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Ultrafast Photo-ion Probing of the Ring-Opening Process in
Trans-Stilbene Oxide

Matthew S. Robinson,*™ " Mario Niebuhr,” Fabiano Lever,” Dennis Mayer,” Jan Metje,”’ and

Markus Giihr*?!

Abstract: The ultrafast photo-induced ring opening of the
oxirane derivative trans-stilbene oxide has been studied
through the use of ultrafast UV/UV pump-probe spectroscopy
by using photo-ion detection. Single- and multiphoton probe
paths and final states were identified through comparisons
between UV power studies and synchrotron-based vacuum
ultraviolet (VUV) single-photon ionization studies. Three major
time-dependent features of the parent ion (sub-450 fs decay,
(1.5+0.2) ps, and > 100 ps) were observed. These decays are

~

discussed in conjunction with the primary ring-opening
mechanism of stilbene oxide, which occurs through C—C
dissociation in the oxirane ring. The appearance of fragments
relating to the masses of dehydrogenated diphenylmethane
(167 amu) and dehydrogenated methylbenzene (90 amu)
were also investigated. The appearance of the 167 amu
fragment could suggest an alternative ultrafast ring-opening
pathway via the dissociation of one of the C—O bonds within
the oxirane ring.
/

Introduction

The light-induced ring-opening process of oxirane-based mole-
cules has been studied for over half a century now,"? yet still,
there are many unanswered questions relating to a number of
processes involved. This includes which bond in the three-
membered ring is most likely to be broken, what exact
mechanism is followed as the molecule opens up and how
different substituents affect the process.”™® One molecule which
exhibits a number of these issues is the diphenyl substituted
oxirane-based trans-stilbene oxide (trans-2,3-diphenyloxirane),
which will be the focus of the study presented here.

It has generally been observed that the primary oxirane
molecule, alongside a number of alkyl-substituted oxiranes,
undergoes a photo-induced ring-opening process which in-
volves the dissociation of one of the C—O bonds in the oxirane
ring.>*"" This is in contrast to cyano- and phenyl-substituted
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oxiranes (such as trans-stilbene oxide) which present evidence
that the ring-opening process generally occurs through the
dissociation of the C—C bond in the oxirane ring instead.>'>"”
This discrepancy is an obvious curiosity worthy of investigation
in and of itself. However, for the next few paragraphs we will
focus on the mechanisms that generally occur in oxirane-based
molecules after a C—C bond break, as this is the more frequently
observed process for our molecule of interest, stilbene oxide.
We will lightly touch upon C—0-based mechanisms later on.

In cases in which the ring-opening mechanism of oxiranes
proceeds via the C—C bond, Woodward-Hoffman (WH) rules
generally describe the process well 2419151820 |nterestingly, in
their seminal papers describing the conservation of orbital
symmetry of concerted reactions,"®'” Woodward and Hoffman
themselves explicitly discuss the thermal- and photo-induced
ring-opening and closing of oxirane via the C—C bond - despite
the C—O bond opening mechanism being the more common
pathway for the unsubstituted oxirane molecule.”*’"'” Regard-
ing trans-stilbene oxide, WH rules suggest that if it was to open
via the C—C bond through thermal means it would do so in a
concerted conrotatory motion and produce the cis-carbonyl
ylide (1,3-dipole) seen in route a) of Scheme 1. Conversely, if
trans-stilbene oxide was to undergo a ring-opening process via
the C—C bond through a photo-excited state, WH rules predict
it would proceed through a concerted disrotatory motion, this
time producing the trans-carbonyl ylide seen in route b) of
Scheme 1.7

Despite this simplified model predicting the primary photo-
induced path of stilbene oxide successfully, previously pub-
lished experimental work presents findings in which additional
products have been observed that defy these predictions, whilst
theoretical work raises questions as to why this model should
be followed in the first place. We will look to discuss these
contradictions now.
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Scheme 1. Diagrammatic representation of the possible ring-opening proc-
esses of stilbene oxide, including a) thermal conrotatory opening to produce
a cis-carbonyl ylide, b) light-induced disrotatory opening to produce a trans-
carbonyl ylide and c) a potential light-induced ring opening through the
dissociation of a C—O bond in the oxirane ring to produce a 1,3-diradical.
The basic structure of oxirane is shown for reference.

