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An oxybenzone molecule in the gas phase was characterized by mass spectrometry and angle-resolved
photoelectron spectroscopy, using both single and multiphoton ionization schemes. A tabletop high
harmonic generation source with a monochromator was used for single-photon ionization of
oxybenzone with photon energies of up to 35.7 eV. From this, vertical ionization and appearance
energies, as well as energy-dependent anisotropy parameters were retrieved and compared with the
results from DFT calculations. For two-photon ionization using 4.7 eV light, we found a higher
appearance energy than in the extreme ultraviolet (EUV) case, highlighting the possible influence of an
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1. Introduction

Oxybenzone (OB, C;,H;,03, 2"-hydroxy-4’-methoxy-benzophenone,
see panel A in Fig. 1) is an efficient photosensitizer that is one of
the most commonly used chemicals in sunscreens where it serves
as an ultraviolet filter." Coming off the swimmers’ skin, it can be
found in marine environments where its impact is less beneficial.
Recent studies™® showed that aqueous OB in the presence of
290-370 nm light activates a toxic metabolic pathway in sea
organisms and is one of the causes of reef bleaching. It is modified
within corals’ cells by the attachment of glucose that turns it into
a potent photosensitizer. Possibly, this modification involves the
excited-state proton transfer in OB.” The latter is the main energy-
dissipation mechanism of OB and similar sunscreen molecules in
solutions, as shown by Baker et al (see ref. 4 and 5 and refer-
ences therein). OB has been extensively studied in solution.**™*
Relatively few studies have taken a bottom-up approach®>° and
investigated OB in an isolated form or small mixed clusters.'>*'*
Its structure and excited-state absorption were determined by static
spectroscopic approaches,> ® while to the best of our knowledge
the only work focusing on excited-state dynamics of gas phase OB
has been theoretical.>” However, a detailed understanding of the
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electronic properties of isolated OB in its ground and excited states
is still missing and will be the focus of this work.

Here, we present a photoelectron imaging study of isolated,
gas-phase OB following single- and multiphoton ionization.
With this approach, we characterized the valence electronic
structure of ground state OB in the gas phase and found first
experimental indications of its ultrafast excited-state dynamics.
This study was performed with our tabletop EUV setup,?®73!
which delivers femtosecond pulses (~100 fs) with tunable
photon energy. In combination with a velocity map imaging
spectrometer, we gain simultaneous and direct (single-photon
ionization) access to ionization energies (IEs) and photoelec-
tron angular distributions (PADs).>*™**

The quality of the measurements and the broad range of
photon energies they cover (~3-36 €V) demonstrate the readily
available capabilities of laboratory measurements using table-
top high harmonic generation (HHG) in comparison with the
limited user access offered by dedicated facilities. Photon
energies well above the threshold were used to provide accurate
ionization energies and information on orbital symmetries.
The latter can be derived from the PAD that for single-photon
ionization with linearly polarized light is described by an
anisotropy parameter f following eqn (1):

1(0) x 1 +§(300529— 1) (1)
0 is the angle between the linear polarization of light field’s
electric field and the ejection direction of the photoelectrons,
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and I(0) is the electron signal detected at that angle. The
anisotropy parameter f§ (sometimes referred to as f3,) ranges
between —1 (when photoelectrons are preferentially ejected
perpendicular to the polarization of light) and 2 (when photo-
electrons are preferentially ejected parallel to the polarization
of light). f takes the value of 0 in the case of isotropic
distribution.

2. Experimental and
computational methods

The measurements were made on a molecular beam (MB) of OB
in our velocity-map imaging (VMI) spectrometer that was pre-
viously described in more detail.*®*"*>*¢ Briefly, the spectro-
meter consists of three vacuum chambers: (i) the ‘“source
chamber” where the MB is formed; (ii) a differential pumping
chamber where a physical barrier in the form of a retractable
metal plate can “block” the MB in order for background images
to be recorded; and (iii) the ““detection chamber” for electro-
n\ion detection with the VMI and mass spectrometer.

Neat OB powder was purchased from Sigma Aldrich and
heated in a “bubbler” (in-line container) to a temperature of
195-200 °C and seeded in helium (He) carrier gas, with a
backing pressure of 2-4 bar. The mixture was supersonically
expanded through a heated, pulsed Even-Lavie (EL) valve,”’
that was operated at a repetition rate of 500 Hz, to form the MB.
To ascertain that there was no thermal decomposition, the OB
sample was analyzed by GC-MS after several heating cycles.
After formation, the MB traversed a pair of skimmers before
entering the VMI spectrometer.

