¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Excited-state dynamics of cinnamate-based
UV filters: bringing decay pathways to light
by photoelectron velocity map imaging

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2025, 27, 17959

lvan Romanov,” Wim Roeterdink,? Yorrick Boeije, (2°°° Hugo Maurer® and
Wybren Jan Buma {2 %29

Cinnamic acids and cinnamates are attracting considerable interest as starting point for the rational
development of novel UV filters. Key to their optimization is a fundamental understanding of the
nonradiative processes that occur after photon absorption. Here we employ kinetic-energy-resolved
photoelectron spectroscopy to uncover the deactivation mechanisms occurring after photoexcitation of
a series of substituted cinnamates. We find that the recorded photoelectron spectra (i) confirm and
extend conclusions on pathways involving the triplet manifold previously obtained indirectly, (ii) provide
insight into the electronic structure of the excited singlet manifold, and (iii) elucidate the influence of
substituents on their photodynamics. In addition, they have allowed for the determination of accurate
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1. Introduction

Photons provide a source of energy that can be used advanta-
geously in many molecule-based applications. However, for
such applications the absorption of the photon is only an
initial step that normally is followed by a myriad of consecutive
steps in which this photon energy is transformed into other
forms of energy. Eminent examples are found in photosynth-
esis where photon energy is transformed into chemical
energy,””> and molecular nanotechnology where photons power
molecular motors by transforming photon energy into mechan-
ical energy.* Another class of materials revolves around the
absorption of light and dissipating its energy into thermal
energy. UV filters used in artificial and naturally occurring
sunscreens are well-known examples.® Since the main function
of these filters is to absorb harmful UV light and protect the
skin from sun damage, the generated thermal energy is con-
sidered more as a by-product than as the primary objective. On
the other hand, there are currently also extensive efforts to
develop materials specifically aimed to bring the generated
heat to use.” One of the more recent developments in that area
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ionization energies that so far had not been determined.

are so-called molecular heaters to be used in agri- and horti-
culture where they would serve on the one hand to enhance
crop growth, but also protect crops from extreme cold weather.®

In an ideal world photon energy is completely converted
into thermal energy. In practice, however, there are competing
detrimental pathways that reduce the efficiency of this conver-
sion, and, more importantly, may lead to undesired side reac-
tions. Especially for applications in which health safety is an
important factor it is therefore imperative to determine the
pathways along which the absorbed energy is converted into
thermal energy. Illustrative in this respect is 2-ethylhexyl-4-
methoxycinnamate (EHMC) used in commercial sunscreens
as a UV-B blocker for which it was shown® that a long-lived
electronically excited state is involved in the excited-state
dynamics of the photon-absorbing electronically excited state,
thereby rationalizing the observation that reactive oxygen spe-
cies are generated upon prolonged irradiation.****

EHMC is one of the UV-B filters that have cinnamic acid as
their basic backbone. Being a naturally occurring and therein
employed compound, it has been an attractive starting point for
the further development and optimization of such filters."**
The observation of a long-lived electronically excited state thus
spurred significant efforts to come to a further understanding
of the nature of this state and its decay pathways. Seminal work
of Ebata et al.>*° based on ionization efficiency spectra and
quantum chemical calculations of relaxation pathways invol-
ving minimum energy surface crossings led to the conclusion
that the triplet manifold is at the origin of the observed long-
lived signals.
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The molecular beam studies that so far have been employed to
elucidate the spectroscopy and dynamics of the electronically-
excited state manifold of cinnamic-acid based UV filters have
either used mass-resolved ion detection in Resonance Enhanced
MultiPhoton Ionization (REMPI) spectroscopic studies or
emission-based detection techniques in Laser Induced Fluores-
cence (LIF) studies. Further insight and confirmation of the
contribution of the various excited-state decay pathways can be
obtained from kinetic-energy-resolved photoelectron spectro-
scopy. In such studies not only the presence of ions is detected,
but also their internal energy. Since the electronic and vibra-
tional state of the generated ions directly reports on the
electronic structure and dynamics of the state from which
ionization took place, such studies are key to elucidating the
pathways along which photon energy is dissipated.*’

In the present study we apply to this purpose velocity map
imaging (VMI) of photoelectrons in one- and two-colour REMPI
spectroscopic studies of a series of substituted cinnamates.
These cinnamates have been chosen such that they feature
different aspects inferred previously to be relevant for the
excited-state dynamics of substituted cinnamates. In combi-
nation with quantum chemical calculations these studies aim
to provide further confirmation and understanding of the role
of the triplet manifold and the potential energy surfaces
involved, as well as provide insight into the electronic structure
of the manifold of electronically excited singlet states that is
responsible for UV-B absorption. Understanding and harnessing
these pathways will not only enhance the design of more efficient
materials but also contribute to their broader applications.

2. Methods

2.1. Experimental

Experiments have been performed in a newly constructed
molecular beam spectrometer that allows for time-of-flight
mass spectrometry (TOF-MS), electron velocity map imaging
(VMI) as well as ion VML In this setup the molecular beam is
created with an injector assembly that consists of a stainless
steel oven in which a glass container with the sample is placed
and kept at a temperature at which the sample of interest has
a high enough vapour pressure. For the present molecular
systems this was found to be 140-160 °C. The oven is connected
to a pulsed valve (General Valve Iota One) equipped with a
0.4 mm diameter conical nozzle that is kept 5-10 °C higher in
temperature to avoid clogging. Typically, pulse durations of
180-220 ps were used. In the present experiments a supersonic
expansion of the molecule of interest is generated by leading
neon at a backing pressure of 2 bar through the oven and
expanding the resulting gas mixture through the nozzle into the
vacuum chamber.