Friedrichs and Frank performed a number of theoretical
calculations to look at the dynamics of both cis- and trans-
stilbene oxide in the first excited state.”’! They performed full-
dimensional trajectory calculations for stilbene oxide after
promoting it to the first excited state, and found that the only
products observable were those that move towards a disrota-
tory ring-opening process after the initial dissociation of the
C—C bond of the oxirane ring, that is, in accordance to WH
rules. However, when they investigated the reduced-dimension-
ality potential energy surface along the C—C bond direction
through linearly interpolated single-point calculations, they
could not observe any apparent favorability between the con-
and disrotatory mechanisms, despite all of their trajectories
following the disrotatory model. These results highlight that
whilst WH rules can predict one route over another, we do not
fully understand why the disrotatory mechanism is preferred for
excited-state stilbene oxide.

From an experimental point of view, picosecond optical
excitation experiments by Manring and Peters show that cis-
stilbene oxide would sometimes lead to products relating to
the trans-carbonyl ylide (i.e., the symmetry-forbidden product
according to WH rules).”® Other photochemical studies by Lee
also show some WH symmetry-forbidden products being
formed after the photoexcitation of trans-stilbene oxide.™ In
addition, further experiments have observed products that
suggest that the ring-opening process is occurring via the
dissociation of one of the C—O bonds (as illustrated in route c of
Scheme 1),**'*#! which is more in line with the process
observed in the primary oxirane molecule.>*”""" All of this
suggests that there are multiple potential pathways that
stilbene oxide can follow after excitation, and the exact
mechanism of these routes is still not yet fully understood.

In an attempt to better understand what dynamic processes
may be apparent in stilbene oxide after photo-excitation, we
have (to our knowledge) performed the first experiments using
sub-picosecond pump and probe lasers to study trans-stilbene
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oxide in the gas phase. We are looking to better document the
main reaction pathway of trans-stilbene oxide after promotion
to the first-excited state (S,(mm*), excited with ~266 nm
light)®?! on the ultrafast timescale, as well as any other
competing photo-induced reactions taking place. We per-
formed single-color UV/UV pump-probe ion mass spectroscopy,
as this type of spectroscopy has been proved successful in
following similar molecular de-excitation paths.?*2® We excite
stilbene oxide with a single photon to the first-excited covalent
state and probe the molecule with one or two photons into its
ionic states. Parent and fragment ion yield as a function of
pump-probe delay allow us to elucidate the dynamics in the
intermediate state and relate to possible C—C and C-O
dissociation channels. To complement this work, appearance
energies of fragment ions have been obtained from vacuum
ultraviolet (VUV) dissociative photoionization studies performed
at the VUV beamline of the Swiss Light Source (SLS) at the Paul
Scherrer Institute (PSI) in Switzerland.””

Due to the limitations of the techniques used here, it will
not be possible for us to directly elucidate the subtler structural
changes of stilbene oxide. Instead, progresses along its excited-
state reaction coordinates (i.e., the con- versus disrotatory
mechanism), and determination of this is better suited to
ultrafast diffraction experiments, as those are already at a level
of directly monitoring the ring-opening processes of organic
molecules.”® However, we will nonetheless be able to deter-
mine the lifetimes of certain processes unique to the stilbene
oxide, as well as comment on larger structural changes in the
molecule based on the fragments observed. This work will
therefore act as a foundation for future ultrafast studies into
this molecule in the femto-/few-picosecond regime.

With respect to the remainder of this paper, full details on
the experimental set-ups used for the ultrafast UV/UV pump-
probe experiments, as well as the experimental parameters for
the VUV photo-fragmentation studies performed at SLS, can be
found towards the end of the article in the Experimental
Section. In the following, we present the typical photo-
fragmentation products observed in the UV/UV and VUV
studies. Next, we provide further results from the VUV single-
photon fragmentation studies and compare these to the UV/UV
multi-photon power-series fragmentation studies to obtain an
understanding of the number of photons needed to observe
certain fragments. At the end of this section, we focus on
examining the time-resolved decays of fragments in the UV/UV
pump-probe mass spectra. In the Discussion section, we provide
further analysis of these results and what they can tell us about
the dynamics of trans-stilbene oxide in conjunction with
previously published results. Finally, in our Conclusion, we
summarize what these studies have elucidated about the
photo-induced mechanisms that are likely occurring in stilbene
oxide.

