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ABSTRACT: The ultrafast relaxation dynamics of furfural and 5-
methylfurfural following excitation in the ultraviolet range is investigated
using the femtosecond time-resolved photoelectron spectroscopy method.
Specifically, the pump wavelength-dependent decay dynamics of electroni-
cally excited furfural and 5-methylfurfural is discussed on the basis of a
detailed analysis of our measured time-resolved photoelectron spectroscopy
spectra. Irradiation at all pump wavelengths prepares both furfural and 5-
methylfurfural molecules with different vibrational levels in the first optically
bright S2 (1ππ*) state, the lifetime of which is measured to be at least
hundreds of femtoseconds. Besides the prominent deactivation channels of
ring-opening and ring-puckering pathways for the S2(1ππ*) state, we
propose that there is a minor decay channel of internal conversion from the
initially prepared S2(1ππ*) state to the S1(1nπ*) state. The wavepacket
decays out of the Franck−Condon region on the S2(1ππ*) state potential energy surface and bifurcates into different parts
somewhere. A small fraction of the wavepacket funnels down to the S1(1nπ*) state via internal conversion. The subsequently
populated S1(1nπ*) state contains large vibrational excess energy and decays over a lifetime of 2.5−2.8 ps. One of the deactivation
channels of the S1(1nπ*) state is intersystem crossing to the 3ππ* triplet state. In addition, methyl substitution effects on the excited-
state dynamics of furfural are also discussed. This experimental study provides new insights into the excitation energy-dependent
decay dynamics of photoexcited furfural and 5-methylfurfural.

1. INTRODUCTION
Investigation of the intrinsic photochemical and photophysical
behaviors of isolated small heterocyclic molecules is a
prerequisite for further understanding the complicated photo-
induced processes of large biomolecular systems.1,2 Among
simple five-membered heterocyclic molecules, furan is
regarded as one of the prototypical molecules and the
excited-state dynamics of it has been the subject of intensive
experimental and theoretical studies3−10 over the past few
decades. Femtosecond time-resolved photoelectron spectros-
copy (fs-TRPES) is a very powerful method to study excited-
state dynamic of gas-phase heterocyclic molecules. The
ultrafast nonadiabatic dynamics of furan excited in the
1B2(ππ*) state is better understood by a recent TRPES
study using extreme ultraviolet probe pulses with a time
resolution of 15 fs.11 Briefly, it was suggested that ultrafast
internal conversion via a ring-puckering conical intersection
(CI) and a ring-opening CI takes place as predicted by
computational studies.9,10,12 The initially prepared wavepacket
evolves in ∼50 fs when reaching the CIs for both ring-
puckering and ring-opening pathways.11

In recent years, some previous studies have focused on the
photochemical properties of some substituted derivatives of

furan.8,12−17 Specifically, furfural (other names, e.g., 2-
furaldehyde or furan-2-carbaldehyde) is one of the aldehyde
derivatives of furan. There have been two previous time-resolve
studies on gas-phase isolated furfural molecule.12,17 Oesterling
et al. focused on substituent effects on the relaxation dynamics
of furan, furfural and β-furfural.12 Two time constants of 1.58
± 0.2 ps and 140 ± 30 fs were derived from the analysis of the
TRPES data of furfural upon excitation at 267 nm and
ionization at 400 nm. Both time constants were assigned to the
relaxation of the energetically lowest lying ππ* state, while the
former 1.58 ± 0.2 ps was associated with the puckering and the
opening decay and the latter 140 ± 30 fs was ascribed to an
additional pathway via the nOπ* state. They stated that their
quantum chemical calculations also supported the above
assignment that the shorter lifetime belongs to a deactivation
via the nOπ* state, which is related to the aldehyde group and
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thus not available in furan. It seems that a plausible picture of
the deactivation mechanism of furfural at ∼266 nm excitation
wavelength has been proposed. However, later on, Bhatta-
cherjee et al. employed femtosecond X-ray transient absorption
spectroscopy at the carbon K-edge (∼284 eV) to identify the
ring-opened photoproduct generated by the photoexcitation of
furfural.17 They found that ultrafast ring opening via C−O
bond fission occurs within ∼350 fs in 266 nm photoexcited
furfural, as evidenced by fingerprint core (carbon 1s) electronic
transitions into a nonbonding orbital of the open-chain
carbene intermediate at 283.3 eV.
We note that the comparison of the different time constants