After passing through a conical skimmer with a diameter of
2 mm the molecular beam enters the ion source region which is
equipped with a modified version of the three-plate electro-
static lens system originally designed by Parker and Eppink®"
that closely resembles the system used in the coincidence setup
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designed by Janssen and coworkers.>” The lens directs elec-
trons to a Photonis microchannel plate (MCP) detector
equipped with a phosphor screen measuring 40 mm in dia-
meter that is situated 160 mm from the ionisation site. Alter-
natively, by reversing the polarity of the lens, ions are steered
into a 600 mm long time-of-flight (TOF) tube where they are
detected using a 18 mm dual microchannel plate detector
(Jordan Co. C-701) although VMI detection is also possible by
exchanging this detector with the Photonis detector. Images are
acquired using the Micro-Manager 2.0** plugin in conjunction
with an Andor CMOS camera. These images are further pro-
cessed and analysed using the NumPy** and PyAbel*® packages
within a Python 3.10°° environment.

In the present study both one-colour (1 + 1) as well as two-
colour (1 + 1') Resonance Enhanced Two-Photon Ionization
(RE2PI) experiments have been performed. Although in both
types of experiments laser intensities were reduced as much as
possible to avoid non-resonant contributions to the signal,
some background contributions remained inevitable. For the
(1 + 1) experiments off-resonance images were therefore
recorded under the same excitation conditions as the on-
resonance images and subsequently subtracted from the on-
resonance images. For the (1 + 1’) experiments, on the other
hand, a background correction was performed using both the
images acquired for the resonant (1 + 1) signal under the same
laser intensity conditions as used to record the (1 +1’) image, as
well as images obtained under non-resonant (1’ + 1’) conditions.
The processed and averaged images were subjected to an Abel
transformation using the rBASEX®” algorithm implemented in the
PyAbel package. The slice through the reconstructed 3D photo-
electron distribution that results from such a transformation then
gives access to an angle-integrated photoelectron spectrum and
photoelectron angular distribution. For the present experiments
the energy scale of the recorded photoelectron spectra was
calibrated using (3 + 1) REMPI transitions of Xe for which a
AE/E resolution of about 3% was obtained.

The one- and two-colour R2PI experiments have been per-
formed using a frequency-doubled Sirah Cobra-Stretch dye laser
operating on DCM and pumped by a Spectra Physics Lab-190
Nd:YAG laser. In the two-colour R2PI experiments, ionisation was
achieved using a Neweks PSX-501 ArF excimer laser (193 nm,
6.42 eV). In order to extract a polarized laser beam from the latter
laser, a Laseroptik thin film polariser was employed. This beam
was focussed using a lens with a 1 m focal length to reduce the
interaction volume of this laser beam with the molecular beam
and the ionisation chamber. The polarisation of both laser beams
was parallel to the plane of the MCP detector. Typical excitation
and ionisation energies were less than 10 pJ.

Methyl ferulate and methyl coumarate (methyl-4-hydro-
cinnamate) were used as purchased from Sigma Aldrich, while
methyl sinapate and sinapoyl methyl lactate were synthesized
in house using synthetic routes as described in the SI.

2.2. Theoretical

For each of the molecules shown in Fig. 1 calculations have
been performed on the adiabatic and diabatic ionization
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Fig. 1 Cinnamates studied and employed atom numbering. Drawn are the syn/cis conformers.

energies from (i) the ground state S,, (ii) the first electronically
excited singlet state S; and (iii) the lowest electronically excited
triplet state T; of the neutral molecule to the ground state D, of
the cation as well as its first and second electronically excited
states D; and D,. To this purpose the geometries of Sy, Dy, and
T, were optimized with (Unrestricted) Density Functional
((U)DFT) at the ®B97XD/cc-pVDZ level®***° while for the electro-
nically excited states of the neutral and cation Time-Dependent
DFT (TD-DFT) was employed to optimize their geometries.
Previous studies on cinnamates**?%*® have found that the
potential energy surface of T; features energy minima at both
a planar conformation as well as conformations with a nearly
perpendicular geometry of the C,—Cg double bond (see Fig. 1
for atom numbering). In the present study similar observations
were made. In the following we will distinguish between these
planar and twisted conformations by referring to them as T,
and Ty, respectively. The energies obtained for the various
electronic states at their equilibrium geometry allowed for the
calculation of adiabatic ionization energies, while vertical
ionization energies were obtained from (TD)-UDFT calculations
of the energies of the ionic states at the equilibrium geometries
of the electronic state of interest of the neutral molecule.
All calculations have been performed using the Gaussian16,
Rev. C.02 suite of programs.*