Photoelectrons were produced between the repeller and
extractor plates of the VMI extraction optics by single-photon
ionization with femtosecond EUV light from our table-top,
home-built HHG source with a time-preserving monochro-
mator.?®! The EUV was generated by focusing ~3-4 m] per
pulse of 800 nm, 1 kHz, ~ 35 fs laser (Coherent, Astrella) output
in an argon filled cell and the single harmonic was selected in a
time-preserving monochromator based on the design by Poletto
and coworkers*®*° (see Fig. S2 and Table ST2 in the ESI{ for a
representative HHG spectrum). The second line of 800 nm light
from the Astrella, 37 fs, was used to generate 266 nm (UV) and
400 nm (VIS) light. Both the second harmonic (VIS) and the
third harmonic (UV) were generated in BBO crystals as config-
ured in a commercially available Femtokit (EKSMA). The result-
ing pulses of VIS light were ~70 fs (at FWHM) with a pulse
energy of up to 300 pJ, while the UV pulses were ~100 fs long
(at FWHM) with a pulse energy of up to ~100 pJ. Both the UV
and VIS were used in multiphoton ionization experiments.

The VMI spectrometer was operated in two modes - time-of-
flight cation mass spectrometry or photoelectron VMI by using the
appropriate polarity and voltage ratios on the electrodes.’>”" VMI
photoelectron images were recorded with a microchannel plate/
phosphor screen assembly (MCP/PS) and a CCD camera. The MCP
was operated at 500 Hz, while the camera was operated in a long
exposure mode (at 20 Hz with 50 millisecond exposure time).
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Background images were recorded when the MB was blocked as
described above and subsequently subtracted from OB photoelec-
tron images. Every image was averaged over ~4.5 x 10° laser
shots. Photoelectron images, photoelectron spectra and anisotropy
parameters f§ were recovered from the background-subtracted data
using the pBASEX image inversion algorithm®® (examples of
images and corresponding reconstruction can be seen in Fig. 3).
In addition to the experiments, we performed time depen-
dent (TD-)DFT calculations. The optimized ground state struc-
ture of OB (more stable enol tautomer) was taken from the work
of Cui and co-workers.”” We approximated the vertical ioniza-
tion energies (VIEs) using two approaches: (i) by using the
negative Kohn-Sham orbital energies of the neutrals®** and
(ii) from the excitation spectrum of the ionized OB calculated
with TD-DFT.***° For approach (i), we used DFT (B3LYP with
the 6-311++G(d,p) basis set) to calculate total energies of the
neutral and ionized OB at the geometry of the neutral. Orbital
energies of the neutral were obtained from the population
analysis. For method (ii), we used TD-DFT to calculate the
excitation spectrum of the ionized OB at the neutral geometry
and included up to 60 excited states. We used two functionals
(B3LYP and CAM-B3LYP) to assess the quality of the excited
state calculations. These functionals were previously used
for excited state calculations of a wide range of organic
molecules,”” with the CAM-B3LYP often showing better agree-
ment with the experiments. The same basis set as that for the
DFT calculations was used. The photoelectron spectra were
simulated by convoluting the obtained stick spectra with a
Gaussian representing the typical bandwidth (0.71 eV) of our
photoionization pulses (based on a Gaussian fit to the He peak,
as shown in Table ST3 in the ESIY). Finally, we calculated the
adiabatic ionization energy (AIE) as the energy difference
between the neutral OB to the geometry-optimized OB cation.

3. Results and discussion
3.1 Mass spectra (MS)

MS were collected for a broad range of photon energies (3.1-
35.7 eV). The MS from UV and VIS light are a product of multi-
photon ionization (MPI), while photon energies in the EUV
range produce single-photon ionization spectra.