Results

We present a typical mass spectrum of stilbene oxide in
Figure 1a, which was collected with the UV/UV set-up at time
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a) zero. Several mass fragments can be observed, including those

1} 0.05 with atomic mass units (amu) of 77, 90, 105, 118, 154, 167 and

N 0.04 178, as well as the parent at 196 amu. In this paper we will

= 08 focus on the more prominent 90 and 167 amu ions (likely to be

; 0.03 dehydrogenated ions of methylbenzene and diphenylmethane,
a 06 0.02 . . . . I

£ respectively, previously observed from stilbene oxide or similar

§ 0al 001 systems),'#2 a5 well as the parent ion. The expected structure

T 0 of all three ions can be seen in Figure 1b.

202 n v 00 o— o In Figure 2, we present a summary of the data collected at

) the VUV end station at SLS using the PEPICO method with a

0 A A ‘“I narrow “threshold” electron energy window (see the Exper-

0 50 700 150 200 imental Section). Figure 2a, shows a false-color plot of PEPICO

events as a function of mass/charge and photon energy. In
general, one can identify the same ions along the mass/charge
axis of Figure 2a as what was observed in the UV/UV experi-
ment (Figure 1). Figure 2b shows lineouts taken from data seen
in Figure 2a for fixed masses, giving the mass-selected thresh-
old photoelectron spectra (ms-TPES).*” The appearance ener-
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methylbenzene)  diphenyimethane) from non-threshold spectra. The Asher method®" was used to

fit the appearance energies of the fragment ions. Whilst
Figure 1. a) Typical mass spectrum observed at time zero in the UV/UV alternative fitting models that take into account a wider range
pump-probe experiment. Inset: a magnified version of the same spectrum to . . .
highlight the relative strengths of the fragments. b) The predicted structures ~ Of parameters for more accurate fits are available, such as Rice-
of the three main fragment ions observed in the mass spectrum. Ramsperger-Kassel-Marcus (RRKM) theory and the simplified

statistical adiabatic channel model (SSACM),*>*® approximate

energies from the Asher method are sufficient to support the
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Figure 2. Results from VUV ion mass spectroscopy experiments (collected on a VMI-PEPICO spectrometer) showing a) the overall ion mass spectra for photon
energies between 8 and 15 €V in a false color scale with arb. units. b) Cuts along the vertical direction, showing the mass-selected threshold photoelectron
spectra (ms-TPES). The sharp peaks are due to experimental artefacts. ¢) Cuts along the horizontal direction, showing VUV mass spectra at different photon
energies and how they compare to low- (lower) and high-power (upper) UV/UV experiments.
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UV/UV work presented here. These fits provided values for the
parent, and the 167 amu and 90 amu fragment ions as (8.63 +
0.06) eV, (11.16+0.01) eV and (12.37+0.04) eV, respectively.
We suspect that the integrated fragment signals (167 and
90 amu) rise slowly as a function of photon energy, due to
internal thermal energy stored in the exited molecule. This,
however, will be further elaborated on in a publication
dedicated to the full VUV results of stilbene oxide.

These appearance energies suggest that two photons of
266 nm light (i.e., 2x4.66 eV) are sufficient to create the parent,
whilst three are necessary for the 90 or 167 amu fragments. To
further support this point, Figure 2c shows direct comparisons
of the mass spectra between the two different experiments
under different regimes. The lower part shows a UV/UV
produced mass spectrum (1) in addition to the SLS experiment
at hv=9.22-9.42 eV (2). The UV/UV experiment is set at time
zero (see the Experimental Section), using relatively low pulse
energies (a combined 2.8 nJ). This is a regime where we expect
two-photon processes to be dominant. Similarly, the upper half
of Figure 2c compares (3) the UV/UV pump-probe experiment
at time zero performed with higher powers (a combined
17.7 nJ) and (4) the VUV experiment integrated over the range
of 13.88-14.08 eV. The UV power is in a regime where we
expect three photon transitions to be dominant.

These plots in Figure 2c do show strong correlations
between their respective pairings (i.e., between plots 1 and 2,
as well as between 3 and 4), with the same fragments
appearing in each of them and the relative ratios of the peak
heights among the two experiments being approximately the
same, supporting the idea that the parent ion and the fragment
ions are produced through two- and three-photon processes,
respectively, in the UV/UV experiment. The biggest discrepancy
is the difference in the parent ion signal in plots 3 and 4. This
can be explained by the inhomogeneity of the laser focus.
Whilst the inner part of the focus will be at a high intensity and
therefore likely to produce three-photon process, the outer part
of the focus, with lower intensity, will likely favor up to two-
photon processes, and hence a sufficient parent signal remains
in the UV/UV experiment.