derived from these two time-resolved studies12,17 was still lack
of a detailed and reasonable discussion or interpretation. We
are motivated by this and endeavor to achieve a more
comprehensive picture of the deactivation mechanism of
furfural. In this paper, we report a direct time-resolved study
on the ultrafast decay dynamics of electronically excited
furfural and 5-methylfurfural by using the fs-TRPES method.
We focus more on the relaxation dynamics of furfural upon
photoexcitation in the ultraviolet range of 238.4−267.1 nm.
Irradiation at these pump wavelengths prepares furfural
molecules with different vibrational levels in the first optically
bright 1ππ* state (S2 at the Franck−Condon geometry,
hereafter termed S2(1ππ*)). The pump wavelength-dependent
photodynamics of furfural is revealed by our measured TRPES
spectra. Moreover, methyl substitution effects on the excited-
state dynamics of furfural are also discussed for the first time
based on a comparison of the excited-state lifetimes in furfural
and 5-methylfurfural.
The structures of furan, furfural and 5-methylfurfural are

presented schematically in Figure 1. It has been known that

furfural can display two different conformations in the ground
state, named the trans and cis conformers.14 The trans structure
of furfural is the most stable conformer in the gas phase and
the relative conformation populations are trans (79.5%) and cis
(20.5%) (see ref 14, ref 15, and references therein). Here we
assume that the trans configuration of furfural is in the majority
under our supersonic jet-cooled molecular beam conditions.
The conformer-specific excited-state dynamics is out of the
scope of the current study.

2. EXPERIMENTAL METHODS
The fs-TRPES measurements were performed on a velocity
map imaging (VMI) spectrometer18 and the experimental
methods have been described in detail elsewhere.19−22 Herein,
only some key features are given. Briefly, both samples with a
stated purity of ≥99.5% for furfural and ≥98% for 5-
methylfurfural were purchased commercially from Macklin
and used without further purification. The vapor of the liquid
sample was mixed with 3 bar of helium carrier gas and
expanded supersonically into a high vacuum source chamber
via a 1 kHz Even-Lavie valve. The sample was heated with a
valve temperature of ∼45 °C throughout the experiment. The
seeded molecular beam entered into the interaction chamber

of the VMI spectrometer through a 1 mm skimmer. The pump
wavelengths were in a range of 238.4−279.3 nm (0.1−0.4 μJ
per pulse, 264−374 cm−1 bandwidth at full width at half-
maximum (fwhm)) and the probe wavelength was chosen at
403.7 nm (3.2−4.8 μJ per pulse, 217 cm−1). All laser pulses
were genrated from our 1 kHz femtosecond laser system
consisting primarily of a fully integrated Ti:sapphire oscillator-
regenerative amplifier and two commercial optical parametric
amplifiers.23 The pump and probe laser pulses were combined
collinearly on a dichroic mirror without further compression,
and then focused using a CaF2 lens (typically f/75 for the
pump and f/60 for the probe laser beam) into the interaction
region of the VMI spectrometer to intersect the molecular
beam. All pump and probe pulses were linearly polarized and
the polarization direction was parallel to the microchannel
plate (MCP)/phosphor screen detector. The pump−probe
time delays were scanned back and forth hundreds of times to
minimize the effects caused by the fluctuations and drifts in the
laser pulse energies, pointing, molecular beam intensity, etc.
The two-color nonresonant ionization of NO molecules served
to measure the time-zero and the cross-correlation (i.e.,
instrumental response function (IRF)) of the experiments. The
[1 + 2′] IRFs were experimentally measured to be 120 ± 10 fs
(fwhm) based on the approximation that both pump and
probe laser pulses were a Gaussian profile.