3. Results and discussion

As discussed in the introduction, the present study aims to
elucidate the pathways along which S; decays after being
excited, and, in particular, the extent to which other electro-
nically excited states are involved in these pathways. Photoelec-
tron spectra obtained for ionization via S; offer in principle
such an insight but their interpretation hinges on the assign-
ment of the bands observed in these spectra to particular
ionization pathways, which in turn critically depends on the
accuracy with which adiabatic and -in particular-vertical ioniza-
tion energies can be predicted. In the present study we face in
this respect a number of challenges. Firstly, the calculation of
ionization energies from S; requires accurate energies of D.
However, it is well known that the error in such values can
easily be of the order of a few tenths of eV.*> Similar uncertain-
ties occur for the prediction of the energies of the electronically
excited states of the ion from TD-DFT calculations that are
necessary to obtain ionization energies to D, and D,. Secondly,
identification of a triplet-mediated decay pathway requires

This journal is © the Owner Societies 2025

accurate ionization energies from T,; for which an accurate
value of its excitation energy is needed, but also for this
excitation energy the same kind of uncertainty can be expected.
In passing by we notice that our experiments are performed
under isolated molecule conditions in which energy is con-
served. A potential triplet mediated decay pathway will thus
populate highly-excited vibrational levels of T, after intersystem
crossing from S;. We assume that efficient ionization of such
levels occurs under conservation of vibrational energy, that is,
upon ionization highly-excited vibrational levels of an ionic
state are populated.

In the present study we have therefore applied a two-
pronged approach based on one- and two-colour R2PI. The
excitation energy of the vibrationless level of S; of the com-
pounds studied here turns out to be slightly larger than half
of their D, adiabatic ionization energy. As a result, one-colour
(1 +1)R2PIviathe S; « S, 0-0 transition leads to photoelectron
spectra from which the adiabatic ionization energy associated
with ionisation of the vibrationless level of S, to the vibration-
less level of Dy can be determined with an accuracy of about
1-5 meV depending on the amount of energy that is released in
the photoelectrons. We then correlate these experimental data
with our computational results by correcting the calculated D,
adiabatic and vertical ionization energies to match the experi-
mentally observed adiabatic ionization energy. In practice it
was found that our calculations tend to underestimate the
ionization potential and that a correction of 0.3 £+ 0.1 eV needs
to be applied. Adiabatic and vertical ionization energies from
the vibrationless ground state to the electronically excited D4
and D, states of the ion were then determined by using the
calculated (TD)-UDFT excitation energies of these states with
respect to the experimentally determined D, adiabatic ioniza-
tion energy.

In a second step we use two-colour (1 + 1’) R2PI using
193 nm photons to ionize the molecule after that it has been
excited to the vibrationless level of S;. From an energy point of
view the total energy that is absorbed by the molecule is
sufficient to allow ionization to Dy, D4, as well as D, although
vibrational overlap considerations restrict for electronically
excited states other than S; the ionization efficiency to the
electronically excited states of the ion (vide infra). While one-
colour (1 + 1) ionization of highly-excited vibrational levels of T;
populated via intersystem crossing after excitation of the vibra-
tionless level of S; is thus highly improbable, two-colour (1 +1’)
R2PI experiments allow for efficient ionization of such levels.
We calculate kinetic energies of photoelectrons associated with
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this ionization pathway by using the corrected energy of D, (see
above) at the optimized geometry of T,, and take for the
vibrational energy in the triplet the energy difference between
the optimized S; and T, states. A similar approach could also be
used for the ionization energies of T, to the electronically
excited D; and D, states of the ion, but it turns out that the
vertical ionization energies of T, to these states are consider-
ably higher than the total energy absorbed in a (1 + 1) process
with 193 nm. Efficient ionization of T; to these ionic states is
therefore not possible.

To close this part of the discussion we recall that the
molecules studied here feature both planar as well as twisted
energy minima in T,. Ionization of these structures will give
rise to photoelectrons with significantly different kinetic ener-
gies since the vertical ionization energy of the twisted structure
is considerably higher than that of the planar one. In fact, the
results presented below will demonstrate that the vertical
ionization energy of Ty is too high to allow for efficient ioni-
zation of its vibrational levels. However, previous calculations®®
have shown that the energy barrier between T, and Ty is
considerably smaller than the amount of vibrational energy
stored in the triplet manifold after intersystem crossing from
S;. The vibrational wavefunctions at these energies are thus
effectively spread out over both twisted as well as planar
geometries. We therefore assume that the kinetic energies
associated with ionization of T; can be taken as the ones
calculated for Typ.

3.1. Methyl sinapate

The spectroscopic and dynamic properties of methyl sinapate
(MS) have in the past been studied extensively using various
high-resolution laser spectroscopies based on LIF and REMPI
techniques."**** Nanosecond pump-probe studies revealed a
long-lived decay component that was ascribed to ionization of
Ty,* a conclusion that was further supported by wavelength
dependent ionization efficiency measurements.** As already
touched upon in the introduction, the most unambiguous
evidence for the involvement of the triplet manifold would
come, however, from photoelectron spectra in which the var-
ious ionization pathways are directly visible. A further advan-
tage of studies on MS is that zero-kinetic-energy-pulsed field
ionization (ZEKE-PFI) studies have enabled a very accurate
determination of the adiabatic ionization energies of the three
conformers that are present under adiabatic expansion
conditions.** In the following we focus on the predominant
syn/cis conformer for which an adiabatic ionization threshold
of 7.4752 £ 0.0001 eV has been determined since for the anti/cis
conformer very similar results have been obtained.

