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Abstract

Femtosecond pulses of light in the vacuum ultraviolet (VUV) spectral region permit extended
observation of non-adiabatic dynamics in gas-phase molecules. When used as a probe in timeresolved photoelectron spectroscopy, such pulses project deeply into the ionization continuum
and allow the evolution of excited state population to be monitored across multiple potential
energy surfaces. When compared with longer-wavelength probes, this often provides a more
complete view along the reaction coordinate(s) connecting photoreactants to photoproducts.
Here we report the use of 160 nm VUV light to interrogate the excited state dynamics operating
in acetylacetone following 267 nm excitation. Multiple non-adiabatic processes (internal
conversion and intersystem crossing) were observed on timescales ranging from a few
femtoseconds to hundreds of picoseconds. Our quantitative results are in excellent agreement
with earlier studies that individually sampled smaller sub-sections of the total reaction
coordinate. Furthermore, we also observe additional dynamical signatures not previously
reported elsewhere. Overall, our findings provide a good illustration of the need to use shortwavelength VUV probes to obtain the most comprehensive picture possible in photoionizationbased studies of photochemical dynamics.
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I. INTRODUCTION
A. Motivation
Non-adiabatic energy redistribution following the absorption of radiation in the visible
and ultraviolet (UV) spectral regions plays a central role in many fundamentally important
molecular systems. Various examples may be drawn from biology (e.g. vison, light harvesting,
photo-protection), atmospheric and interstellar photochemistry, photochromic polymers,
synthetic photostabilizers, sunscreens, molecular switches, and drugs for the targeted delivery
of active agents (photodynamic therapy).1-10 This high degree of real-world significance – tied
to a more fundamental interest in the intricate details underpinning the coupling of nuclear and
electron motion – has served as motivation for many excited state molecular spectroscopy and
dynamics studies. Frequency-resolved measurements using narrow linewidth lasers may reveal
detailed, quantum-state specific information relating to the starting point on the photochemical
reaction coordinate – when a molecule initially absorbs a photon – and also the asymptotic
end-point(s) of the reaction coordinate when interrogating photo-products. The complete
picture may be only understood, however, when the set of pathways connecting these two limits
are fully mapped. Time-resolved pump-probe experiments with femtosecond laser pulses have
started to make this a feasible undertaking, and the evolution of excited state population across
multiple states may effectively be tracked in real time.11-16
A well-established pump-probe technique for the detailed study of non-adiabatic
molecular dynamics is time-resolved photoelectron imaging (TRPEI). Species of interest are
prepared in a particular excited state using an ultraviolet (UV) pump pulse, prior to probing
with a second pulse (or multiple pulses) a controlled time later that provides sufficient energy
to ionize the system. Ejected electrons are then mapped onto a position-sensitive detector. The
TRPEI approach provides highly differential time-, energy- and angle-resolved data, and the
ability to directly follow the dynamics from the point of interaction (i.e. the initially prepared
2

photo-reactants) to – at least in principle – the appearance of the final photo-products. To fully
exploit this technique and maximize the observation window along the photochemical reaction
coordinate(s), however, the choice of probe wavelength is particularly important. To illustrate
this point, we consider the case of 200 nm excitation in 1,3-butadiene with subsequent
ionization using a 267 nm probe of varying intensity. As seen in Fig. 1(a), a weak probe
inducing single-photon ionization in a 1+1′ overall pump + probe process yields a timeresolved photoelectron spectrum exhibiting only rapid (< 100 fs) decay of the initially prepared
S2(1Bu) state. Although the probe also has sufficient energy to ionize the S1(1Ag) state into
which S2(1Bu) population is non-adiabatically transferred, the probability of this occurring is
extremely low due to unfavourable Franck-Condon (FC) overlap and Koopmans’ correlations17
between the S1(1Ag) state and the energetically accessible states of the cation. No significant
photoelectron signal is therefore observed from S1(1Ag), and the “view” along the reaction
coordinate is consequently restricted. Increasing the probe intensity now induces significant
two-photon ionization (a 1 + 2′ scheme overall). This accesses higher-lying cation states more
efficiently due to greatly improved FC factors and the possibility of ionization into the D1(2Au)
continuum. As illustrated in Fig. 1(b), a “complete” dynamical map that fully spans the
evolution from reactants to products is therefore revealed: Decay of the S1(1Ag) state now
becomes visible (between 1.7-3.4 eV) and, furthermore, ionization from the hot S0 ground state
– populated from S1(1Ag) – is also seen as a longer-lived signal below 0.5 eV. The 1 + 2′
spectral features are, however, extremely weak due to the reduced ionization cross-section
relative to the competing 1 + 1′ scheme. Photoelectrons originating from 1 + 2′ and 1 + 1′
processes are also not spectrally resolved from each other, greatly complicating data analysis
– although we highlight that time-resolved photoelectron-photoion coincidence spectroscopy
of 1,3-butadiene has recently been used to undertake a highly detailed analysis of this specific
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problem.18 More generally, however, there is a clear benefit to inducing single-photon
ionization with a short wavelength probe – typically in the vacuum ultraviolet (VUV) region
of the electromagnetic spectrum. This significantly enhances the general utility and scope of
ionization-based time-resolved spectroscopic studies for a wide range of molecular species.
Femtosecond pulse production in the VUV (i.e. <200 nm) using the fundamental
infrared output of commercial table-top ultrafast lasers as a starting point is experimentally
challenging. Birefringent crystals such as β-barium borate (BBO) – as routinely used to
generate visible and UV wavelengths – are no longer a viable option for frequency up
conversion due to bandgap absorption and restrictive phase matching. Although some novel
non-linear crystals do permit VUV generation (KBe2BO3F2, for example19), wavelengths
shorter than 150 nm are still not accessible with this approach. Rare gases may alternatively be
employed as a non-linear medium, with it possible for ionization probes in the deep VUV range
to be produced via high harmonic generation schemes.20-25 These are challenging experiments,
however, due to relative complexity of the required experimental infrastructure. Tunable
ultrafast VUV pulses may, alternatively, be accessed with free electron laser sources, although
with the limitation that any measurements need to be performed within the limited experimental
runtime available at central user facilities.26, 27 A simple and inexpensive table-top VUV source
with high photon flux is still therefore highly desirable. Recently, our group demonstrated the
suitability of argon-filled hollow-core photonic crystal fibers for use in time-resolved
spectroscopic measurements.28 Such a source is an extremely promising future direction that
has the ability to generate broadly tunable light across the VUV spectral range with very high
efficiency and extremely short temporal resolution.29,