3.1.1 Single-photon EUV ionization. In the MS recorded
following EUV ionization (Fig. 1, panel B) we see only three
peaks, corresponding to the molecular ion, either intact (228
amu) or after elimination of hydrogen atom (227 amu), and a
fragment (151 amu) that can be assigned to the product of
phenyl cleavage (C¢Hs, 77 amu), connected by the longest, and
weakest bond>* (228 — 77 = 151 amu), and a peak of the carrier
gas (He) at 4 amu. Within experimental uncertainty, it is not
possible to conclusively determine whether the molecular ion
lost a hydrogen atom. A similar fragmentation channel was
found to be dominant in the case of benzophenone (BP),*®
which can be viewed as a simpler analogue of OB. As a function
of the photon energy (see insets in Fig. 1), we see a change in
the ratio between the parent and the fragment ion however we
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Fig. 1 (A) Structure of OB in its enol form with an indication (blue square)
of the suggested structure for the m/z = 151 amu fragment. (B) MS
(normalized to the peak centred at 227 amu) collected upon ionization
with a series of photon energies in the EUV range. Insets are zoomed to
the mass fragments of OB seen in the MS with the noise level indicated in
gray. The helium peak is also indicated in the main MS. The mass accuracy
of the fragments is estimated to be +1 amu.

do not observe a systematic dependence on photon energy. In view
of the low signal to noise ratio, we refrain from a quantitative
analysis of the photon-energy dependent fragmentation.

3.1.2 Multi-photon ionization (MPI). In the cases of
266 nm (UV, 4.7 eV, I ~ 5 x 10"> W em?) and 400 nm (VIS,
3.1 eV, intensities of either I ~ 6 x 10> Wem 2orl ~ 2 X
10" W cm™?) light the energy of a single photon is not
sufficient for ionization of OB, thus the MS is a product of
MPI. Comparison of UV-MPI (2 photons with a total energy of
9.3 eV) and VIS-MPI (3 photons with the same total energy
of 9.3 eV) shows that while VIS-MPI leads to an MS similar to
EUV-MS, UV-MPI results in a single peak (Fig. 2).

3.1.3 Discussion and summary. Based on the data pre-
sented in Fig. 1 and 2, we conclude that the fragmentation
pattern of OB is very sensitive to the ionization pathway and
laser intensity, though rather insensitive to available single
photon energy in the range between 17.2 eV and 35.7 eV.
Both 2-photon UV-MPI and 3-photon VIS-MPI have the same

19238 | Phys. Chem. Chem. Phys., 2024, 26, 19236-19246

View Article Online

Paper

" A 266 nm 227

AR Ay

B 400 nm (low intensity) 227

- —

Wﬁwww

C 400 nm (high intensity)

Ion Intensity

N

/
227

L 151 .
77,
51

1 1

0 100 200

300
m/z [amu]

Fig. 2 MPI-MS spectra recorded with: (A) 266 nm with an intensity of
5 x 10 W cm™2; (B) 400 nm with a relatively low intensity of | ~ 6 x
102 W cm™2 (C) 400 nm with a relatively high intensity of / ~ 2 x 10® W cm™2.
The masses of the observed fragments are indicated in the figure with an
accuracy of £1 amu.

total energy of 9.3 eV, yet we observe a difference in the
fragmentation pattern. Low-intensity VIS excitation (Fig. 2(B)),
with a similar intensity as that used for UV excitation (resulting
in a similar height of the molecular peak), results in a frag-
mentation pattern similar to that of EUV excitation (Fig. 1(B)).
High-intensity VIS excitation, by contrast, produced additional
fragments. To get a better insight into the energy balance,
fragment appearance energies for two fragmentation channels
were retrieved from DFT calculations (using B3LYP with the
6-311++G(d,p) basis set). The calculated adiabatic appearance
energy for the molecular ion is 7.9 eV (see Section 3.2.2). The
first fragmentation channel leads to a neutral phenyl fragment
and the m/z = 151 amu charged fragment, and the second to a
phenyl cation (m/z = 77 amu) and a neutral second fragment.
The calculations predict adiabatic ionization energies of
10.35 eV and 12.3 eV, respectively. On the basis of the calcula-
tions, we find two scenarios that explain the dependence of the
observed fragmentation patterns on the excitation pathways
(Fig. 1 and 2).

Scenario 1 assumes that the ordering of the ionic states
obtained in the calculations is correct, but the absolute ener-
gies of the two states of that fragment are calculated to be too
high, by at least 1 eV. In this scenario the excitation energy of