3. RESULTS AND DISCUSSION
In the present work, a femtosecond laser pulse of 403.7 nm was
chosen as the probe laser for two-photon ionization, while the
pump laser wavelength was tunable in the ultraviolet range. At
pump wavelengths of 267.1, 251.2, and 238.4 nm, the [1 + 2′]
TRPES spectra of furfural are shown in Figure 2a,b,c. Note
that a combination of linear (≤1 ps) and logarithmic (≥1 ps)
scales is used in the time delay coordinate. The main feature of
these spectra shows an extremely fast decay dynamics on a
time scale of subpicosecond, followed by a much weaker and
slower decay dynamics. At 251.2 and 238.4 nm, the pump−
probe photoelectron signal shows a delayed rise with a
maximum of about 10 ps. This feature is more pronounced and
can be easily recognized by visual inspection at 238.4 nm if a
portion (at delays of >1 ps) of the TRPES spectrum is scaled
by a factor of 20. As shown in Figure 2a,b,c, the photoelectron
kinetic energy distributions are broad and diffuse at all delays.
The energetic limit for two-color [1 + 2′] ionization to the
ground state (D0) of the furfural cation is indicated by the
dotted white line (labeled as 1 + 2′ cutoff). Here the value of
the energetic limit is calculated using an adiabatic ionization
potential of 9.22 eV14,24 and the central pump and probe
photon energies. The structure of the whole photoelectron
spectra can be explained by the high-resolution He(I)
photoelectron spectrum of furfural.14 For example, as shown
in Figure 2a, the [1 + 2′] TRPES spectrum of furfural upon
excitation at 267.1 nm displays three broad bands, two of
which are peaking at about 0.7 and 1.3 eV and assigned to two-
color [1 + 2′] ionization to the ground state, D0(π−1) and the
first excited state, D1(nO−1) of the furfural cation. The other
band below 0.4 eV is most likely to be associated with [1 + 2′]
ionization of the second excited state, D2(π−1) of the furfural
cation. As the pump wavelength decreases from 267.1 to 238.4
nm, the overall structures and positions of these three bands do
not shift to higher kinetic energies. This strongly indicates that
a series of Rydberg states are involved in the probe process.15

Figure 1. Furan, furfural, and 5-methylfurfural.
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In order to extract more detailed dynamics information, such
as time constants and decay associated spectra (DAS), a 2D
global least-squares method was employed to simultaneously
fit the TRPES data at all time delays and photoelectron kinetic
energies. The excited-state decay process can be described
using muti-exponential decay function as the following
expression:

= ×

< =

=
t I t

t

t I t

for 0, ( , ) DAS ( ) exp( )

for 0, ( , ) 0

i

n
i

i
k 1 k

k (1)

Herein, t is the time delay and εk is the kinetic energy of the
emitted photoelectron. DASi(εk) represents the amplitude of
the decay associated spectrum associated with time constant,
τi. The experimentally observed pump−probe signal, S(t),
should be a convolution of a Gaussian cross-correlation
function (i.e., IRF) and the exponential decay of excited

state population, I(t). As a consequence, the corresponding
simulated 2D TRPES spectrum can be expressed as the
following equation:

= × {[ × ]

}

=S t t H t( , ) DAS ( ) exp( ) ( )

IRF

i

n
i

i
k 1 k

(2)