Fig. 2 displays the photoelectron (PE) spectrum obtained for
ionization of syn/cis MS after excitation of the vibrationless level
of the S, state at 31059.8 cm ™" (3.8509 eV), the arrow indicating
the kinetic energy expected for adiabatic ionization to the
vibrationless level of D, on the basis of the ZEKE-PFI studies
(0.226 eV). In first instance it would appear that this value is
slightly different from the experimental spectrum in which the
first discernible band has a maximum at 0.211 £ 0.005 eV.
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Fig. 2 PE spectrum of the syn/cis conformer of methyl sinapate obtained
after one-colour (1 + 1) R2PI via the S; « Sg 0-0 transition at 31059.8 cm™.
The arrow indicates the value of the kinetic energy expected from the
adiabatic ionization energy determined by ZEKE-PFI.** The inset shows in
the left half the recorded image while the right half presents the recon-
structed slice through the centre of the original 3D distribution with the arrow
indicating the electric field polarisation of the laser pulse.

However, it should be taken into account that the ZEKE-PFI
spectrum shows -in agreement with theoretical predictions- an
extensive progression of a ~60 cm™" low-frequency bending
mode with the second and third overtone having the highest
intensity. The resolution in the VMI photoelectron spectrum is
not high enough to resolve this progression. We therefore
expect an unresolved overlap of these bands that will lead to
a band shape with a maximum displaced by about 15 meV from
the adiabatic ionization energy. This is in excellent agreement
with our experimental observations. Inspection of the Franck-
Condon activity observed in the ZEKE-PFI spectrum and the
activity predicted for higher vibrational levels than shown in
ref. 44 leads to the conclusion that the asymmetric shape of the
0.21 eV band and the band at 0.05 eV in the PE spectrum can
similarly be well explained by unresolved D, « S; Franck-
Condon activity upon ionization. One aspect we draw attention
to, however, is the partially resolved band at about 0.188+
0.005 eV as for one-colour (1 + 1) R2PI of sinapoyl methyl lactate
a similar feature is observed.

The PE spectrum obtained for ionization of the same
excited-state level in a two-colour (1 + 1’) R2PI experiment with
193 nm to ionize the molecule is shown in Fig. 3 in which also
the kinetic energies for various ionization pathways are indi-
cated. Since we know the adiabatic D, « S, ionization energy
from our ZEKE-PFI studies® and have determined from the
previously discussed one-colour (1 + 1) R2PI VMI image the
vertical D, « S; ionization energy, these ionization pathways
lead to bands at well-determined kinetic energies. However, for
other ionization pathways we can only predict kinetic energies
on the basis of our calculations which inherently are accom-
panied by an uncertainty that can easily be of the order of
+ 0.2-0.3 eV.

The kinetic energy distribution in Fig. 3 is characterized by
an asymmetric band in the 2.0-2.6 eV region (band I), a band
around 1.3 eV (band II) and a low kinetic energy band up to
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Fig. 3 PE spectrum of the syn/cis conformer of methyl sinapate obtained
after two-colour (1 + 1') R2PI via the S; « Sg 0-0 transition at 31059.8 cm™t
and using a 193 nm photon for ionization. The inset shows in the left half the
recorded image while the right half presents the reconstructed slice through
the centre of the original 3D distribution with the arrow indicating the electric
field polarisation of the counter-propagating excitation and ionization laser
pulses. The kinetic energy associated with adiabatic Dy « Sq ionization as
determined in ZEKE-PFI studies** is indicated with the black solid arrow.
Kinetic energies associated with transitions for electronically excited states
are indicated by coloured arrows: purple for vertical ionization from the S;
state, red for vertical ionization from the T, state. Line styles represent
transitions to different states: solid lines to Do, dashed lines to Dy, and dotted
lines to D».

0.9 eV (band III). Band I clearly is associated with the D, « S,
ionization pathway. It is useful to notice that the energy
difference between the D, « S, energies and the maximum
of band I is to a good approximation equal to the relaxation
energy of S;, that is, the difference between the vertical and
adiabatic excitation energies of S;. Experimentally we thus find
a relaxation energy of 0.31 eV, which is in good agreement with
the theoretically predicted value of 0.27 eV.

On the basis of our calculations we assign band II to
ionization of S; to the lowest excited ionic state D;. Such an
assignment find unambiguous support in PE spectra that have
been recorded in (1 + 1) R2PI experiments in which the
ionization laser is delayed with respect to the excitation laser
and that are shown in Fig. 4.

From this Figure it is clear that the intensities of bands I and
II are reduced similarly when the delay time is increased, while
band III remains for all practical purposes unaffected. The S,
state of MS is characterized by the HOMO(n) — LUMO(n*)
excitation, and is historically designated as the V(nm*) state.
Dy and D;, on the other hand, have dominant contribu-
tions from the removal of an electron from the HOMO and
HOMO-1, respectively. Electronic propensity rules would
then lead one to expect that ionization of S; occurs predomi-
nantly to D,. Although band I is indeed more intense than
band II, the observation of the latter is interesting and might
be indicative for vibronic coupling of S; to S,, which has
a dominant (HOMO-1)(r) — LUMO(n*) contribution and
historically has been designated as the V’(nr*) state. On the
other hand, a contribution of the HOMO’LUMO" configu-
ration to the D; wavefunction would also enable ionization
from S, to D;.