This journal is © the Owner Societies 2024
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9.3 eV in the 2-photon UV and the 3-photon VIS would both be
sufficient to produce the m/z =151 amu fragment. The fact that
this fragment is not observed in the 2-photon UV could be
ascribed to a very fast relaxation of the resonant 1-photon
intermediate state in the UV case, so that the photon energy
would no longer suffice to produce the m/z =151 amu fragment.
In the non-resonant 3-photon VIS ionization, there is no such
relaxation to prevent fragmentation, so that the m/z = 151 amu
ion fragment can be formed. Neither the 2-photon UV nor the
3-photon VIS excitations can reach the next higher ionic state
that fragments to the phenyl cation (m/z = 77 amu). When the
VIS intensity is increased, 4 photon ionization starts to con-
tribute, which corresponds to an excitation energy of 12.4 eV.
This is sufficient to produce the phenyl cation and its further
fragmentation product m/z = 51 amu ([C,H;]", assignment
based on ref. 59). These two fragments are not seen in the
1-photon EUV spectra, not because the energy would not be
sufficient, but because of a particularly low cross section for
this channel. This could be rationalized by the major change of
geometry of the phenyl fragment upon ionization. The neutral
phenyl ring is planar while the phenyl cation is non-planar.
If we assume that the ionic state that leads to that fragmenta-
tion channel also features such a large geometry change in the
phenyl ring, one would expect correspondingly small Franck-
Condon factors and correspondingly low cross sections for the
excitation. As a result, the fragmentation channel producing
the phenyl cation would not be observable in the 1 photon EUV
excitation. In the case of high-intensity 4-photon VIS excitation
(or higher order MPI), the intermediate states might offer a
bypass around this Franck-Condon gap.

Scenario 2 assumes that the calculated absolute energies of
the two fragmenting states are essentially correct. In this
scenario an excitation energy of 9.3 eV in the 2 photon UV
and 3 photon VIS would not be enough to produce any
fragmentation at all. The low-intensity VIS excitation would
then have to involve a significant contribution of 4-photon
excitation (total photon energy of 12.4 eV) to produce the m/z =
151 amu fragment. The additional fragments (phenyl cation
and its fragment) observed in the high-intensity VIS excitation
would then have to be the result of 5-photon contributions to
the excitation (15.5 eV). The energy provided by 4-photon
excitation would be too close to the calculated appearance
energy of 12.3 eV (neglecting potential barriers) to justify the
observed signal height. We note that it is possible that strong
field effects start playing a role in the high-intensity VIS case.
Intensities in the 10" W cm ™ range were previously shown to
result in unexpectedly strong fragmentation.®>®' The absence
of the phenyl cation and its fragment in the EUV would be
explained in the same way as in scenario 1.

Both scenarios explain the observations, but both have
aspects that appear at least unusual: for scenario 1, the over-
estimation of the adiabatic ionization energies of the two
excited ion states by more than 1 eV would appear rather large
given that the calculated AIE for the ionic ground state (7.9 eV)
lies only 0.2 eV above the observed appearance energy (see
Table 2). Moreover, the same level of calculation predicts an
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adiabatic appearance energy of 10.13 eV for the phenyl cleavage
of the BP cation, which lies in fact 0.9 eV below its experimental
appearance potential (11.04 eV°®). For scenario 2, it might be
difficult to rationalize why the same intensity in the UV and the
low-intensity VIS experiments leads to significant 4-photon
excitation in the latter while the former remains strictly
2-photon ionization. If a 4-photon process contributes then
this should show up in the 3-photon spectrum as a low-energy
tail in the binding energy spectrum (see Fig. 4). The spectrum
indeed shows a very weak tail, but its weakness is not easily
reconciled with the signal strengths of the fragments in the
mass spectra. At the current stage, we cannot give a clear
preference to either scenario. In the context of complex ion
fragmentation dynamics, we note a similar situation for BP
which also showed unexpected fragmentation behavior upon
ionization,’® in that case tentatively explained by autoioniza-
tion of doubly excited Rydberg states.

3.2 PE images and ionization energies

3.2.1 EUV images and spectra - vertical binding (ionization)
energies. Vertical binding energies, VBE (or equivalently vertical
ionization energies, VIE) are essential characteristics of a
molecular electronic structure and important for the evalua-
tion of different calculation methods. VBEs however cannot be
reliably determined with MPI. Instead we used photon energies
in the EUV range well above the threshold provided by a home-
built HHG source described above. PE images were recorded in a
broad EUV energy range (17-36 eV) and reconstructed to retrieve
photoelectron spectra (PES) and associated anisotropy para-
meters f§ (see Section 3.4 on PADs below). Two of the recorded
PE images are shown in Fig. 3. The kinetic energy (KE) of the
electrons increases from the centre of the images (zero kinetic
energy) with increasing radius, while the binding energy (BE)
decreases. At a higher photon energy, above the ionization
threshold of He, the image is dominated by the signal of He
which is present in excess (Fig. 3(A)). However, the higher kinetic
energy (ie. larger radius) signal originating from OB can be
clearly identified. At photon energies below the BE of He, only
the OB signal is visible (Fig. 3(B)).