30

Pump-probe applications of this

approach are, however, still very much in their infancy. Here we instead utilize a more
established methodology, generating the fifth harmonic of a Ti:Sapphire laser (160 nm) via
non-collinear four-wave mixing in a static gas cell with argon as the non-linear medium.31, 32
4

This was employed to probe the ultrafast dynamics operating in gas phase acetylacetone (2,4pentanedione) following UV excitation with a 267 nm pump. The technical details of the
160 nm VUV generation scheme are expanded upon in Section II, although we note here that
a similar approach33-36 and some related variations employing the Ti:Sapphire sixth harmonic
(133 nm)37-40 have already been successfully demonstrated for use as a probe in other timeresolved studies of non-adiabatic molecular processes.
B. Acetylacetone
The excited state dynamics operating in acetylacetone following UV irradiation are of
considerable interest as the molecular structure acts as part of the UV-chromophore within
larger molecules – for example, the commercial sunscreen molecule avobenzone.41
Acetylacetone also finds application in several industrial processes and so there is a need to
better understand its (photochemical) fate in the atmosphere and any potential environmental
impacts.42, 43 Acetylacetone is a prototypical ketone that exhibits enol-keto tautomerism, as
illustrated in Fig. 2. In the gas phase, the ground state (at room temperature and below) exists
predominantly in the enol form.44 Throughout the remainder of this communication, the enol
structure will now be implicitly assumed unless otherwise stated. The UV absorption spectrum
of acetylacetone exhibits a strong, structureless and broad band centered at 4.72 eV (263 nm)
that has been assigned as a ππ* transition to the second singlet state (S2).45
Several studies have employed nanosecond laser excitation to the S2 (ππ*) state of
acetylacetone to investigate the formation of photoproducts. Yoon et al. monitored OH radical
production via laser induced fluorescence (LIF) across the 280-310 nm region and also at
266 nm.46, 47 The absorption spectrum of acetylacetone was extracted from the OH excitation
spectra and shown to be structureless. Based on this observation, it was concluded that the S2
(ππ*) state decays extremely rapidly to lower-lying electronic states, subsequently leading to
the dissociation of the C-O bond and the production of an OH radical. A later study by
5

Upadhyaya et al. also employed OH radical LIF following acetylacetone excitation over the
266-193 nm range,48 concluding that production originates predominantly from the lowest
triplet (ππ*) state. These findings have, however, been contradicted in a very recent study by
Antonov et al. investigating acetylacetone photodissociation following preparation of the S2
(ππ*) state at 266 and 248 nm.49 Multiplexed photoionization mass spectrometry,
photoelectron-photoion coincidence and transient IR absorption were used (along with
supporting quantum chemistry calculations) to identify 15 primary photoproducts. Nonadiabatic repopulation of the S0 ground state and tautomerization to the di-keto form were
determined to be critical intermediate steps in the overall reaction pathway. The triplet T1 (ππ*)
state was also implicated in the generation of some specific species. Interestingly though, this
study concluded that OH and CH3 fragments arise solely from multiphoton excitation of the S2
(ππ*) state.
The first time-resolved study of gas phase acetylacetone was reported by Zewail and
co-workers.50 This work employed ultrafast electron diffraction to monitor the dynamics
following 267 nm excitation and concluded, in accord with the earlier LIF studies, that the
dominant reaction pathway is OH elimination via the T1 (ππ*) state (with an associated
exponential time constant of 247 ± 34 ps). Following initial excitation of the S2 (ππ*) state, a
proposed (although not experimentally resolved) mechanism involved ultrafast internal
conversion (IC) to S1 (nπ*), with subsequent intersystem crossing (ISC) to T1 (ππ*). This
overall interpretation has also been supported by the theoretical studies of Chen et al..51 A
subsequent time-resolved study by Poisson et al. employed UV excitation at 266 nm in
conjunction with 800 nm multiphoton ionization.52 Transient ion signal traces were reported
for different probe focusing conditions, in addition to photoelectron imaging data. Three
exponential decay constants were extracted from the data analysis, interpreted as the S2 (ππ*)
state departing the Franck-Condon region in 70 ± 10 fs (with associated H-atom transfer from
6

one oxygen atom to the other) followed by IC to the S1 (nπ*) state in 1.4 ± 0.2 ps. A
significantly slower process, observed up to 80 ps, was then assigned as ISC to lower lying
triplet states. Similar timescales have also been assigned to H-atom transfer and IC in solution
phase experiments and recent theoretical work,53, 54 although here the longer-time dynamics
were then attributed to rotarmerization, formation of non-chelated enol conformers, and
repopulation of the S0 ground state.
Recent work by Bhattacherjee et al. has reported a much more rapid timescale for ISC
than proposed previously in gas-phase acetylacetone.55,