This journal is © the Owner Societies 2025
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Fig. 4 PE spectrum of the syn/cis conformer of methyl sinapate obtained
after two-colour (1 + 1’) R2PI via the S; « Sg 0-0 transition at 31059.8
cm™ and using a 193 nm photon for ionization for various delays between
excitation and ionization laser pulses.

Band III could in principle arise from ionization of S; to D,
and/or from ionization of Ty, to D,. The delay dependence of
the PE spectrum 4 demonstrates, however, that this band is
primarily associated with the latter pathway. In view of the
presence of multiple energy minima on the potential energy
surface of Ty, it would be highly interesting to see whether the
PE spectra could provide evidence of -and further information
on- these minima. Calculations predict, however, that the
vertical ionization energy of T,; to D, lies about 0.5 eV above
the energies reached by (1 + 1) absorption. Moreover, as
discussed previously, we expect that at the internal energies
populated by ISC from S, the vibrational wavefunctions of T
are spread out and cover both the twisted as well as the planar
geometries. Even at higher ionization energies it would thus
seem quite a challenging task to interpret a PE spectrum in
terms of contributions of these conformations.

PE spectra obtained for (1 + 1) and (1 + 1') ionization via the
S; < Sy 0-0 transition of the anti/cis conformation of MS at
31170.1 cm " are reported in the SI (Fig. S; and S,). These
spectra are quasi identical to those obtained for the syn/cis
conformer discussed above. The adiabatic ionization energy
determined from the (1 + 1) spectrum is in good agreement
with the value determined from ZEKE-PFI experiments®*
(7.4846+ 0.0001 eV), while the (1 + 1) spectrum shows the
same ionization pathways as observed for the syn/cis confor-
mer. We therefore conclude that as far as ionization pathways
-and thus excited-state composition and decay pathways- these
two conformers do not show major differences.

3.2. Sinapoyl methyl lactate

SML features on the phenyl side of the molecule the same
substitution pattern as MS, but has the methoxy group of the
but-2-enoate part replaced by the more extended methyl lactate.
Previous studies identified two conformers and assigned these to
the syn/cis and anti/cis conformations.'® Similar to MS, we find that
the (1 +1) and (1 + 1) PE spectra obtained for these two conformers
are nearly identical. In the following we will therefore discuss the
results obtained for the syn/cis conformer and report PE spectra of
the anti/cis conformer of SML in the SI (Fig. S3 and S4).
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Fig. 5 PE spectrum of the syn/cis conformer of sinapoyl methyl lactate
obtained after one-colour (1 + 1) R2PI via the S; « So b} transition at
30760 cm™. The black arrow is the value of the kinetic energy taken to be
associated with adiabatic Dy « Sg ionization. The inset shows in the left
half the recorded image while the right half presents the reconstructed
slice through the centre of the original 3D distribution with the arrow
indicating the electric field polarisation of the laser pulse.

Fig. 5 displays the PE spectrum obtained for one-colour
(1 + 1) R2PI ionization via the S; « S, by transition of the syn/cis
conformer at 30760 cm~ ', mode b corresponding to the
C,~C;=Cg bending mode." This transition was taken instead
of the 0-0 transition as the signal intensity via the 0-0 transition
was not high enough. This spectrum resembles to a large extent
the PE spectrum obtained for MS, albeit that it is shifted by
about 0.05 eV to lower kinetic energies as a result of which the
0.05 eV band observed for MS is quite probably outside the
accessible range of kinetic energies. Interestingly, we observe
on the high-energy side of the band two partially resolved
bands at 0.103 £ 0.010 and 0.141 + 0.010 eV, thereby mirroring
our observations for MS where a similar feature was observed.
In view of the similarity of SML and MS we assume that the
adiabatic D, « S, ionization energy is displaced by the same
amount from the maximum of the highest-energy band at
0.0158 eV. Taking also into account that we are ionizing from
the b* level in S;, we find for the adiabatic D, « S, ionization
energy a value of 7.459 £ 0.020 eV, which within the experi-
mental uncertainties is the same as found for MS.

The PE spectrum obtained after (1 + 1’) R2PI ionization is
shown in Fig. 6. In view of the electronic similarity between MS
and SML we expect a priori that their (1 + 1’) PE spectra will
closely resemble each other as is indeed confirmed by the
experiments that show three bands. Based on the dependence
of these bands on the delay between excitation and ionization
lasers (not shown) we can conclude that band I in the 2.0-2.7 eV
and band II in the 1.0-1.9 eV regions are associated with
ionization of S; to D, and D,, respectively, while the low-
energy band III below 1.0 eV is assigned to ionization from
Typ to D,. From the energy difference between band I and the
adiabatic ionization energy of D, we conclude that the relaxa-
tion energy of S; upon excitation from S, is in first approxi-
mation 0.38 eV, which is -as would have been expected- close to
the value found for MS. A more detailed inspection of Fig. 6
shows with respect to band II that the observed vertical D; « S;
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Fig. 6 PE spectrum of the syn/cis conformer of sinapoyl methyl lactate
obtained after two-colour (1 + 1) R2PI via the S; « So by transition at
30760 cm™ and using a 193 nm photon for ionization. The inset shows in
the left half the recorded image while the right half presents the recon-
structed slice through the centre of the original 3D distribution with the
arrow indicating the electric field polarisation of the counter-propagating
excitation and ionization laser pulses. The kinetic energy associated with
adiabatic Dy « Sg ionization as determined from the one-colour PE
spectrum is indicated with the black solid arrow. Kinetic energies asso-
ciated with transitions for electronically excited states are indicated by
coloured arrows: purple for vertical ionization from the S; state, red for
vertical ionization from the Ty, state. Line styles represent transitions to
different states: solid lines to Do, dashed lines to D4, and dotted lines to D5.