Reconstructed PES are shown in Fig. 3(C). PES measured
with photon energies above the VBE of He show the expected
carrier gas contribution at VBE = 24.7 eV. Of interest for the
current work are the pronounced bands with BE < 16 eV.
We also note that for the highest photon energy (35.7 eV)
leaking of the adjacent lower order harmonic from the HHG
source leads to the spurious signal at 3 eV higher BE, but its
contribution of ~8% does not significantly affect the PES of OB
as can be seen from its resemblance to other spectra (see also
peak VBE in Table 1). The uncertainty that stems from the
experimental system is 0.3 eV (see Section B in the ESIY).
We identify 3 dominant PE bands labelled as bands 0, 1, and
2 in Fig. 3(C). For a quantitative analysis we performed a multi-
component Gaussian fit to the experimental spectra (see the
ESIt for details). A summary of these fits for the above-
mentioned bands is shown in Table 1. The obtained VBEs
(determined from the maxima of the respective Gaussian peaks
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Fig. 3 (A) and (B) examples of two photoelectron images taken at
different photon energies and their corresponding reconstructions (as
indicated). E indicates the polarization direction of light in the experiment;
(C) EUV PES and calculated spectrum (using method (i)>>** (indicated as
“DFT") convoluted with Gaussian of FWHM = 0.71 eV). Bands (as assigned
in Table 1) are marked in gray with their corresponding band index. Data
from the center of the image (KE < 0.1 eV) has been excluded from these
traces.
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and averaged over all photon energies) are 9.2, 12.2 and 14.4 eV,
respectively (the widths of the fits can be found in ST4 in the
ESIY). Here as well, we can compare the PES of OB with that of a
simpler analogue BP and notice that PES of BP in the energy
range of BE < 16 eV (see Fig. 1 in ref. 62) is indeed very similar
to that of OB with 3 main valence bands that can be
indentified.>®%
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Table 1 Summary of the VBE of the three lowest valence bands as
retrieved from Gaussian fits. The indicated error is the standard deviation
(STD) in the presented values. The experimental uncertainty is 0.3 eV as
explained in Section B in the ESI

Photon VBE of VBE of VBE of
energy [eV] band 0 [eV] band 1 [eV] band 2 [eV]
17.2 9.2 12.2 14.3

20.4 9.1 12.3 14.5

23.5 9.2 12.2 14.5

26.5 9.0 12.0 14.3

29.7 9.2 12.3 14.6

32.7 9.4 12.3 14.6

35.7 9.1 12.2 14.3
Average £+ STD 9.2 £0.1 12.2 + 0.1 144 £ 0.1

These first three valence bands are indicated in gray in
Fig. 3(C), where the box indicates regions over which the f
trace was integrated (see section on PADs below). This range
corresponds to 80% of FWHM of the Gaussian that was fitted
for each of the bands (see Table 1). The sum of all Gaussians
fitted to the PES is shown in the ESL Fig. S3. The fitted spectra
show that best energy resolution is achieved with the two lowest
photon energies, thus we compare the spectrum calculated
from orbital energies®>** (see Section 3.3) to PES taken at
20.35 eV. While the VBEs are rather stable for different photon
energies, we observe band broadening with increasing photon
energy. This broadening is directly related to the bandwidth of
the EUV light and is also visible in the He peak (see Section B in
the ESIY).

3.2.2 Appearance energy and implication for future pump-
probe studies. Here we determine the appearance energies (AE,
the ionization onset in the experimental PES) from the EUV
spectra discussed above, as well as from the UV-MPI and VIS-
MPI spectra. The AE values were approximated (as in similar
cases® %) from the intersection between linear fits to the rising
edge of the signal and the baseline (indicated with dotted
lines in the inset of Fig. 4 and in Fig. S4, ESIf). The value
approximated from the EUV spectra, is the average of those
retrieved from the intersection between the linear fits to the
fitted spectra of the sharpest harmonics (see Fig. S4 and Table
ST5 in the ESIt). The appearance energy is then compared with
the calculated adiabatic ionization energy (AIE) value as the PES
was taken for vibrationally cold MB. The AIE plays an important
role in the characterization of a molecule, e.g. for identifying
effects of geometry relaxation of the ionized molecule and of
any intermediate state dynamics.