56

Ultrafast soft X-ray transient

absorption spectroscopy was used to investigate the specific role of triplet states following 266
nm excitation, with experimental signals compared to time-dependent density functional theory
calculations. ISC between the S1 (nπ*) and T1 (ππ*) states was observed to take place in 1.5 ±
0.2 ps. The initial IC from the optically prepared S2 (ππ*) state to S1 (nπ*) was not
experimentally resolved due to spectral overlap of core-valance resonances, but was assumed
to occur on a sub-100 fs timescale. Ultrafast ISC in acetylacetone was also suggested by Squibb
et al., who performed both time-resolved photoelectron and photofragment ion yield
spectroscopic studies following S2 (ππ*) excitation at 261 nm in combination with a 64.46 nm
(19.23 eV) probe from a free-electron laser source.27 This work also reported comprehensive
supporting quantum chemistry calculations. Extremely short time dynamics (50 fs) were
assigned to IC from S2 (ππ*) to the S1 (nπ*) state. Several decay pathways leading from S1
(nπ*) were then proposed, including IC directly to S0 (with subsequent CH3 elimination) and
intersystem crossing to a doorway T2 (nπ*) state, from which T1 (ππ*) is then rapidly populated
(ultimately leading to either OH or CH3 radial fragments). Dynamical processes operating on
several distinct timescales were seen in the various transient data presented. These spanned the
200 ps experimental observation window and potentially provide the most compete dynamical
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picture of acetylactone yet reported, although a fully detailed analysis of these results has not
yet been published.
From the summary outlined above, it is clear that an overall picture of the
photochemical dynamics following UV absorption in acetylacetone is still not fully developed.
Our present study therefore aims to bring new insight to this problem. In particular, we provide
a fully quantitative investigation linking together many of the earlier time-resolved studies that
individually sampled more limited sub-sections of the overall reaction coordinate. Following
excitation at 267 nm, the highly differential TRPEI technique was employed using a highenergy 160 nm VUV probe. This projects sufficiently far into the ionization continuum to
reveal a highly extended view of the excited state dynamics in acetylacetone, providing a good
illustration of the general rationale behind exploiting short-wavelength probes for use in timeresolved photoelectron spectroscopy.

II. EXPERIMENTAL METHODOLOGY
A. Optical Set-up
Pump and probe pulses for our TRPEI measurements were derived from a 1 kHz
regeneratively amplified Ti:Sapphire laser system (Spectra-Physics, Spitfire Pro) operating
with a fundamental wavelength centred close to 800 nm. The pump beam (267 nm, ~0.8
µJ/pulse) was the third harmonic of this output, generated using a pair of thin BBO crystals.
Any frequency chirp was compensated using a CaF2 prism pair. This beam line also
incorporated a computer-controlled linear translation stage for precise, automated control of
the temporal pump-probe delay.
The VUV probe beam was the fifth harmonic of the Ti:Sapphire output, generated using
a newly developed instrument (described below) that integrated directly with our existing
TRPEI spectrometer (detailed in ref. 57). An overall graphical illustration is presented in Fig. 3
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and a schematic of the relevant optical beam paths is shown in Fig. 4. Initial production of the
VUV light took place in a 77 cm static gas cell with a 1.0 mm thick CaF2 entrance window.
The cell was filled with argon via a needle valve and was equipped with a baratron gauge for
accurate pressure reading and control (Edwards 600AB). VUV production was based on a noncollinear four-wave difference-frequency mixing approach previously demonstrated by Noack
and co-workers.31, 32 This generation scheme exploits infrared fundamental (800 nm) and third
harmonic (2 × 267 nm) photons, which we will denote as IR and TH, respectively. Since it is a
third order nonlinear process (χ3), high input intensities are required. The IR component (0.8
mJ/pulse) was focussed directly into the cell using a thin lens (f = 60 cm). This line also
included a manual linear delay stage to control accurate temporal overlap between the IR and
TH beams. The second component (1.4 mJ/pulse) was used to generate the TH at 267 nm. This
was initially reflected off a concave spherical mirror (f = 1.5 m) such that the eventual focus
occurred within the gas cell at the point of four-wave mixing. While propagating along this
pathway the slowly converging beam passed through a nonlinear BBO crystal for the
generation of the 400 nm second harmonic, a calcite crystal (for timing compensation between
400 nm and 800 nm pulses), a dual λ/2 waveplate (for reorienting the polarisation of the 800
nm beam) and a second BBO crystal for the generation of the TH (~200 µJ/pulse). Residual
800 nm and 400 nm pulses were then dumped using a pair of dichroic mirrors that steered the
TH beam into the argon-filled cell. The second dichroic mirror here also served as a
combination optic for the intense IR beam.
The phase matching condition for VUV generation inside the gas cell depends on two
factors, (i) the non-collinear input angle between the IR and TH beams and (ii) the argon
pressure. These parameters are coupled and different combinations of values yield VUV light
with higher or lower efficiency. In the present setup, optimum output was achieved using an
angle of approx. 12 mrad in the presence of 350 mbar argon. This performance was assessed
9

