
633 fs,!! respectively, for time-resolved fluorescence measure-
ments. Theoretical calculations have predicted lifetimes of 17 fs
and 420 fs,* respectively, which are consistent with time-
resolved photoelectron spectroscopy (TRPE) experiments of
thymine in a vacuum (< 50 fs and 490 fs for shorter and longer
time constants, respectively).>” Since the TRPE experiments
were performed in a vacuum it is reasonable to assume that the
shorter time constant corresponds to an isolated molecule that
does not interact with the thermal bath. Thermal interactions
might change the electronic energy levels of the '(nr*) and
!(nm*) states in different ways, possibly resulting in a change in
the distance between the Franck—Condon point and the CI
point, which is sensitive to the relaxation rate. In addition, the
solvent molecules (water) surrounding the thymine molecules
also affect the stabilities of the states via hydrogen bonding
and modify the lifetimes. Considering these factors, our
experimental data for both the short- (140 fs) and long-lifetime
(1220 fs) components from broadband detection agree moderately
well with the fluorescence measurements (195 fs and 633 fs). The
observed values for the short-lifetime component of 140 fs in our
study and 195 fs by fluorescence measurement may be consistent
with the 0.72 ps measured in the previous pump/probe experiment
using a relatively long pulse with a 200 fs response time,'°
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which may result in an effectively longer time. The origin of
the lifetime of 1220 fs measured in our experiment may also be
as follows.

In the 2D difference absorption spectrum, the photon energy
at which A4 is zero, because of cancellation of the positive and
negative contributions, decreases with increasing time delay from
0 to 300 fs. When the time delay becomes longer than 300 fs, the
difference favors the higher photon energy and increases with
increasing time delay. This result may indicate the presence of a
vibrational cooling process.*® A vibrationally excited state in the
electronic ground state may be populated via a decay process
from the excited state !(nm*) with a time constant of 140 fs.
Subsequent vibrational cooling may be induced, in which the
vibrational energy in the solute is transferred to the solvent.™®
The second time constant of 1220 fs measured in our work is
close to the expected time constant for the vibrational cooling.”®
However, in fact we attribute this process to relaxation from the
!(nn*) state to '(nn*) state as discussed later. This is based on the
vibrational frequency change in this time range as described in
the spectrogram analysis section.

The difference absorbance in Fig. 5 does not decay away
completely at a probe delay time of 1.8 ps, indicating there is
another slower decay component in addition to those with time
constants of 7; and 7,. This decay process might correspond to
the component with a time constant of 30 ps observed in previous
research.'? In that research, the slow component was assigned as
decay to the ground state of a '(nm*) state formed following
decay of the '(nn*) excited state.'” However, as outlined above
this component can be better attributed to thermalization.

Thus the 1220 fs component is attributed either to relaxation
from the !(nm*) state to the ground state or to thermalization. We
refer these assignments as Model A and Model B, respectively,
hereinafter.

Other factors should also be mentioned here, including the
possibility of sequential, parallel, and hybrid processes. In the
above discussion, the relaxation path was discussed in terms of a
sequential process. However, in real systems the relaxation can
be considered to be composed of both sequential and parallel
processes, which occur at the same time (hybrid process) because
the difference absorbance intensity due to the '(nm*) state is very
small as discussed by Kohler and others.'” Therefore the relaxa-
tion process is most probably described by two simultaneous
processes as follows (schematically depicted in Fig. 6),

l(nn*) iR l(mt*) R G (2)
Ymr*) ANV (3)

where, ki, k», and k; indicate the rate constants of the corres-
ponding transitions from '(nn*) to '(nm*), from !(nm*) to the
ground state, and from '(n*) to the ground state, respectively.

Based on the results of the pump/probe experiments, it is
considered that process (3) has a much greater contribution
than process (2).

The meanings of the coefficients A4(w), AA>(w), and AAs(w)
of the corresponding exponential functions are considered to be
AAi(®) = A1(®) — Axw), Adr(w) = Ar(w)— Asz(w), and
AAs(w) = Asz(w). The coefficients include the effect due to
bleaching of the ground state. Then A4,(w) must be replaced with

Model A Model B
Ynr*)
kl
Yty —
k2 k3
G y

Fig. 6 Schematic energy diagram for Model A, representing relaxa-
tion from the '(n7*) state to the ground state, and Model B, representing
thermalization.