ionization energy is very similar to what is observed for MS. The
calculations reproduce in this respect the experiments less well
as they predict a value that is about 0.2 eV higher. Although
somewhat on the high side, such a deviation is still within the
uncertainty one may expect for TD-UDFT excitation energies
used to calculate the ionisation energies of electronically
excited states of the ion, in particular for low-lying electro-
nically excited states. Band III, on the other hand, is nicely
reproduced by the calculations.

The similarity of the (1 + 1’) PE spectra of MS and SML
suggests for both molecules a similar triplet quantum yield.
Such a conclusion is confirmed by time-resolved (1 + 1’) R2PI
decay curves in which the ion yield at the mass of the molecular
ion is monitored as a function of the delay between excitation
and ionization lasers (see Fig. S5). These traces show a similar
ratio for the contributions of the fast and slow decay compo-
nents assigned to decay of S; and Tj, respectively, as observed
for MS.

In previous studies on sinapoyl malate (SM) and its deriva-
tives it was observed that the R2PI spectrum of SM displays a
broad featureless absorption. It was hypothesized that this
might be due to coupling of S; with a nearby excited state with
charge-transfer character that was assumed to be the 'nr* state.
Support for such an explanation was found in the photon
fluence dependence of the excitation spectrum of SML. In the
present study we confirm these observations: (1 + 1) R2PI
spectra at the lowest possible pulse energies that still led to a
measurable ion signal show a broad absorption band on which
sharper bands are superimposed (Fig. S6). In (1 + 1') R2PI
experiments, on the other hand, pulse energies on the order of
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10 yJ could be employed, which led to excitation spectra that
only showed a hint of a background (Fig. S7). Initially we had
hoped that PE spectra might provide further insight into such a
coupling with a nearby excited state. On the basis of corres-
ponding ionization continua, ionization of 'nm* character is
expected to occur predominantly to the (n)™' ionic state.
However, the energy of this state is higher than accessible in
our (1 + 1') ionization experiments, and this ionic state is thus
not visible in the recorded PE spectra. On the other hand, if a
strong coupling is present, this might also influence the relative
contributions of the ionization pathways to D, and D;. Com-
parison of the PE spectra of MS -for which such a coupling
would not be present- and SML does not show any striking
differences. We therefore conclude that (1 + 1’) ionization
experiments at much higher ionization energies would be
needed to elucidate to which extent coupling plays a role.

3.3. Methyl ferulate

In a recent study we have reported on experimental and
theoretical studies of MF and its microsolvated cluster with
water.”® This compound is of considerable interest as it can be
considered as being in between sinapates that have two meta-
substituted methoxy groups and coumarates that do not have
any meta-substituents. To put this in a further context: in
sinapates, the V(nn*) state is vertically as well as adiabatically
at lower energies than the 'nn* state while in coumarates the
'nm* state is adiabatically the lowest excited singlet state and
serves as a highly effective doorway state for intersystem cross-
ing (ISC) to the triplet manifold. Quantum chemical calcula-
tions predict that MF resembles in that respect MS as is indeed
supported by the bi-exponential time dependence of measured
time-resolved (1 + 1) R2PI decay curves.*® These studies found
that under molecular beam conditions three conformers can be
distinguished that are assigned to the syn/cis, syn/trans and
anti/trans conformers. It is interesting to notice that for the syn/
cis, syn/trans a slightly smaller contribution of the decay asso-
ciated with the decay of the triplet state was observed than for
MS, while for the anti/trans conformer this contribution was
much larger.

Fig. 7 displays the (1 + 1) PE spectrum obtained for the syn/
cis conformer after excitation of the S; « S, 0-0 transition at
31508.5 cm !, while Fig. S8 and S9 in the SI show similar
spectra for the syn/trans and anti/trans conformers. Fig. 7 shows
that at this excitation energy a two-photon level is reached that
is barely above the adiabatic D, < S, ionization energy. As a
result well-resolved bands associated with ionization to vibra-
tional levels in D, can be observed. In agreement with predicted
Franck-Condon spectra for the D, « S; transition and follow-
ing what is observed in the ZEKE-PFI studies on MS** this
vibrational activity pertains predominantly a progression of the
in-plane C,~C,—Cg bending mode at 61.5 cm™ ' (7.62 meV). The
observation of well-separated transitions to the vibrationless
level of D, allows us to come to an accurate determination of
the adiabatic Dy « S, ionization energy as 7.7742 £ 0.0005 eV.
Comparison with the ionization energy of MS and SML
(7.475 and 7.459 eV) thus shows that the absence of one of
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Fig. 7 PE spectrum of the syn/cis conformer of methyl ferulate obtained
after one-colour (1 + 1) R2PI via the S; « So 0-0 transition at 31508.5 cm™™.
The black arrow is the value of the kinetic energy taken to be associated with
adiabatic Dy « Sg ionization. The inset shows in the left half the recorded
image while the right half presents the reconstructed slice through the centre
of the original 3D distribution with the arrow indicating the electric field
polarisation of the laser pulse.

the meta-substituted methoxy groups increases the ionization
energy by about 0.3 eV.