once the VUV light had exited the gas cell via a 0.3 mm thick CaF2 window and passed into a
separate chamber cube containing diagnostic instruments that was maintained at 2 × 10-6 mbar
using a small turbomolecular pump (Edwards EXT 75DX, 60 ls-1). The cube was constructed
with an M6 breadboard base for mounting various optical components and was directly coupled
to the main chamber of the TRPEI setup via a small translatable gate valve assembly mounting
a 6 mm clear aperture. Once propagating under vacuum, the VUV beam was initially incident
on a spherical concave mirror with a dielectric coating optimized for high VUV reflectivity
(Layertec, >90% HRp 145-164 nm @ 20° AOI) and a focal length that ensured its recollimation. The VUV beam was subsequently reflected from a plane mirror, again coated for
high VUV reflectance (Layertec, >90% HRp 156-165 nm @ 45° AOI), which was also used to
collinearly combine the VUV probe with the 267 nm pump beam. The pump and probe beams
could then propagate directly into the main TRPEI spectrometer. The VUV optics were
mounted in piezo controlled mounts (Newport, Agilis AG-M100NV6) for automated
adjustment of the probe beam under vacuum. The use of specialist VUV optics here
additionally removed the residual IR and TH pulses. Finally, the cube also incorporated a
compact VUV spectrometer (Resonance Ltd, VS7550, 115-230 nm, grating 3600 lines/mm),
and a calibrated photodiode to measure the VUV beam power (Star Tech Instruments, XR-16G). The photodiode and a pick off mirror for sending light to the spectrometer could be inserted
into the beam path using a small vacuum-compatible computer-controlled linear translation
stage (Newport, Agilis AG-LS25-27V6). A typical VUV output spectrum is presented in Fig.
5. It exhibits a broadly Gaussian profile with a central wavelength at ~160 nm and a FWHM
of approx. 1.3 nm. The average energy was ~500 nJ/pulse.
B. Spectroscopic Measurements
Acetylacetone (Sigma-Aldrich, ≥99%) was placed in a small vessel external to our
differentially pumped photoelectron imaging spectrometer. Helium (1.25 bar) was flowed
10

through this liquid sample reservoir and then introduced into the source chamber of the
spectrometer via an Even-Lavie pulsed valve (150 µm nozzle diameter, 1 kHz repetition rate).
58

After passing through a skimmer (∅ = 1.0 mm), the molecular beam entered the main

interaction chamber and was intersected at 90° by the co-propagating UV pump and VUV
probe pulses. Interaction between the UV/VUV light and the molecular beam of acetylacetone
took place between the electrodes of an electrostatic lens set-up optimised for velocity-map
imaging (VMI).59 The unfocused light pulses initially passed straight through the VMI set-up
and were then incident on a curved UV enhanced aluminium mirror (f = 10 cm) attached to a
high-precision x-y-z manipulator. Tightly focussed VUV and UV beams then excited and
ionized the acetylacetone sample on a second pass back through the VMI electrodes. The
resulting photoelectrons were imaged using a 40 mm diameter dual micro-channel plate/P47
phosphor screen detector in conjunction with a CCD camera (640 × 480 pixels). To
significantly reduce issues with background signals originating from scattering of the 160 nm
probe, the surfaces of the repeller and extractor ion-optics were coated with a conductive
material based on carbon nanotube arrays that is optically almost completely dark in the VUV
region (Vantablack, Surrey NanoSystems). Photoelectron data collection from acetylacetone
repeatedly scanned the pump-probe delay between -450 fs to +450 fs in 30 fs increments, +450
fs and +990 fs in 90 fs steps and 16 exponentially increasing time intervals beyond this point
to +200 ps. At each delay position, time-invariant pump-alone and probe-alone images were
recorded for subsequent background subtraction. A fast matrix inversion method (described in
detail elsewhere57) was used for image processing, providing data in a form suitable for
subsequent angle-, time- and energy-revolved analysis. Before commencing photoelectron
acquisition, the spectrometer was switched to ion detection mode. This allowed the opening
duration and timing conditions for the pulsed valve to be adjusted, eliminating any signals from
cluster formation.
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For TRPEI experiments the temporal duration of both the pump and probe pulses are
crucial, since their cross-correlation influences the time resolution of our TRPEI
measurements. The cross-correlation was obtained directly inside the spectrometer from nonresonant (1 + 1′) multiphoton ionization of xenon. This data also provided pixel-to-energy
image calibration. The 2-D photoelectron spectrum provides similar information to a
frequency-resolved optical gate (FROG) trace,60 from which it is possible to assess whether the
involved pulses are chirped. From the even and highly symmetric shape of the photoelectron
spectrum seen in Fig. 6(a), we conclude that our pulses are not chirped to any significant extent
that will compromise our TRPEI data analysis. Integration over the energy axis of the 2-D
photoelectron spectrum returns the cross-correlation trace presented in Fig. 6(b). This exhibits
a smooth Gaussian shape and a fit to this data yields a FWHM value of 150 ± 10 fs.
C. Data Analysis
Evolution of the angular anisotropy present in the VMI data was analyzed as a function
of pump-probe delay ∆t and photoelectron kinetic energy E using the appropriate expression
for (1 + 1′) ionization with parallel linear polarizations.61, 62

,Δ ,

=

,

1+β

,Δ

cos

+β

,Δ

cos

.

(1)

Here β2 and β4 are the anisotropy parameters describing the shape of the observed
photoelectron angular distribution (PAD) and

cos

are the nth-order Legendre

polynomials. The angles θ = 0° and 180° lie along the direction of laser polarization.
A global Levenberg-Marquardt fitting routine was used to quantitatively investigate the
time-dependent acetylacetone dynamics. Angle-integrated photoelectron spectra S(E, ∆t) were
modelled by a series of n exponentially decaying functions that were convolved with the
experimentally determined Gaussian cross-correlation function g(∆t)
,Δ

= ∑ )*

⋅ exp −∆ ⁄% ⨂( Δ .
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(2)

The global fit returned the 1/e decay lifetime τi and the energy-dependent amplitudes Ai (E) for
each exponential term, providing a decay associated spectrum (DAS) attributable to a
dynamical process operating on a specific timescale. This parallel fitting model (where all fit
functions originate from ∆t = 0) provides a basis for extracting dynamical information that
assumes no a priori details about the nature (sequential or otherwise) of the mechanistic
processes involved. A more expanded discussion of this approach may be found elsewhere.63,
64