Herein, H(t) is the unit step function. It should be
mentioned that we use a numerical convolution approach22

which can describes the relative detection efficiency of the
excited state for a specific lifetime (τi) and a given fwhm value
of the IRF.25 It should be pointed out that a delayed rise of the
time delay-dependent signal corresponds to a sequential
kinetic process,23 which should be revealed by the result that
the amplitude of one of the decay associated spectra is negative
(i.e., DAS(εk) < 0).
Four different time constants (τ1, τ2, τ3, and τ4) are needed

in the aforementioned equation to achieve an overall

Figure 2. (a) TRPES spectrum of furfural upon excitation at 267.1 nm and ionization at 403.7 nm. A portion of it is scaled by a specific factor for
better presentation. The background photoelectrons generated from single-color multiphoton ionization have been subtracted. Note that a
combination of linear (≤1 ps) and logarithmic (≥1 ps) scales is used in the ordinate. The dotted white line denotes the predicted maximum
photoelectron kinetic energy cutoff for [1 + 2′] ionization based on the D0(π−1) adiabatic ionization potential of furfural and the central pump and
probe photon energies. (b, c) Same as (a), but at pump wavelengths of 251.2 and 238.4 nm, respectively. (d−f) Decay associated spectra (DAS)
derived from the 2D global least-squares fit to the corresponding TRPES data shown in (a−c).
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satisfactory 2D global fit to the [1 + 2′] TRPES spectra of
furfural at pump wavelengths of 267.1, 251.2, and 238.4 nm.
The derived time constants and their decay associated spectra
are shown in Figure 2d−f for pump wavelengths of 267.1,
251.2, and 238.4 nm, respectively. The uncertainty of the
derived time constants is also included based on a combined
consideration of the fit quality and the error bars of both the
time-zero and IRF.
Moreover, the corresponding [1 + 2′] TRPES spectra of 5-

methylfurfural at pump wavelengths of 267.1, 251.2, and 238.4
nm are shown in Figure 3a−c, respectively. As revealed by
visual inspection, the TRPES spectra of 5-methylfurfural share
large similarities with those of furfural in the overall structure
of the photoelectron kinetic energy distributions and
complicated multiple exponential decay dynamics. An identical
analysis is performed and the fitting results are also presented
in Figure 3d−f.
At all pump wavelengths for furfural and 5-methylfurfural,

the value of the time constant of τ1 is much smaller than the
time resolution of the current time-resolved experiment and

labeled as <10 fs in Figure 2d−f and Figure 3d−f. As
mentioned above, the detection efficiency of the excited state
in photoionization-based time-resolved pump−probe measure-
ments is sensitive to the lifetime (τi) of the excited state25

especially when the value of the lifetime is much smaller than
the value of the IRF. For a given intensity of the pump−probe
signal, the amplitudes of DAS(εk) vary dramatically with the
value of τi (e.g., τi < 10 fs) since the detection efficiency
(de s c r i bed by a numer i c a l convo lu t i on he r e ,Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ×( ) H texp ( ) IRFt

i
) changes. In order to avoid

misleading information about the relative amplitudes of
DASi(εk), the τ1 component is approximately described by
DAS1(εk)×IRF when considering the amplitudes of DAS1(εk).
For other time constants, the lifetimes of τ2 and τ3 are
hundreds of femtoseconds and several picoseconds, respec-
tively, while the time constant of τ4 has the largest value.
Now we discuss the excited states involved at all pump

wavelengths and the assignments of the derived time constants.
According to the previous high-resolution vacuum ultraviolet

Figure 3. (a) TRPES spectrum of 5-methylfurfural upon excitation at 267.1 nm and ionization at 403.7 nm. A portion of it is scaled by a specific
factor for better presentation. The background photoelectrons generated from single-color multiphoton ionization have been subtracted. Note that
a combination of linear (≤1 ps) and logarithmic (≥1 ps) scales is used in the ordinate. (b, c) Same as (a), but at pump wavelengths of 251.2 and
238.4 nm, respectively. (d−f) Decay associated spectra (DAS) derived from the 2D global least-squares fit to the corresponding TRPES data shown
in (a−c).
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spectroscopy study,15 the experimental 0−0 band origin of the
S2 ← S0 electronic transition (π* ← π) was found to be at
4.627 eV15 (268.0 nm) for furfural, while the S1 ← S0
electronic transition (π* ← no) is a very weak absorption
band with an identified origin at 3.321 eV26 (∼373 nm) and a
maximum at 3.75 eV27 (∼330 nm). The absolute photo-
absorption cross sections of the π* ← no transition are 2 orders
of magnitude smaller than those of the π* ← π transition.15