From Fig. S8 we similarly determine for the syn/trans con-
former a slightly higher ionization energy of 7.799+ 0.001 eV,
noticing as well a reduced Franck-Condon activity in the PE
spectrum of the in-plane C,—~C,—~Cg bending mode compared
to the syn/cis conformer. For the anti/trans conformer (Fig. S9),
on the other hand, the two-photon energy is at such a level that
vibrational resolution is no longer observed. We can never-
theless still determine the adiabatic ionization energy reason-
ably accurately from the maximum of this band and thus find a
value of 7.86% 0.01 eV.

PE spectra obtained for (1 + 1’) R2PI ionization of MF are
reported in Fig. 8 for the syn/cis conformer and Fig. S10 and S11
for the syn/trans and anti/trans conformers, respectively. Similar
to MS and SML these spectra show three bands that on the
basis of their pump-probe dependence are assigned to the
same ionization channels as concluded for MS and SML. Once
again we find that the reorganization energy predicted to be
associated with the S; « S, transition (band I) is in good
agreement with the observed value. As was observed as well for
SML, we find for MF as well that the calculated D; « S;
ionization energy is slightly overestimated.

A further comparison of the (1 + 1’) spectrum of syn/cis MF
with those of MS and SML reveals two differences. Firstly, the
relative contribution of the D; « S; ionization pathway (band
II) is smaller in MF than in MS and SML. Following the previous
discussion on these pathways in MS, this could either indicate a
reduced vibronic coupling between the V(nn*) and V/(n*) in
MF or a reduced contribution of the HOMO’LUMO" configu-
ration to the wavefunction of D;. Secondly, also the contribu-
tion of the D, « T, ionization pathway (band III) is reduced.
Such an observation nicely agrees with our initial observation
from time-resolved (1 + 1’) R2PI decay curves which suggested a
reduced ISC yield. Similar observations are made for the syn/
trans conformer (Fig. S10) although here the contribution of the
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Fig. 8 PE spectrum of the syn/cis conformer of methyl ferulate obtained
after two-colour (1 + 1’) R2PI via the S; « S transition at 31508.5 cm™
and using a 193 nm photon for ionization. The inset shows in the left half
the recorded image while the right half presents the reconstructed slice
through the centre of the original 3D distribution with the arrow indicating
the electric field polarisation of the counter-propagating excitation and
ionization laser pulses. The kinetic energy associated with adiabatic Dy «
So ionization as determined from the one-colour PE spectrum is indicated
with the black solid arrow. Kinetic energies associated with transitions for
electronically excited states are indicated by coloured arrows: purple for
vertical ionization from the S, state, red for vertical ionization from the Ty,
state. Line styles represent transitions to different states: solid lines to Dg,
dashed lines to D4, and dotted lines to D,.

D, « S; ionization pathway (band II) appears to be slightly
larger. For the anti/trans conformer (Fig. S11), on the other
hand, the contribution of the D, « Ty, ionization pathway
(band III) is relatively larger as would have been expected on the
basis of time-resolved (1 + 1’) R2PI decay curves.

3.4. Methyl coumarate

In previous R2PI studies*®*” we have shown that one-color (1 + 1)

ionization of MC via the S; state is quite inefficient. As a result
relatively high laser powers need to be used in such experiments
as a result of which the S; « S, transition is strongly saturated,
leading to significant power broadening of the excitation spec-
trum. We thus find that the (1 + 1) R2PI PE spectrum of the anti/cis
conformer of MC (Fig. 9) is dominated by photoelectrons asso-
ciated with non-resonant background ionization. We nevertheless
also observe a sharp band at 0.030 eV. Such a band is in excellent
agreement with a kinetic energy of 0.033 eV expected on the basis
of the adiabatic D, « S; ionization energy of this conformer
determined from ionization efficiency spectra of the vibrationless
level of S; (65154 cm ™" (8.078 €V)).>**® We therefore take this
band as indeed originating from the D, < S; pathway of MS.

Two-color (1 + 1’) R2PI allows for much more efficient
photoionization and leads to excitation spectra in which the
signals are proportional to the power of the excitation laser.
Fig. 10 displays the PE spectrum obtained after (1 + 1’) R2PI
ionization of the MC anti/cis conformer via the S; « S,
transition at 32710 cm™ ', which is illustrative as well for PE
spectra observed for other MC conformers. The maximum
photoelectron kinetic energy that is expected on the basis of
the adiabatic D, < S; ionization energy is ~ 2.4 eV. However,
at these kinetic energies no signals are observed.
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Fig. 9 PE spectrum of the anti/cis conformation of methyl coumarate
obtained after one-colour (1 + 1) R2PI via the S; « Sg 0-0 transition at
32710 cm™. The black arrow is the value of the kinetic energy expected
from the adiabatic ionization energy determined from ionization efficiency
spectra.*® The inset shows in the left half the recorded image while the
right half presents the reconstructed slice through the centre of the
original 3D distribution with the arrow indicating the electric field polar-
isation of the laser pulse.