In addition to the attribution of fragments to specific multi-
photon processes given above, we determined power depend-
encies of the parent and most prominent fragment ions
(Figure 3). The following experiment is analogous to the seminal
power-dependency experiments by L'Huillier etal, which
investigated singly and doubly ionized xenon ions produced via
both nonresonant multiphoton ionization and resonance-
enhanced-multiphoton ionization (REMPI) of Xe atoms.** The
power of the pump and probe beams were changed simulta-
neously by adjusting the conversion efficiency of the THG set-
up by rotating the 1/2@800 nm waveplate that sits before said
THG set-up in front of it. Experiments were performed over
eleven different combined pulse energies between 0.94-
17.95 nJ (as measured on the power meter behind the laser-
molecule interaction region with both beams on the detector).
To test if the power series is pump-probe delay-dependent (in a
similar fashion to the work of Koch et al.),®” data were recorded
for four different pump-probe delays (time zero, 100, 1000 and

Chem. Eur. J. 2021, 27, 11418-11427 www.chemeurj.org
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Figure 3. Plots depicting the signal-to-pulse-energy dependence of the a) 90
and b) 167 amu fragments and c) the parent ion as observed at the time-
zero overlap. Solid red lines show the fitted slopes. Dotted red lines show
the region over which the slopes are calculated. For the parent ion, we
found a slope close to 2; for the two fragment ions, the slope is close to 3
(see the text).

10000 fs), with data from 40000 individual shots of the laser
being recorded on the oscilloscope for each data point. For
each ion of interest, it was possible to perform linear fits to the
log,, values of the signal strength and combined pulse energy,
and extract a slope for each time delay, the results of which can
be seen in Table 1.

These linear fits provide additional support for the number
of photons absorbed to produce a certain ion. The slope fitted
for the parent ion for all pump-probe delays have an average
value of (1.940.1) suggesting a two-photon ionization process
at all of the measured time delays. With the 90 and 167 amu
fragment ions, fits were performed over a narrower pulse

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Slopes and error of log;,(signal) vs. log,(power) plots for
associated masses. The slope for the parent ion was calculated over pulse
energies between 0.94 and 17.95 nJ, whilst for the fragments the range
was 6.80-17.95 nJ.

Delay time [fs] 90 amu slope 167 amu slope Parent slope

0 24140.28 2.8840.20 1.854+0.05
100 2774042 2.804+0.26 1.88+0.06
1000 2.5840.21 2714011 1.954+0.03
10000 2144038 2.554+0.27 1.85+0.05

energy range of 6.8-17.95nJ, as pulse energies below 6.8 nJ
were not able to produce sufficient signals above the noise
level. The average of the fitted slopes was calculated to be
(2.54+0.3) and (2.7+0.2), for the 90 and 167 amu fragments,
respectively, suggesting that these fragments are produced in
higher-order (likely three-) photon processes. Due to the
relatively low intensities used and the poor absorption
efficiency of the S, state of stilbene oxide,”” we believe that we
are in the regime where the excited state is not saturated, and
hence the photon-orders presented above accurately represent
the number of photons needed to ionize the molecule from the
ground state.®¥

We now present the time-resolved data. Figure 4 shows
pump-probe data from —500 fs to 5000 fs with the step size
ranging from 12.5 to 500 fs depending on the delay range. In
these experiments an averaging mode on the oscilloscope was
used, where 1000 shots from the 1 kHz repetition rate laser
were averaged to form a single trace. For each data point,
120 seconds' worth of traces were then collected in a delay-
randomized manner, before averaging the data further during
analysis. Due to the strong differences in signal strength
between the parent ion and the fragment ion, data was
collected in two separate runs with different gain settings on
the oscilloscope. In the first, the gain was optimized for parent
ion (i.e, strong, but not saturated), and in the second the gain
was optimized for the fragments settings (i.e., parent saturated).
All other experimental parameters were kept the same. The
area under the peak of each ion of interest was integrated and
plotted as a function of time, and can be seen in Figure 4, with
the error bars representing the standard deviation observed
over the 120 one-second-long collected traces. Unfortunately,
due to the nonlinear scaling between the two gain settings, it is
not possible to make accurate time-dependent ratio compar-
isons between the parent ion and the fragment ions. The time-
dependent fragment specific plots seen in Figure 4 collected
using a single gain setting will not suffer from this issue. Further
data were collected between —1 and 100 ps (with step size
ranging from 50 to 10000 fs depending on the delay range), yet
it was found that for all ions the only signal after ~3 ps was a
slow decay that continued outside of the scan range, and
remained significantly above the combined pump-only-plus-
probe-only background signal (blue line in Figure 4). Because of
this, only data from —0.5 to 5 ps is presented here.