III. EXPERIMENTAL RESULTS
A. Time-resolved Photoelectron Spectrum
Fig. 7 shows a time-resolved photoelectron spectrum of acetylacetone, generated from
a total of 53 photoelectron images spanning the -450 fs to +200 ps pump-probe delay range.
To make certain features of the data clearer, the intensity is presented on a fully logarithmic
scale and the temporal evolution is plotted using a mixed linear-logarithmic axis. Photoelectron
kinetic energies are observed up to a cut-off close to 3.6 eV. This is in good agreement with
predictions for 1+1′ ionization, based on the adiabatic D0 ionization potential (8.85 eV)65, 66
and the pump (267 nm, 4.65 eV) and probe (160 nm, 7.75 eV) energies.
Over the range of photoelectron kinetic energies spanning 2.4-3.6 eV, an extremely
short-lived temporal feature is apparent. An additional, longer-lived spectral band, persisting
beyond 1 ps is then clearly seen in the 1.2-2.4 eV kinetic energy region. The lowest kinetic
energy electrons (<1.2 eV) then also provide signatures of dynamical processes operating on
much longer timescales that fully extend over the 200 ps pump-probe delay range sampled.
Critically, this longer-time information would not have been revealed if a probe in the UV
spectral region, rather than the VUV, had been used. For example, projection into the ionization
continuum when using a 200 nm (6.20 eV) probe is reduced by 1.5 eV relative to the 160 nm
13

case. The spectral data appearing in Fig. 7 at photoelectron kinetic energies below 1.5 eV would
therefore not be accessible in this instance. At kinetic energies <0.5 eV the data in Fig. 7 also
shows a very small signal evolving towards negative time delays (i.e. when the probe beam
effectively serves as a pump and the pump as a probe). Such contributions are undesirable as
they can complicate data analysis near ∆t = 0, and the somewhat similar absorption cross
sections of acetylacetone reported by Nakanishi et al. at 267 nm and 160 nm means they cannot
easily be avoided.45, 67 This work also indicates, however, that 160 nm excitation prepares a
ππ* state via electron promotion from a different orbital to that following absorption to S2
(ππ*) at 267 nm. The Koopmans’ correlations for subsequent ionization will also therefore be
different as the S2 (ππ*) state is expected to show a strong propensity for ionization to the D0
(π-1) state of the cation, whereas the higher-lying ππ* state prepared at 160 nm will
preferentially ionize into a higher lying cation state (D2 or above).68 Based on the energetic
position of the third photoelectron band seen in acetylacetone, any probe-pump dynamics are
unlikely to yield significant photoelectrons with energies >0.5 eV in our current
measurements,66, 68-70 meaning that the photoelectron signals we observe over the extended 0.53.6 eV region should contain only minimal probe-pump contributions. This is an important
consideration for the data analysis presented in the following sections.

B. Decay Associated Spectra and Photoelectron Angular Distributions
In order to satisfactorily fit our time-resolved photoelectron data using Eq. 2, a total of
four exponential functions were required. We label these using their respective time constants
τ1−4, which range from a few femtoseconds (τ1 < 10 fs) to hundreds of picoseconds (τ4 = 330
ps). Overall, there is a good numerical agreement with lifetime values reported previously in
the literature, although we highlight that our τ3 = 20 ps contribution does not seem to have been
14

observed before. This describes a relatively weak transient signal, but its inclusion in the fitting
procedure was always necessary. Table I provides an overall summary, including the
assignments of each observed timescale to various non-adiabatic process. This also serves to
provide a concise overview of the dynamical picture that will be considered further in the
Discussion section.
The DAS plots obtained from the global data fit are presented in Fig. 8(a) and clearly
indicate the spectrally overlapping contributions from dynamical phenomena operating on
different timescales. The τ1 DAS extends all the way up to the 1+1′ ionisation maximum cutoff energy (~3.6 eV) and reflects an extremely fast process with a near Gaussian temporal
profile. Given the experimental cross-correlation (150 fs), we are unable to reliably extract a
definitive lifetime here, but instead simply quote an upper bound of 10 fs. In contrast to τ1, the
τ2 = 1.6 ps and τ3 = 20 ps DAS plots appear to exhibit a lower energy cut-off at close to 2.5 eV
(highlighted region A in Fig. 8), while the τ4 = 330 ps DAS exhibits an even more reduced
limit at around 1.4 eV (highlighted region B in Fig. 8). These distinct thresholds imply different
Franck-Condon overlap and Koopmans’ correlations for ionization at various key points along
the reaction coordinate – something that will be useful for the analysis and discussion presented
later. The τ1 and τ2 DAS plots also appear to exhibit additional onset thresholds – as
characterized by a sudden increase in amplitude – at electron kinetic energies close to 1.4 eV
and 0.6 eV, respectively (highlighted regions B and C in Fig. 8).
As reflected by the logarithmic intensity scale used to plot the photoelectron spectrum
in Fig. 7, the very short-lived feature seen in the 2.4-3.6 eV kinetic energy region is rather
weak. This is also obviously apparent in the small amplitude of the τ1 DAS over a broad range
of kinetic energies in Fig. 8(a). We highlight, however, that this picture is somewhat misleading
as ionization is occurring from a state with a lifetime that is extremely short relative to the
15