Therefore, it is straightforward to assign the subpicosecond
time constants (τ2) to the lifetime of the S2(1ππ*) state since
the decay associated spectra at all pump wavelengths indicate
that the τ2 component is the dominant decay component,
which should correspond to the depopulation rate of the
initially prepared excited state. The value of τ1 is much smaller
than that of τ2, while the intensity of the τ1 component is
relatively small when compared with that of the τ2 component.
Although sometimes we could assign such time constant (τ1)
to be associated with the relaxation of the initially prepared
wavepacket out of the FC region, accompanied by a distinct
decrease of photoionization efficiency.28 This change in
photoionization efficiency causes that two different time
constants (τ1 and τ2) are needed in simulation of a continues
evolution of wavepacket on the S2(1ππ*) state potential energy
surface. Herein, in the case of [1 + 2′] TRPES experiment, we
prefer to assign the time constant of τ1 to be mainly associated
with the resonant [1 + 1′ + 1′] multiphoton ionization process
since the [1 + 1′] excitation energies correspond to a strong
absorption band of furfural.15 At all pump wavelengths, such [1
+ 1′ + 1′] signal around the time-zero actually can be
approximately described using the [1 + 2′] IRF,29 in
reasonable agreement with the derived time constant of τ1
(τ1 < 10 fs).
As mentioned above in the Introduction, two previous time-

resolved studies succeeded in observing different time
constants for photoexcited furfural at 266 or 267 nm pump
wavelength.12,17 Femtosecond X-ray transient absorption
spectroscopy captured a sub-400 fs ring opening process,
which originates on the barrierless excited state surface.17 This
time constant is consistent with the value of 400 ± 50 fs
derived from our TRPES experiment at 267.1 nm and assigned
to the lifetime of some S2(1ππ*) vibrational states slightly
above the S2 state origin. The previous 267/400 nm [1 + 2′]
TRPES study observed two time constants of 1.58 ± 0.2 ps
and 140 ± 30 fs.12 The former is the same as the value of 1.5 ±
0.3 ps derived from our nearly identical measurement, while
the latter is approximately described using the values of τ1
(<10 fs) and τ2 (420 ± 50 fs). At 267.1 nm, as shown in Figure
2d, the kinetic energy distributions of the 1.5 ± 0.3 ps
component (labeled as τ3) and the τ2 component (420 ± 50
fs) have almost identical structure. This indicates that both
time constants of 1.5 ± 0.3 ps and 420 ± 50 fs belong to the
lifetimes of the S2(1ππ*) vibrational states. In cases of some
isolated heterocyclic molecules, the deactivation rate of the
1ππ* state slightly above its origin could be clearly vibrational
state-dependent30,31 due to the existence of low-energy (e.g.,
the order of magnitude of 100 cm−1) barrier on the 1ππ* state
multidimensional potential energy surface.
At 267.1 nm, the delayed rise profile becomes unobservable

in the TRPES spectrum of furfural. This is explained by the
influence of the existence of the 1.5 ± 0.3 ps component. The
amplitudes of its DAS are not negative. Therefore, the
assignments of this1.5 ± 0.3 ps component and the τ3
component should be different. Besides the TPRES spectrum