Qualitative assessment of the traces measured with different
techniques (MPI vs. single photon ionization) shows a better
signal to noise ratio (SNR) in the MPI case. Because of the latter,
MPI is sometimes used for a more precise determination of
the appearance energy, especially in aqueous environments,
however with the drawback of possible distortions by the
excited state dynamics if the excitation is resonant.®® In the
current study, we do not see a clear benefit over the EUV data
for the determination of the appearance energy as the signal to
noise ratio for the latter was sufficient (see Fig. 4 and Fig. S4 in
the ESIY).
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Fig. 4 Comparison of PES taken with VIS (400 nm), UV (266 hm) and EUV
(20.4 eV) photon energies (PES present data from KE > 0.1 eV). Dotted
black lines in the inset are linear fits to the onset of the 20.4 eV and 266 nm
signals and the noise level. Dashed magenta spectrum as calculated by
method (i) and convoluted with a Gaussian (FWHM = 0.71 eV).

Table 2 Summary of experimental appearance energies (AE)/ionization
onset and the calculated adiabatic ionization (AIE)

Method\measurement Appearance energy [eV]
EUV 7.7 £0.3

VIS 7.7 £ 0.1

uv 8.0 £ 0.1

DFT 7.9

The obtained AE for the EUV, UV and VIS ionization
methods and the calculated AIE are summarized in Table 2.
In the case of EUV, experimental uncertainty was taken from
the bandwidth of the harmonics used for ionization and was
quantified by measuring the width of the He peak by photo-
electron VMI (see Table ST3 and Section B in the ESIf). The
uncertainty was defined to be half of the 80% of FWHM of the
fitted Gaussians of the He peak. The uncertainty in the VIS and
UV cases is based on the measured spectral profile of the
800 nm light.

We see that the VIS value agrees with the EUV result within
estimated uncertainties. In the VIS case an onset for 3 photons
is clearly visible at 7.7 eV. These values are also in excellent
agreement with the calculated AIE. The estimated AE from the
linear fit to the sharp rise in the VIS PES indicates that no
significant intermediate state dynamics takes place. This is
consistent with the short “effective”” pulse duration of ~40 fs

At . . . .
(Aly,,, = i) used in MPI. It is worth noting that while no

V&I
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resonance is expected from the first 3.1 eV photon, 2 photons
with this energy can reach a resonant state, whose fast relaxa-
tion might be responsible for the shoulder at BE~8.2 eV.
Also, the tail at BE < 7.7 eV might contain contributions from
a higher MPI order (four 400 nm photons). The measured
values are lower than the AIE of BP (which is 8.9 eV), while
the first band is centered at a similar value.”® This could
indicate a larger geometry relaxation in the ion which would
mean that the geometry change is more significant upon
ionization in the case of OB. In turn, it would indicate that
the cation of OB is stabilized by the additional methoxy and
hydroxy electron donating functional groups (a similar trend
in other BP derivatives can be seen in Fig. 2 of ref. 62 and is
discussed regarding the difference in the VBE of BP and
hydroxyphenone®).

The noticeably higher AE of 8.0 £ 0.1 eV in the UV case
suggests the importance of ultrafast excited state dynamics in
the intermediate state of resonant excitation*****” and will be
the topic of future work. This resonant state can also play a role
in a barrierless hydrogen transfer that was shown to happen in
solution within ~100 fs following 325 nm photoexcitation,*
and on a calculated time scale of the same order in the gas
phase®” with relaxation channels®*?” that are in line with the
measured energy gap between the determined AE in the UV and
VIS\EUV cases. The resonant state that is accessed only in the
UV case, but not the VIS or EUV cases, could also explain the
difference in the MS shown in Fig. 1 and 2, where UV-MS shows
the softest ionization and a mass spectrum free of photofrag-
ments. The lack of fragments in the UV case could possibly be
attributed to excited state driven tautomerization which results
in a reduction of the total energy available for ionization®” with
the parent ion trapped in a potential energy well, from which
phenyl loss is not accessible.