temporal width of the pump and probe laser pulses. In contrast, all other dynamical features in
our data (τ2-4) are occurring on timescales that are at least an order of magnitude larger than the
pump-probe cross-correlation. We have previously used numerical modelling simulations to
explore these types of detection sensitivity effects as a function excited state lifetime relative
to the temporal duration of exciting/ionizing laser pulses.71 Our findings reveal that population
in states with lifetimes shorter than the laser pulse width may effectively be under-sampled by
a factor of 10 or more, when compared to states with much longer lifetimes. This effect is
independent of any other, additional factors that may be involved in contributing to the size of
any observed ionization signal (e.g. photoionization cross section, Franck-Condon effects etc.).
Exploiting ideas detailed in our earlier work, we may therefore rescale the DAS amplitudes to
factor out the laser pulse vs. state lifetime effects. This result is presented in Fig. 8(b). Although
the relative amplitudes of the (τ2-4) DAS remain largely unaltered, there is a considerable
enhancement of the τ1 DAS, illustrating the need to carefully consider detection sensitivity
issues when interpreting experimentally observed signal levels in time-resolved measurements.
Fig. 9 shows the temporal evolution of the β2 and β4 anisotropy parameters obtained
from fits to our PAD data using Eq. 1. The plots show values averaged over the 0.2-2.3 eV
energy region (as β2 and β4 are largely energy-invariant). The overall anisotropy is very small
in this instance, with values only ranging between -0.1 and +0.1. Nevertheless, there is clear
evidence of changes on timescales that are closely matched to those seen in the DAS analysis
described earlier. Although this data reveals no additional dynamical information (and so will
not be considered further), the intensity normalized nature of the PAD fitting procedure does
provide a second tier of evidence supporting the existence of separate processes operating on
distinct timescales of less than a picosecond (τ1-2), tens of picoseconds (τ3) and hundreds of
picoseconds (τ4).
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IV. DISCUSSION
The photoelectron spectrum of acetylacetone (Fig. 7) and the corresponding DAS plots
(Fig. 8) reveal signatures of non-adiabatic dynamics operating over a broad range of timescales
following 267 nm excitation. Before attempting to assign these signatures to distinct molecular
processes, however, there is an important general caveat to consider in relation to the use of
VUV probes that provide an extended view of the reaction coordinate(s). Specifically, this
relates to the origin of the photoelectron signals themselves, which may come from either (i)
ionization of the neutral parent species or (ii) ionization of neutral photofragments formed
following dissociation. Critically when using VUV probes, both process may – in principle –
be induced by single photon ionization and therefore contribute towards strong signals in the
data. This is in contrast to the use of probes in the UV spectral region (i.e. >200 nm), where it
may typically be assumed that single photon ionization of any radical fragment species is not
energetically accessible. Although photofragment ionization should give signals that rise on a
timescale matched to the dissociation rate and then remain steady, this only applies if the
primary dissociation products (i) do not undergo subsequent, secondary fragmentation and (ii)
do not exit the laser focal volume (something that will not be a relevant issue on the relatively
short 200 ps timescale of the present experiment). Fortunately in the context of the current
work, Antonov et al. have reported the threshold ionization appearance energies for each
significant photofragment formed following UV excitation of acetylacetone.49 These are all
greater than 9.0 eV, which comfortably exceeds our probe energy (7.75 eV).
A. Assignment of τ1 and τ2
Having established that the temporal evolution of all features seen in our photoelectron
data originate from ionization of the acetylacetone parent molecule, we may proceed with
assigning specific molecular processes to the extracted lifetimes. The ultrafast process with
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τ1<10 fs clearly originates from zero pump-probe delay, when the S2 (ππ*) state is initially
populated. As indicated earlier, based on Koopmans’ correlations the S2 (ππ*) state is expected
to show a strong propensity for ionization to the D0 (π-1) state of the cation.68 This assertion is
also supported by the energy cut-off seen in the τ1 DAS (Fig. 8), which is well-matched to the
threshold for 1+1′ ionization to the D0 (π-1) state. Based on these two observations, we therefore
attribute the τ1 DAS to ionization from the S2 (ππ*) state and the associated lifetime to ultrafast
IC populating the lower lying S1 (nπ*) state, in broad agreement with several other recent
studies.27, 49, 55 Furthermore, the fact that our data show no photoelectron signals extending
beyond the 1+1′ kinetic energy cut-off at 3.6 eV means we may reasonably assume that there
is no multiphoton excitation (MPE) induced by our 267 nm pump laser (i.e. we see no evidence
of photoelectrons originating from 2+1′ ionization processes). Antonov et al. have suggested
the S2 (ππ*) ← S0 transition is easily saturated and several photofragments, including OH and
CH3, are only formed via MPE processes following 266 nm and 248 nm irradiation. These
authors do not elaborate on the nature of the MPE process but assert “a need for ultrafast studies
that can be clearly associated with single photon excitation”. We highlight here that two-photon
absorption at 266 nm and 248 nm provides a total pump energy of 9.3 eV and 10.0 eV,
respectively, which exceeds both the D0 (π-1) and D1 (n-1) adiabatic ionization potentials.66 Socalled “super-excited” neutral bound states sitting energetically above the ionization onset
threshold have, however, been reported in pump-probe studies conducted on a number of
different molecules.72-76
Once non-adiabatically populated from S2 (ππ*), the S1 (nπ*) state is expected to ionize
preferentially to the D1 (n-1) state of the acetylacetone cation. This appears to be reflected in
the lower photoelectron energy signal cut-off seen in the τ2 DAS relative to τ1, as evident in
Fig. 8 (highlighted region A). The shift in position of approximately 1.1 eV is higher than the
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D0 (π-1) to D1 (n-1) energy gap reported previously using single photon ionization with helium
lamp sources (0.51-0.68 eV).66, 68-70 We note, however, that excited state geometry relaxation
and associated variations in Franck-Condon factors might reasonably be expected to lead to
slight differences in the (resonant) multiphoton ionization case. In this regard, we highlight that
theoretical calculations by Squibb et al. predict an energy separation of 1.27 eV between the
D0 (π-1) ← S2 (ππ*) and D1 (n-1) ← S1 (nπ*) ionizing transitions at the (static) S0 and S1 (nπ*)
minimum energy geometries, respectively. Furthermore, this prediction matches well with the
experimental observations reported by the same group (1.4 eV). In light of this evidence, we
assign the τ2 DAS to ionization from the S1 (nπ*) state. As noted in Section III, Fig. 8 also
reveals additional onset thresholds (as indicated by sudden amplitude increases) in both the τ1
DAS (close to 1.4 eV – highlighted band B) and the τ2 DAS (at approximately 0.6 eV –
highlighted band C). Given our combined pump + probe energy of 12.40 eV, these features
may be attributed to ionization into higher-lying cation states (built on (π-1) and (n-1)
configurations, respectively) that should be energetically accessible on the basis of singlephoton ionization studies.66, 68-70 As discussed in Section III A, this may also include a probepump contribution below approx. 0.5 eV.
B. Assignment of τ3 and τ4
Theoretical calculations have concluded that the S1 (nπ*) state forms a triple conical
intersection with two lower-lying triplet states, T1 (ππ*) and T2 (nπ*).27, 51 This then provides a
potential route for extremely rapid S1 (nπ*) deactivation via ISC and appears strongly
supported by recent experimental findings.27, 55, 56 Although the τ2 lifetime of 1.6 ± 0.2 ps
appears extremely fast for ISC (especially for a system containing only first row elements), this
has been explained by the fact that, for planar geometries close to the S1 (nπ*) minimum, the
energetic separation between the S1 (nπ*), T2 (nπ*) and T1 (ππ*) states is very small.27 More
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generally, we also highlight that “ultrafast” ISC has been reported in some other systems
containing structurally related motifs.77, 78 One discrepancy that exists in regard to the ISC
mechanism operating in acetylacetone, however, is the nature of the specific states that directly
participate. On the basis of El-Sayed’s rules,79 Bhattacherjee et al. suggest population transfers
directly between the S1 (nπ*) and T1 (ππ*) states. On the other hand, Squibb et al. invoke
T2 (nπ*) as an extremely short-lived doorway state that acts as an intermediate.27 The T1 (ππ*)
and T2 (nπ*) states should show strong propensity for preferential ionization into the D0 (π-1)
and D1 (n-1) continua, respectively. Given the onset threshold in the weak τ3 DAS appears very
similar to that for the τ2 DAS (highlighted region A in Fig. 8), it is initially appealing to
associate the τ3 DAS with ionization into the D1 (n-1) continuum. This would imply that the
origin might be the T2 (nπ*) state, even though the τ3 lifetime of 20 ± 4 ps seems at odds with
the proposed ultrafast doorway mechanism. Conversely though, theoretical calculations have
predicted that the D0 (π-1) ← T1 (ππ*) and D1 (n-1) ← T2 (nπ*) ionizing transitions at the S1
(nπ*) minimum energy (i.e. initially unrelaxed) geometry should give very similar
photoelectron energies. Furthermore, this same work also predicts the D0 (π-1) ← T1 (ππ*)
transition at the T1 (ππ*) minimum energy (i.e. relaxed) geometry should give a photoelectron
band shifted to lower energy by about 1 eV (relative to the unrelaxed S1 (nπ*) state). Such a
shift is very similar in size to the energetic separation between highlighted regions A and B in
Fig. 8, the second of which corresponds to the onset threshold in the τ4 DAS. In light of this,
we are unable to infer any direct evidence for direct population of the T2 (nπ*) state, although
we cannot definitively rule out its participation either. We therefore suggest that both the τ3
and τ4 DAS are attributable to ionization from the T1 (ππ*) state. In this scenario, τ3 is
associated with a change in ionization efficiency due to large amplitude motion on the T1 (ππ*)
potential energy surface as the molecule evolves between the S1 (nπ*) and T1 (ππ*) minimum
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energy geometries. These are known to be quite different in structure, with the latter exhibiting
an OH group twisted out of the plane containing all other heavy atoms.27, 51 The overall decay
of the (geometry relaxed) T1 (ππ*) state is then characterized by τ4 = 330 ± 40 ps. This is in
reasonable agreement with the 247 ± 34 ps time constant obtained by Zewail and co-workers
that was attributed to OH dissociation from T1 (ππ*).50 Here we again recall, however, that the
recent work of Antonov et al. has indicated such a fragmentation channel is not energetically
accessible via single photon excitation.49 More generally, we stress that our present experiment
is effectively blind to the formation of any photofragment species and so do not speculate
further on this aspect of the dynamics – other than to point out that Antonov et al. also suggest
most photoproducts they observe originate from the S0 ground state. In this regard we may only
tentatively suggest that the T1 (ππ*) state decays to S0. Nevertheless, our VUV probe has
revealed an extremely extended map of the dynamics operating in the excited states of
acetylacetone. Exploiting a probe pulse deeper in the VUV may reveal the population of S0
more definitively, although this comes with the potential limitation that once the energy
exceeds approx. 9 eV then ionization of various photoproducts (which may originate from T1
(ππ*) as well as S0)27, 49 will become a complicating issue, heavily congesting the photoelectron
spectrum. In this case, photoelectron-photoion coincidence measurements may be required to
unambiguously de-convolute the full dynamical picture.