Afw)— Ag(w) (i = 1-3) as the relevant parameters. In the case
in which both sequential mechanisms occur simultaneously the
situation becomes complicated. Regardlessly, the time constant
can be fitted in the same way as in the simple case and the
parallel processes can in turn be considered based on the
relative contributions of each process and their corresponding
rates. Despite the complexity of the new parameter definitions,
which include both growth and decay processes for the inter-
mediate !(n7*) state, they can be easily described in terms of an
analytical expression using the parallel-sequential model. In this
case, 1y = 1/(k; + k) and 7, = 1/ks. Analysis based on separation
of the processes is to be performed in the near future.

3.4 Vibrational dynamics

One of the major features observed in this research is the
oscillatory signal in the difference absorbance traces arising
from vibrational motion. At a delay time longer than 100 fs,
the difference absorbance is found to be modulated at certain
frequencies as seen in Fig. 5(b). The period of oscillation is
about 20 fs and delay-time dependent. The delay time depen-
dence indicates that several vibrational motions of thymine are
impulsively excited and that these act to modulate the differ-
ence absorbance. To analyse the vibrational modes contained
in the 2D difference absorption spectrum shown in Fig. 4(a),
the spectrum was Fourier-transformed along the delay axis to
give a 2D Fourier power spectrum showing the distribution of
vibrational components existing at each probe photon energy.
The resulting Fourier power spectra shown in Fig. 7(a) contain
several vibrational components. The same transformation was
also done for the pure water sample as shown in Fig. 7(b). At
probe photon energies of 4.33 eV and 4.48 ¢V, numerous
vibrational components are observed in the 2D power spectrum
of the thymine sample [Fig. 7(a)]. However, these same
components are also observed in the power spectrum of the
pure water sample, indicating that they do not arise from the
vibrational motion of thymine. At 4.33 eV and 4.48 eV, there
are valleys in the spectrum of the DUV laser pulse [Fig. 3(a)],
and the vibrational components at these photon energies
might be due to a small fluctuation in the spectral structure
around the valley introducing noise because of the small AA4.
At photon energies of around 4.3 eV, 4.7 eV, and 4.75 eV, on
the other hand, there are appreciable vibrational components
in the power spectra of the thymine sample that are not present
in the power spectra of the pure water sample. These compo-
nents are hence assigned to the vibrational modes of thymine.
For further analysis, the difference absorption spectra [Fig. 4(a)]
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Fig. 7 The 2D Fourier power spectra of the (a) aqueous thymine
solution and (b) pure water samples.

were averaged over three different photon energy ranges, from
4.28 eV-4.30 eV, 4.69 ¢V-4.71 eV, and 4.74 eV-4.76 ¢V. The
averaged difference absorbance traces were then Fourier
transformed along the delay axis to give the corresponding
Fourier power spectra with reduced noise. The power spectrum
for the difference absorbance trace averaged at photon energies
between 4.28 eV and 4.30 eV is shown in Fig. 8. There are three
intense peaks in the frequency range above 1200 cm™! and six
peaks with relatively low intensities in the lower frequency
range. The intensities of these peaks are much higher than the
intensities of the corresponding frequency components in the
Fourier spectrum of water, and hence arise from the molecular
vibration of thymine. The vibrational frequencies of the three
strong peaks are 1241, 1362, and 1666 cm~' and those of
the weak peaks are 110, 616, 748, 816, 989, and 1177 cm” !,
as determined by the first derivative of the Fourier power
spectrum. In the power spectrum of the difference absorbance
trace averaged between 4.69 and 4.71 eV, for which the
absorbance change is negative (Fig. 4(a)), vibrational peaks
were observed at 1170, 1240, and 1362 cm ™. The wave packet
inducing modulation in the electronic transition can be attributed
to an excited state because the initial state of the probing
electronic transition under modulation is not the ground state
but the excited state being populated. However, another assign-
ment is also possible as discussed in the following.

The time-resolved spectral signal extends into the range of
the probe spectrum from 4.32 to 4.82 ¢V and heavily overlaps

(arb. units)

Relative Fourier power

0
0 200 400 600 800 1000 1200

Vibrational frequency (cm™)

200 ¢

160 ”

(arb. units)
(o]
2

N
WY

JA\

0 y . . r
1200 1400 1600 1800 2000 2200

Vibrational frequency (cm™)

Relative Fourier power

Fig. 8 The Fourier power spectrum of the difference absorbance trace
averaged in the photon energy range of 4.28-4.30 eV for the thymine
sample (solid line) and the pure water sample (solid area). The arrows
indicate the vibrational peaks arising from the thymine molecule.

with the ground state absorption of thymine. In this case, even
in the negative absorbance range of 4.45 eV, there is the
possibility of contribution to ground-state bleaching and even
stimulated emission. Even though the fluorescence quantum
efficiency is very low, time resolved measurements can resolve
extremely weak spontaneous emission transitions without any
difficulty via stimulated emission when the pulse duration is
shorter than the lifetime of this very weak fluorescent system
due to efficient nonradiative transition.