3.3 DFT calculations - VBEs and AIE

VBEs and AIE were calculated using 2 approaches: (i) by using
the negative Kohn-Sham orbital energies®** and (ii) from the
excitation spectrum of the ionized OB calculated with TD-
DFT.”**® We find that both methods show reasonable qualita-
tive agreement with the experiment in terms of peak positions.
The calculated intensity envelope using method (i) is compared
with the experimental result in Fig. 3 (see also Fig. 4), while the
comparison with method (ii) is shown in the ESI} (Fig. S1).
A photoelectron spectrum calculated by method (i) leads to
better agreement with the experiment. However, since no
information on the transition probabilities is available from
either of the methods and the calculated intensities simply
reflect the density of states/transitions, this observation is likely
coincidental and depends strongly on the quality of the func-
tional and basis set (especially for the TD-DFT) employed.
The calculations show that each experimentally assigned
band (see above) consists of many individual electronic transi-
tions (see Fig. S1 and Table ST1 in the ESIt). Detailed assign-
ment is therefore complicated, but some qualitative features
emerge. Transitions contributing to the first VBE band (band 0)
originate from the removal of electrons from the highest five
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HOMO
S (22.47%)

p 3.44 (77.39%)
d 0.01 (0.14%)

HOMO-1
S (0.06%)

P 99.99 (99.88%)
d 1.05 (0.06%)

HOMO-2
S (39.50%)

p 1.53 (60.45%)
d 0.00 (0.04%)

HOMO-3
S (0.00%)

p 1.00 (99.96%)
d 0.00 (0.04%)

HOMO-4
S (34.97%)

p 1.86 (65.00%)
d 0.00 (0.03%)

HOMO-5
s( 56.83%)

p 0.76 (43.13%)
d 0.00 (0.04%)

HOMO-6
s (100.00%)
p 0.00( 0.00%)

Fig. 5 Visualization of the 7 energetically highest lying occupied orbitals
of neutral oxybenzone as obtained by method (i). The 5 energetically
highest lying occupied orbitals contribute to the first VBE band (band 0)
and exhibit predominantly m-character while orbitals lying lower in energy
(separated by dashed line) exhibit mostly s-character.

molecular orbitals in method (i) and four in method (ii).
Visualization of electron densities corresponding to these orbi-
tals in the case of method (i) is shown in Fig. 5. These are all
lone-pair orbitals with dominant n-character (either pure or
>60% contribution for mixed orbitals). This seems to agree
with previous work on similar aromatic systems where the
first VBE band below 10 eV was typically assigned to n-type
and non-bonding lone pair ionization.>***%*"> Already in the
second VBE band (band 1), we find that electrons originate
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from lower-lying lone-pair orbitals that are either mixed with
stronger s-character (e.g. HOMO-5) or core orbitals of a pure s-
character (e.gz HOMO-—6). Detailed assignment based on
method (ii) is complicated by increasingly more orbital transi-
tions contributing to a single excitation of the cation.

Calculated AIE (after geometry optimization of the cation) is
in very good agreement with the experimental AE obtained
by EUV ionization (see Table 2). Although slightly higher,
the calculated AIE lies within the experimental uncertainty.
A relatively small energy gain calculated from the geometry
relaxation of the cation (~0.3 eV) therefore suggests that the
EUV appearance energy is a good estimate of the AIE. A similar
value is obtained from the VIS data, as expected from a non-
resonant process. In contrast, the AE in the UV case is higher
than the calculated AIE (though still within experimental
uncertainties) and other experimental values (AE measured
in VIS and EUV schemes). This suggests that dynamics in the
resonantly excited intermediate state may play an important
role (see above).

3.4 Photoelectron angular distributions (PADs)

One goal in this study and a benefit of angle resolved photo-
electron spectroscopy is that it enables the determination of
photoemission anisotropy parameters (e.g. f3), and their energy-
dependence thus providing information about the orbital sym-
metry of the molecule. The experimentally determined f para-
meters for the first 3 valence bands are presented in Fig. 6. They
show an increase of f with kinetic energy for all 3 bands. f
increases more rapidly with kinetic energy for the lowest band
(band 0) while the change is much less pronounced for the
other 2 bands (from 0.2 to 1.2 for band 0 and from ~0.2 to
~0.6 for the other 2 bands in the same kinetic energy range).

This behaviour was previously observed for other aromatic
moleclules.®®”%”"7? It was also found that an increase in ff with
kinetic energy is observed for ionization from dominantly © and
non-bonding lone pair orbitals, while f# stays almost constant

1.5 | —4+— Band0 (VBE=9.16 &V)
—+—Band1 (VBE=12.2 ¢V)
Band2 (VBE=14.4 V)
1
3
0.5
0 -

5 10 15 20 25
KE [eV]

Fig. 6 Evolution of the p-parameter as a function of electron kinetic
energy for the first 3 valence bands. The shaded area indicates the
uncertainty.
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in ionization from o orbitals.>®®%72

Based on this, we can
conclude that in the case of isolated OB, band 0 is dominated
by ionization from n-type orbitals, while for band 1 and band 2
the contributions from o type orbitals become more important.
This is supported by our analysis of the DFT calculations
(see Fig. 5 and the discussion above).