of furfural at 267.1 nm, there is an observable delayed rise
signal at large delays (>1 ps), which is associated with the
derived time constants of τ3 and τ4. This signal is relatively
weak and its intensity is at least 1 order of magnitude smaller
than that of the initial decay, the τ2 component. The maximum
of this delayed rise signal is about 10 ps, followed by a further
decay with a lifetime of τ4. The time constant of τ3 is not the
lifetime of the S2(1ππ*) state since the amplitudes of the DAS
of τ3 are almost always negative over the whole kinetic energy
range.
One reasonable explanation is that the value of τ3 (2.5−2.8

ps) is the lifetime of a subsequently populated excited state.
This intermediate state should come from the deactivation of
the initially photoexcited S2(1ππ*) state and further decay to a
lower lying state, the lifetime of which is the time constant of
τ4. In the case of furfural, it was theoretically found that the
S1(1nπ*) state crosses the S2(1ππ*) state somewhere on the
potential energy surface.12 Therefore, the S2(1ππ*) →
S1(1nπ*) internal conversion channel could be one of the
decay pathways of the S2(1ππ*) state. In addition, according to
excited state population of the on-the-fly dynamics simulation
of furfural,12 the S1(1nπ*) state was suggested to be populated
within hundreds of femtoseconds, in agreement with the above
assignment that the time constant of τ2 (430−280 fs for
furfural and 290−200 fs for 5-methylfurfural) belongs to the
lifetime of the S2(1ππ*) state. As a consequence, we assign the
time constant of τ3 (2.5−2.8 ps) to the lifetime of the S1(1nπ*)
state. The deactivation channels of the S1(1nπ*) state with
large vibrational excess energy are most likely to funnel down
to the ground state via the S1/S0 conical intersection and/or
rapid intersystem crossing to a close-lying triplet state. Here
the vibrationally hot ground electronic state is not expected to
be detectable under the current probe conditions (two-photon
ionization) since the Franck−Condon overlap between the
ground state and the ionic manifold is rather poor. Thus, we
would like to assign the time constant of τ4 (1.0 ns−160 ps for
furfural and 1.6 ns-360 ps for 5-methylfurfural) to a lower lying
triplet state, the T2(3ππ*) state. One consideration is the
general conclusion that spin−orbit coupling between the
S1(1nπ*) state and the T1(3nπ*) state is unimportant to the
first order (the El-Sayed’s rules).32 In addition, it was found
that no light is emitted from the T2(3ππ*) state, while the
T1(3nπ*) state phosphoresces and has a lifetime much larger
than the order of magnitude of nanosecond.27,33 Here we
propose that the subsequently populated T2(3ππ*) state with
enough large vibrational excess energy funnels down to the
high vibrational levels of the ground electronic state, in good
agreement with the value of τ4 and its pump wavelength
dependence.
According to the amplitudes of all the DASs, the intensity of

the τ3 and τ4 components is minor compared with that of the
τ2 component. Thus, we speculate that this specific decay path
(i.e., 1ππ* → 1nπ* → 3ππ*) is a minor deactivation channel.
For the S2(1ππ*) state, both the ring puckering pathway
toward the ground state and the ring opening pathway via the
1πσ* state are important.12,17 For the S1(1nπ*) state, the
internal conversion to the S0 state should not be neglected.12

All these other decay channels are not monitored by the
current probe laser of 403.7 nm (3.07 eV) since two-photon
energy of 6.14 eV is insufficient for the photoionization of the
ring-opening intermediates and the vibrationally hot ground
electronic state.
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Some information can be obtained by a comparison of the
measured TRPES spectra of furfural and 5-methylfurfural. The
S2(1ππ*) state origin in 5-methylfurfural is approximately 0.2
eV lower than that in furfural. Although the S2 vibronic state-
specific excitation is impossible here due to the intrinsic broad
spectral bandwidth of the femtosecond pump laser pulses, we
still could suggest that the 0−0 band origin of the S2 ← S0
electronic transition is close to 279.3 nm since the [1 + 2′]
TRPES spectrum of 5-methylfurfural starts to contain a
contribution of the IRF component when we slightly tune
the pump laser to a longer wavelength than 279.3 nm (see
Figure S1 in the Supporting Information). Here we can discuss
methyl substitution effects on the excited-state dynamics of
furfural in detail.
(i) The ultrafast decay mechanism of the S2(1ππ*) state in