For the power spectrum of the trace averaged between 4.74
and 4.76 eV, for which the absorbance change is negative
(Fig. 4(a)), a vibrational peak at 1665 cm~! was observed,
which was maximum around this probe photon energy. The
wave packet inducing the modulation in pump—probe traces
can be considered to belong to the ground state, although
assignment to an excited state is also possible, because the
initial and final states are the excited state and the ground
state, respectively. This expectation of the ground-state process
is supported later by the calculated initial phase of the
vibration. The vibrational frequencies obtained are summarized
in Table 1.

The Raman spectrum of thymine has been investigated by
several researchers.**! The vibrational frequencies reported
depend on the type of sample measured. When comparing the
vibrational frequencies obtained in previous reports for thymine
measured in aqueous solution*' and in the solid phase,*® some
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Table 1 The peak frequencies and phases of the vibrational modes obtained in the present work and from previous reports. Abbreviations:

w, weak; m, medium; s, strong; vs, very strong

Present research

Previous research

Frequency/cm ' Relative FT Phase (1) Frequency/cm "
amplitude

4.28-4.30 4.69-4.71 4.74-4.776 4.28-4.30 4.28-4.30 4.69-4.71 4.74-4.76 Theory,

eV eV eV eV eV eV eV Ref. 41 Ref. 39 ref. 40 Assignment

110(w) 0.12 0.53 111 Ring deformation

616(w) 0.15 —0.68 616(w) 617(s) 608 C=0 bending

748(w) 0.17 —0.64 752(w)  740(s) 766 C=0 wagging

816(w) 0.12 0.95 813(w) 804(m) 805 Ring deformation

989(w) 0.14 —0.71 984(m) 963 C-N stretch + CHj;
rocking

1177(w) 1170 0.18 —0.89 0.39 1168(w) 1156(w) 1196 C—N stretch + C-H
bending

1241(s) 1240 0.51 —0.43 0.38 1237(s) 1247(w) 1224 C—CH; stretch + ring
stretch

1362(vs) 1362 1 —0.35 0.43 1359(vs) 1369(vs) 1371 C-H bend + C=C stretch

1666(s) 1665 0.36 —0.41 0.41 1662(vs) 1671(vs) 1702 C—C stretch

of the modes are nearly the same but others do not match, as
shown in Table 1. In the former report, an aqueous solution of
thymine and a pump pulse at 266 nm were utilized, which is
similar to the present research except the pulse width. The
peak frequencies of the vibrational modes observed in the
present research are in good agreement with those reported in
studies on resonance Raman scattering,41 and are within
4 cm™' (Table 1) with the exception of the mode at 1177 cm™".
By considering the assignments of previous experimental
reports*' and those obtained using density functional theory
(DFT) calculations,* we can assign the vibrational frequency
components observed in our research as shown in Table 1.
These assignments include various modes such as ring deformation,
C=0 bending, C-N stretching, and C—C stretching. The most
intense three vibrational modes, at 1240, 1362, and 1666 cm™!,
were assigned to a C—CHj stretch + a ring stretch, a C-H
bend + a C=C stretch, and a C=C stretch, respectively.**-*!
Additionally, the mode at 1666 cm ™! might have some contribu-
tion from a C=O0 stretch.

Let us now discuss the phases of the vibrational modes
obtained by the Fourier analysis. In principle, when the
vibrational phase is +m/2, the vibrational motion is assigned
to the mode in the electronic ground state, while when the
phase is 0 or T, it is assigned to the electronically excited state.
As listed in Table 1, the phases of almost all the vibrational
modes are at around +7/2, suggesting that they arise from the
electronic ground state. On the other hand, the phases of the
modes at 816 and 1177 cm ™' (at 4.29 V) are at around © and
may be assigned to the modes in the electronic excited state.
Concerning the mode at 1177 cm™ !, a vibrational mode with
nearly the same frequency is observed in the high photon
energy range (4.69—4.71 eV). The frequency of this mode is
1170 em™" and the phase is close to /2, indicating a ground
state assignment. Based on the results of previous research, the
modes at 1177 cm ™" and 1170 cm ™' may be assigned to a C-N
stretch and a C—H bending mode.***!

The mode at 1177 cm ™ is a little higher than that at 1170 cm ™"
observed for the negative A4 range. The latter frequency is
considered to be due to the ground state and close to that of
Raman at 1168 cm™! due to the ground state.*** This feature is
considered to be due to nn* excitation, in which the & electrons

are more uniformly distributed over the C—C bonds and
C-N bonds forming the pyrimidine ring of thymine.