The PE spectrum shown in Fig. 10 is distinctly different from
PE spectra recorded for MS, SML, and MF. In the latter
compounds clear signatures are observed of photoionization
pathways originating from S; with a minor contribution from
triplet associated ionization pathways. Fig. 10, on the other
hand, displays a broad band that on the basis of its pump-
probe delay dependence is assigned to D, « Ty, ionization.
It is interesting to notice that in the case of MC an ionization
pathway involving vertical ionization of the 'nm* state to its (n) "

1.0 -
*
£
S
205 F
[72]
c
2
£
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oo, | 1
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Fig. 10 PE spectrum of the anti/cis conformer of methyl coumarate
obtained after two-colour (1 + 1) R2PI via the S; « Sp transition at
32710 cm~t and using a 193 nm photon for ionization. The inset in the
upper right corner shows in the left half the recorded image while the right
half presents the reconstructed slice through the centre of the original 3D
distribution with the arrow indicating the electric field polarisation of the
counter-propagating excitation and ionization laser pulses. The kinetic
energy associated with adiabatic Dg « Sq ionization as determined from
ionization efficiency spectra®® is indicated with the black solid arrow.
Kinetic energies associated with transitions for electronically excited states
are indicated by coloured arrows: purple for vertical ionization from the S;
state, red for vertical ionization from the Ty, state. Line styles represent
transitions to different states: solid lines to Do, dashed lines to D;, and
dotted lines to D,.
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corresponding ionization continuum is predicted to generate
photoelectrons around 0.7 eV. Although the PE spectrum shows
activity in this region, its time dependence does not give solid
evidence for the presence of this pathway. Such a conclusion is in
line with expectations based on PE spectra recorded with femto-
second lasers that do not show any distinct signatures of such a
pathway either.*® We thus conclude that in our R2PI experiments
we effectively only observe ionization of the lowest triplet state.
Such a conclusion is in agreement with (1 + 1’) R2PI decay curves
recorded upon monitoring ions at the mass of the molecular ion
since these show at all excitation energies a monoexponential
decay with a time constant of about 30 ns.*’

Conclusions

In the present work we have investigated the excited-state dynamics
of a series of substituted cinnamates using one- and two-colour
resonance enhanced two-photon ionization spectroscopy in
combination with kinetic-energy-resolved photoelectron detec-
tion using velocity-map imaging of electrons. These cinnamates
were chosen such as to reflect the various aspects that might
come into play in determining these dynamics such as the
ordering and relative energy differences of electronically excited
states as well as the intrinsic electronic character of S,.
In combination with quantum chemical calculations, the photo-
electron spectra (i) have led to an accurate determination of the
adiabatic ionization energy of the ground state D, of the ion, but
(ii) more importantly, have provided a direct view on the photo-
ionization pathways along which these molecules are ionized
after excitation of S;, and thereby on the excited-state pathways
along which the initially excited electronic state decays. Pre-
viously, the participation of a triplet-mediated pathway was
convincingly but nevertheless only indirectly inferred from ioni-
zation efficiency spectra. One of the key contributions of the
present studies is the direct observation of such a pathway.

For methyl sinapate, sinapoyl methyl lactate and methyl
ferulate it was found that the triplet-mediated pathway plays a
minor role, in agreement with the notion that for these com-
pounds the V(nn*) state is both vertically as well as adiabatically
S;. As a result, intersystem crossing to the triplet manifold is
relatively inefficient. Interestingly -and deviating from a priori
expectations based on the concept of corresponding ionization
continua- their (1 + 1) photoelectron spectra show ionization to
both D, as well as D; although the ionization efficiency to the
latter is lower. As such, this observation underlines the multi-
configurational character of the electronically excited and ionic
states of these compounds. Methyl coumarate, on the other
hand, shows exclusively a triplet-mediated decay pathway. The
dominance of this pathway can be attributed to a highly
efficient intersystem crossing from an 'nn* state which adia-
batically becomes the lowest electronically excited singlet state.
The present studies thus confirm that near the energy mini-
mum of the V(nn*) state, deactivation primarily takes place via
internal conversion to the 'nn* state followed by intersystem
crossing to the triplet manifold and decay of T; to the ground
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state. In view of the role of the 'nm* state -be it as doorway state
for intersystem crossing in methyl coumarate, be it that adia-
batically this state is in close proximity to the V(nr*) state in the
other compounds- it would have been gratifying to observe
some kind of involvement of this state in the photoionization
dynamics. However, on the timescales and total absorbed
energy of the present experiments such signatures could not
be discerned in the recorded photoelectron spectra. Experi-
ments on faster timescales and higher photoioniziation ener-
gies are in this respect highly interesting.

Our studies have provided further insight into the photo-
physics and photochemistry of this class of UV-filters that are
used in commercial as well biological applications. As such,
they pave the way for a further rational development of novel
filters with targeted properties, for example, by judiciously
chosen substitutions on the phenyl ring and/or adapting the
tail involving the vinyl side chain. Such efforts, involving both
studies under molecular beam as well as solution conditions,
are presently underway.
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