5-methylfurfural is similar to that in furfural. The ring-opening
and ring-puckering pathways are suggested to be the dominant
decay channels, while internal conversion to the S1(1nπ*) state
via S2/S1 CI seems to be a minor deactivation channel. The
time constant of τ2 is assigned to the lifetime of the S2(1ππ*)
state. For furfural and 5-methylfurfural, there is a little
difference in the value of τ2. Overall, the S2(1ππ*) state in 5-
methylfurfural decays over a shorter lifetime with similar
vibrational excess energy. This can be interpreted in terms of
the facilitation of the decay channel(s). The initially prepared
wavepacket on the S2(1ππ*) state potential energy surface can
more easily evolve along particular coordinates involving the
additional vibrational modes from the methyl group.
(ii) Another finding of our direct TRPES measurements is a

specific value of τ3, which is in a range of 2.5−2.8 ps and
assigned to the lifetime of the S1(1nπ*) state. Within the
margin of error, the value of τ3 is not dependent on the
excitation energy and the methyl group substitution. Further
explanation about this is strongly expected to be proposed
based on future theoretical and experimental studies.
(iii) The lifetime of the subsequently populated T2(3ππ*)

state is observed to be strongly dependent upon the initial
excitation energy, which indicates that there is a barrier on the
T2(3ππ*) state potential energy surface. Thus, the lifetime of
the T2(3ππ*) state is sensitive to the vibrational excess energy.
The deactivation path of the T2(3ππ*) vibrational states is
suggested to funnel down to a hot ground state. With the
addition of the methyl group, the deactivation rate of the
T2(3ππ*) state decreases. One possible explanation is that
methyl substitution on furfural may increase this barrier,
resulting in an overall longer lifetime for the T2(3ππ*) state
with similar vibrational excess energy.

4. CONCLUSIONS
In conclusion, the ultrafast decay dynamics of the S2(1ππ*)
state in both furfural and 5-methylfurfural is investigated using
the fs-TRPES method. The deactivation mechanism of
photoexcited furfural and 5-methylfurfural in a broad pump
wavelength range is proposed based on a detailed analysis of
the TRPES spectra. The excited-state lifetime of several
hundreds of femtoseconds (1.5 ± 0.3 ps for some S2 low-
energy vibrational states slightly above the S2 origin in furfural)
is suggested to be associated with the decay of the S2(1ππ*)
vibrational states. Moreover, our experimental observation of a
delayed rise in the pump−probe signal indicates that there
exists a sequential kinetic process, which is explained in terms
of a minor decay channel of S2(1ππ*) → S1(1nπ*) →
T2(3ππ*). In particular, a bifurcation of the initially prepared

vibrational wavepacket is suggested to take place somewhere
on the S2(1ππ*) state potential energy surface and then the
wavepacket partly decays into the S1(1nπ*) state. The
subsequently populated S1(1nπ*) state contains large vibra-
tional excess energy and has a lifetime of 2.5−2.8 ps. One of
the deactivation channels of the S1(1nπ*) state is intersystem
crossing to the 3ππ* triplet state, the lifetime of which varies
with the excitation energy and the methyl substitution.
Our gas-phase TRPES study on furfural and 5-methylfurfural

over a broad pump wavelength range provides valuable and
quantitative information about the excited-state lifetimes,
which reveals the excitation energy-dependent decay dynamics
of electronically excited furfural and 5-methylfurfural. Further
theoretical studies, like ab initio electronic structure calcu-
lations and high-level dynamics simulations, are strongly
expected to provide a much deeper understanding of the
ultraviolet photoinduced dynamics of these two molecular
systems in the future.
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