3.5 Spectrogram analysis

To investigate the vibrational dynamics in more detail in terms
of the modes at 1177 and 1170 cm™!, averaged difference
absorbance traces obtained in the range 4.28-4.30 eV and
4.69-4.71 eV, respectively, were analysed by spectrogram
analysis.>'*** The time window used here was a Blackman
function with a width of 1500 fs, which is selected based on a
compromise between the time resolution and the frequency
resolutions. The vibrational component at 1240 cm ™" is much
stronger than the component at 1177 cm ™', and the frequency
difference between 1240 and 1177 cm™! is small. Hence, the
window was selected to be the longest duration possible but
not too long that information on the instantaneous frequency
change with respect to time would be lost. Subsidiary calcula-
tion was made so that the resolution is not lost even with the
relatively broad width mentioned above using some model
calculation (data not shown).

Because an artificial oscillatory signal exists at a delay time
at around 0 fs, the spectrogram analysis was performed only
for delay times longer than 60 fs. The results of the spectrogram
analysis are shown in Fig. 9, in which the spectrograms for
thymine solution and pure water samples are shown. Up to a
delay time of 400 fs, a signal appears in the spectrogram due to the
coherent artefact in the vibrational real-time trace, which can also
be seen in the spectrogram for the water sample [Fig. 9(b)]. The
artificial signal may be due to the oscillatory structure originating
from the coherent artefact in the difference absorption spectrum,
which is small but still exists in the delay time range of 60-100 fs.
In the delay range longer than 400 fs, the amplitude of the
artificial signal is small as shown in both Fig. 9(b) and (d). The
spectrograms for the thymine sample in the same delay time
range, Fig. 9(a) and (b), seem to be not appreciably distorted
by the effect of the artificial signal. In the spectrogram shown
in Fig. 9(a), there is a strong vibrational component at around
1240 cm™'. At time delays longer than 500 fs, a sideband
is generated near the 1240 cm™' component and the frequency
of the band continuously red-shifts (to lower frequencies)
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Fig. 9 Spectrogram for the difference absorbance spectra averaged between 4.28 and 4.30 eV for the (a) thymine and (b) pure water sample, and
that averaged between 4.69 and 4.71 eV for the (c) thymine and (d) pure water sample.

until it reaches 1177 cm ™! with a time delay of about 200300 fs.
It is difficult to precisely determine the time constant because of
convolution with the gate function. However, it can be shown
that using the gated window methods for determining the
instantaneous frequency, as used here in the spectrogram
analysis, the time resolution is much less affected as mentioned
above than the case of population. The observed red shift is
missing in the spectrogram obtained for the photon energy
range from 4.69 to 4.71 eV [Fig. 9(c)].

In the following, we consider mainly Model A as discussed
above, but if we instead attribute the long-lifetime component
to thermalization, as given in Model B, similar conclusions can
be made.

The above results indicate that the mode at 1177 cm ™' is
generated after the decay of the '(nn*) state whereas the mode
at 1170 cm ™' is not. This is consistent with the observed phases
of the vibrational modes at 1177 cm™' and 1170 em™!, and
their consequent assignment to the electronic excited state and
ground state, respectively.

There is another possible explanation for the red shift. If the
signal in the time range between 500 fs and 1000 fs were due to
the '(nm*) state, then the frequency reduction taking place
before recovery of the ground-state may be due to the process
from the '(nn*) state to the '(nm*) state. Here, despite the
contribution being small, we are able to claim that we could
detect the difference between the excited and non-excited
conditions by a lock-in detection method. The red shift may

be due to a reduction in the bond order for the transition process
from the '(nr*) state to the '(nm*) state. The amount of electrons
flowing from the 7 orbital to the n* orbital during this transition
process is expected to be greater than that from the non-bonding
orbital to the m* orbital. Therefore the bond-order uniformities
in nrt* excitation is not as strong as those in ©n* excitation.

In order to validate the above discussion, a similar analysis
was done for the mode at 1666 cm ™!, assigned to C—C stretching
and C=0O0 stretching, which would be most affected by a change
in bond order upon excitation. The calculated results showed an
increase in the frequency over a similar time scale (data not
shown), which is consistent with our expectation, i.e. an increase
in the C=C bond order concomitant with a decrease in the C-N
bond order in the pyrimidine ring as a result of relaxation from the
photo-excited '(mn*) state to the '(nm*) state or to the ground
state. However, in this case the effect of interference with more
intense modes adversely affects the data and the above mechanism
of the C=C stretching cannot be reliably confirmed. One method
which we plan to use to improve the signal-to-noise ratio and the
subsequent analysis is the “optical kernel method”.* In this way,
by simultaneously observing the electronic relaxation and mole-
cular vibrational dynamics, we can identify the species observed by
simple decay of the electronic transition probability.