VI. SUMMARY
Time-resolved photoelectron imaging exploiting a VUV probe pulse at 160 nm was
used to investigate non-adiabatic relaxation dynamics in acetylacetone following 267 nm
excitation. Four deactivation lifetimes (τ1−4) were extracted from our data and assigned to
various non-adiabatic processes (as summarized in Table I). Specifically, an ultrafast process
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with a lifetime <10 fs (τ1) was assigned to IC between the optically prepared S2 (ππ*) state and
the S1 (nπ*) state. From here population then transfers to the triplet state T1 (ππ*) on a timescale
of 1.6 ± 0.2 ps (τ2). Relaxation from the S1 (nπ*) to the T1 (ππ*) minimum energy geometry is
inferred from a weakly observed transient signal with an associated exponential time constant
of 20 ± 4 ps (τ3). The overall T1 (ππ*) triplet state lifetime is 330 ± 40 ps (τ4) and we tentatively
suggest this then leads predominantly to population of the S0 ground state. Our overall findings
quantitatively link together elements of several earlier investigations that individually sampled
smaller sub-sections of the total reaction coordinate. Furthermore, the present work also
demonstrates the more general capability of short wavelength probes to provide a more
complete dynamical picture when interrogating non-adiabatic molecular dynamics using
photoionization-based techniques in time-resolved spectroscopy. This is something we
anticipate will become a much more routinely exploited strategy for future research in this area.
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TABLE CAPTIONS
Table I: Summary of the fitted 1/e decay lifetimes obtained from our data along with suggested
interpretation of their dynamical origin. Quantitative numerical lifetimes and assignments
reported in other gas-phase acetylacetone measurements at similar pump wavelengths (as
discussed in the main text) are also included.
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Table I