These findings can again be compared with the case of BP as
a simpler analogue of OB. In the case of BP, the binding energy
range of 8-10 eV is also attributed to the n-type electrons from
the benzene rings along with the non-bonding lone pair of the
carbonyl oxygen.®*

4. Conclusions

The primary aim of this study was to experimentally character-
ize the electronic structure of OB in the gas phase as this
information was missing, but is crucial for understanding more
complex phenomena (e.g. its metabolic pathways). We achieved
this aim with an in-house photoelectron imaging spectrometer
coupled to either a UV (4.7 eV), VIS (3.1 eV) or a table-top EUV
laser providing photon energies in the 17-36 eV range.

The comparison of the single photon ionization in the EUV
with multi-photon ionization in the UV and VIS revealed
fragmentation patterns that are sensitive to the method of
ionization and laser intensity, but insensitive to the photon
energy between 17.2 and 35.7 eV in the single photon EUV
ionization. The high intensity of VIS light causes extensive
fragmentation with main features comparable to 70 eV electron
ionization (the industry standard in GC-MS, available online
from NIST Chemistry WebBook”*). The 2-photon UV excitation,
by contrast, yields a fragment free mass spectrum, making it a
particularly soft ionization pathway for OB. Quantum chemical
calculations (DFT) offer plausible explanations for the depen-
dence of the fragmentation patterns on the excitation path-
ways. The insensitivity of the fragmentation pattern to the
photon energy in the EUV could be explained by a Franck-
Condon gap due to the large geometry change of the phenyl
cation. This would reduce the ionization cross-sections for the
corresponding fragmentation channel below our detection limit.
In the case of multi-photon excitation, the explanation is less clear
cut. We propose two scenarios. Scenario 2 explains the absence of
any fragments in the UV by insufficient excitation energy. The
fragmentation upon excitation in the VIS would then have to be
the result of 4-photon excitation at low intensity and at least
5-photon excitation at higher intensity. Alternatively (scenario 1),
the available photon energy would in principle be sufficient to
cause fragmentation of the ion both in the UV and for low-
intensity VIS. In the UV, however, fast relaxation of the inter-
mediate resonant state could cause a loss of energy available for
ionization, so that the fragment channel can no longer be
reached. The different fragmentation patterns in the VIS depend-
ing on the light intensity could be readily explained by 3- and
4-photon excitation, respectively. For future work, examining ion
signal intensity as a function of laser power could be helpful to
determine the number of photons required for ionization.
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The appearance energy of gas phase OB derived from multi-
photon ionization in the VIS agrees well with that determined
from single photon ionization in the EUV, yielding a value of
7.7 eV in agreement with the calculated adiabatic ionization
energy of 7.9 eV. Multiphoton ionization with UV light results
in a slightly higher value of 8.0 eV. This might be ascribed to
ultrafast intermediate state dynamics during the ionization
pulse of about 100 fs, consistent with the ultrafast relaxation
pathways via excited state hydrogen transfer predicted in the
gas phase.”*?” Such intermediate state dynamics can be an
issue when using MPI for the determination of appearance
energies — an issue that is avoided by using single photon EUV
ionization.

Another advantage of single photon EUV ionization is the
broad accessibility of vertical binding energies (VBE) including
excited ionic states. We identified three pronounced bands,
with VBEs of 9.2, 12.2 and 14.4 + 0.3 eV, in good agreement
with the results from DFT calculations. These bands show a
different energy-dependence of photoelectron anisotropy
(B8 parameter). While f increases with energy in all three bands,
this increase is much more pronounced for the lowest BE band.
The (TD-) DFT analysis of the transitions contributing to these
bands suggests that the lowest band (band 0) is dominated by
the removal of electrons from lone-pair orbitals of n charac-
ter. This explains the high value and pronounced energy-
dependence of the corresponding S parameter. The larger
contributions from s-type orbitals to the higher bands (bands
1 and 2) is consistent with the experimentally observed slower
increase of ff with increasing KE.

Future work will elucidate the excited state dynamics in the
UV range and investigate the effect of solvation in systems of
mixed clusters, with particular attention to the internal
C=O0- - -H hydrogen bond, and its role in the excitation process
and excited/ionic state dynamics.
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