Also spectral information could be obtained for as many
as 128 wavelengths, which would aid assignment in case
quantum chemical calculations can provide a more detailed
understanding of excited states in the future.
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4. Conclusions

In summary, sub-10 fs single DUV laser pulses have been applied
to ultrafast spectroscopy in the DUV wavelength range for the first
time. The short DUV pulses are generated by a chirped-pulse
FWM technique. The electronic excited state decay dynamics
and vibrational dynamics of an aqueous solution of thymine
were simultaneously probed with a time resolution of a few
femtoseconds. Two time constants were extracted from the differ-
ence absorption spectra measured in the time range up to 1800 fs.
A time constant of 140 fs can be assigned to the lifetime of the
(nn*) state. A time constant of 1220 fs can be assigned to
relaxation of the '(nm*) state. This assignment was made based
on the information of vibrational dynamics, including the data of
the initial vibrational phase, obtained for the first time in the
present work. This time constant may also be assigned to a
vibrational cooling process, in which the vibrational energy in the
thymine is transferred to the surrounding water molecules.

Oscillatory structures are observed in the difference absorp-
tion spectra due to vibrational motions induced in thymine. By
Fourier analysis of the difference absorbance traces, vibrational
modes up to 1666 cm™! are observed. The most intense three
modes, at 1240, 1362, and 1666 cm ™', are assigned to a C—CHj
stretch + a ring stretch, a C—H bend + a C—C stretch, and a
C=C stretch + a C=0 stretch, respectively. All these modes
correspond to ground-state molecular vibrations. Vibrational
modes which may be assigned to the electronic excited state are
also observed at 816 cm ™! and 1177 em™!, both of which
have vibrational phases at near n. The modes are assigned to a
ring deformation and a C-N stretching + a C-H bending,
respectively. For the mode at 1177 cm ™!, a mode with slightly
different frequency is observed at 1170 cm™' in the high
photon energy range. This is assigned to a vibrational mode
in the electronic ground state based on an observed vibrational
phase of near m/2. The phases of the observed vibrational
modes are not exact integer or half-integer multiples of n. This
is probably due to a mixed contribution of excited state and
ground state modes induced by the wave packets in both the
states. The phase deviation may also be due to a small
deviation in the frequency from the true value. For example,
a possible error in the determination of the frequency of 5cm ™!,
which is only 0.3% (corresponding to an error in the time
period of only 0.11 fs) deviation from the correct frequency in
the case of a 1500 cm™! mode, can induce a deviation of 0.3x
in the phase if the amplitude does not decay during the course
of probe delay time.

Spectrogram analysis has shown that the mode at 1177 cm™" is
generated at a longer time delay than 500 fs and is subsequent to
the decay of the first electronic excited state. These results indicate
that the mode at 1177 cm ™' is generated after the decay of the
(nn*) state whereas the mode at 1170 cm™' is not. This is
consistent with the phases of the vibrational modes at 1177 cm™"
and 1170 cm ™", and their assignment to the electronic excited state
and ground state, respectively. At time delays longer than 500 fs, a
sideband is generated near the component at 1240 cm™" and the
frequency of the band continuously red-shifts (shifts to lower
frequencies), ultimately reaching 1177 cm™".

Another possible explanation for the red shift was considered.
If the signal in the time range between 500 fs and 1000 fs is

considered to be due to the '(nm*) state, then the reduction in
frequency taking place before the ground-state recovery may be
due to the relaxation process from the !(nr*) state to the '(nm*)
state. Despite the contribution being small, we can detect the
difference between the excited and non-excited states by a
lock-in detection method.

By these experimental results and analysis, it is demonstrated
that sub-10 fs DUV laser pulses can be used effectively in
ultrafast spectroscopy. It is expected that the present method
and a variety of related methods, including the use of the
sub-10 fs DUV pulse as a pump source in time-resolved
fluorescence spectroscopy, DUV pump-NUYV probe spectro-
scopy using a sub-10 fs NUV light source obtained with self-
phase modulation,* DUV pump-Vis probe spectroscopy with
application of few-cycle visible pulses from a noncollinear
optical parametric amplifier,*® and DUV-pump-IR-probe
spectroscopy, will greatly stimulate research into the ultrafast
photochemical dynamics observed under DUV irradiation,
especially in regard to biologically significant molecules such
as DNA and proteins.
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