This work

Xu et al.50

Poisson et. al.52

Bhattacherjee et al.55

τ1

<10 fs

S2(ππ*) →
S1(nπ*)

70 ± 10 fs

Exit FranckCondon region

<100 fs

S2(ππ*) →
S1(nπ*)

τ2

1.6 ± 0.2 ps

S1(nπ*) →
T1 (ππ*)

1.4 ± 0.2 ps

S2(ππ*) →
S1(nπ*)

1.5 ± 0.2 ps

S1(nπ*) →
T1 (ππ*)

τ3

20 ± 4 ps

Relax to T1
(ππ*) min.

τ4

330 ± 40 ps

T1(ππ*) →
S0

>80 ps

S1(nπ*) →
T1 (ππ*)

247 ± 34 ps

OH elim. on
T1(ππ*)
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Squibb et al.27
50 fs

S2(ππ*) →
S1(nπ*)

FIGURE CAPTIONS
Figure 1. Time-dependent photoelectron spectra of 1,3-butadiene obtained using a 200 nm
pump (50 nJ/pulse) and a 267 nm probe set to either 400 nJ/pulse (top) or 2.5 µJ/pulse (bottom).
The energy axis is partitioned into 0.05 eV bins and spectral signatures originating from three
different electronic states are indicated. Raw data were recorded from a neat (i.e. unseeded)
gas sample using the TRPEI spectrometer configuration detailed in ref 57.

Figure 2. Schematic of the keto and enol forms of acetylacetone. In the gas phase, the enol
form is dominant, with many studies quoting a fraction in excess of 90%.44

Figure 3. Cut-through section of the photoelectron imaging spectrometer and VUV generation
set-up used in the current experiments. For additional information see the main text.

Figure 4. Schematic overview of the optical set-up used in the current experiments. All
energies quoted are per pulse. Abbreviations: BBO (β-barium borate crystal), CM (concave
mirror), CP (calcite plate), WP (waveplate), PM (power meter), PO (pick-off optic), SH
(shutter to enable one-colour background subtraction).

Figure 5. VUV output spectrum generated using the set-up shown in Figs. 3 and 4.

Figure 6: Top: Raw cross-correlation data obtained from 1+1′ ionization of xenon using
267 nm and 160 nm pulses. Bottom: Photoelectron transient obtained from raw data integration
between the two vertical dashed lines overlaid on the top panel. A Gaussian fit to this data is
also overlaid. The 1σ uncertainty in the quoted FWHM value is ± 10 fs.
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Figure 7. Time-dependent photoelectron spectrum of acetylacetone obtained using a 267 nm
pump/160 nm probe. For clear display of the dynamics, the time axis is linear to +1 ps and then
logarithmic out to +200 ps. The data are partitioned into 0.1 eV energy bins and the intensity
colour map is presented on a natural logarithmic scale based on the output directly obtained
from the imaging CCD camera. The top right inset shows a representative backgroundsubtracted velocity-map photoelectron image at zero pump−probe delay on a normalised linear
intensity scale. The very small central hole is an artefact resulting from imperfect background
subtraction of time-invariant pump- and probe-alone signals. The laser polarization of both the
pump and probe beams is vertical with respect to the image, which has been 4-fold
symmetrized. The dashed line overlay denotes the predicted maximum photoelectron kinetic
energy cut-off for 1+1′ ionization based on the D0(π-1) adiabatic ionization potential (8.85 eV)
and the central pump (4.65 eV) and probe (7.75 eV) energies.

Figure 8. (Top) Decay associated spectra (DAS) obtained from a global multi-exponential fit
to the TRPEI data presented in Fig. 7. Quoted lifetime uncertainties are 1σ values. (Bottom)
The same data following re-scaling to account for any detection sensitivity bias due to state
lifetime and laser pulse width effects. See main text for further information. An approximate
pump/probe FWHM of 100 fs was assumed, yielding τ1-4 rescaling factors (quoted relative to
τ2) of 13.90 : 1.00 : 0.92 : 0.91. On both plots, shaded overlay regions A-C denote the
approximate positions of various energy onset thresholds, as discussed in the main text. See
Fig. 7 caption for details of the 1+1′ limit.
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Figure 9. Anisotropy parameters β2 and β4 as a function of pump–probe delay, averaged over
the 0.2–2.3 eV photoelectron kinetic energy region following 267 nm excitation/160 nm
ionization of acetylacetone. The time axis is linear to +1 ps and then logarithmic out to +200
ps. The data were partitioned into 0.1 eV energy bins for initial anisotropy fits using Eq. 2
(before averaging), and the error bars are 1σ values. Fits were performed over the angular
region 5° ≤ θ ≤ 90° to eliminate uncertainties from centre-line noise present in the images after
Abel inversion processing.
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