Figure 4c) shows a fast feature exhibited by the parent ion
around time zero. As one can see, this feature appears within
the time interval of ~75fs either side of time zero and is

Chem. Eur. J. 2021, 27, 11418-11427 www.chemeurj.org
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Figure 4. Time-dependent decay signals for the a) 90 and b) 167 amu
fragment ions, as well as c) the parent ion (the inset highlights a tall sub-
autocorrelation feature). The original data can be seen as individual blue
points, and the fit as a red line. Below each decay plot is the summed signal
(blue lines) obtained from the summed pump-only and probe-only experi-
ments, highlighting that the time-resolved experiments produce a signal
that is long lived compared to the 5 ps scan interval.

therefore significantly shorter than the 300 fs pulse duration
predicted by the autocorrelation studies discussed in the
Experimental Section. Similar features, albeit weaker, can be
seen for the fragment ions as well (Figure 4a and b). We will
review this phenomenon extensively in the Discussion section.

Excluding the data points in the first ~75 fs around time
zero, we fitted the data and determined a number of decay
constants from the time-resolved observations. For the slow
decay dominant after ~3 ps, we fitted a simple exponential
decay with time constant 7; to all ions of interest. These fits
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Table 2. Fitted values (and errors where applicable) for the decay times of
the ions observed.

lon 7,/fs 7,/fs T,/fs

90 amu tends to zero 7404430 412000
167 amu tends to zero 680 + 280 179000
parent tends to zero 15204230 791000

gave t; as being greater than 100 ps for all fragments (see
Table 2 for exact values), each with large errors (not detailed).
These large errors are due to a combination of scattered data
points and short delay range of 100 ps. We therefore simply
state that 73>100 ps. For the time-resolved signal that lies
within the first 3 ps, the data were fit to a Gaussian convoluted
with three decaying exponential functions.”*** To account for
the respective two- and three-photon natures of the parent ion
and its fragment ions, respectively (as suggested by the results
from the power series), the FWHM of the Gaussians used were
based on auto-correlation signals of 1,4-dioxane (two-photon
ionization, 430 fs) and xenon (three-photon ionization, 370 fs).
These signals were obtained using the same pump-probe
conditions used to study stilbene oxide (see the Experimental
Section). In each fit, the amplitudes and decay constants for
two of the three decaying exponentials convoluted with the
respective Gaussian were allowed to refine freely after provid-
ing a suitable estimate. For the third decaying exponential, the
decay constant, 75, was fixed to the value obtained from the fit
of the “slow decay” discussed previously, whilst the amplitude
was allowed to refine freely (after an initial estimate). Refine-
ment of the time-zero position was also performed to improve
the fits. In addition, loose refinement of the FWHM of the
Gaussian was also allowed in initial fits, however, its value never
changed by more than a few fs outside of what was predicted
by the aforementioned auto-correlation experiments, and so
was ultimately kept fixed. For completeness, alternative fits
using two or four exponentials were tested, however, it was
found that the two-exponential fit could not suitably describe
the data. In the case of the four-exponential fit, we would either
observe two of the decay constants converging to the same
value, or for one of the amplitudes of the exponentials tending
to zero.

We found that the value for the first decay constant, 7,
tended towards zero (whilst keeping its amplitude) for all ions.
This suggests that the signal seen in the first few hundred
femtoseconds primarily consists of the auto-correlation signal
of the pump and probe beams with little contribution/
modulation provided by the response of the molecule. What
this means exactly for the dynamics of stilbene oxide will be
discussed in the next section. For 7,, we fitted values of (1520 +
230) fs, (680+280) fs and (740 +-430) fs for the parent, 167 and
90 amu ions, respectively. The final fit for each ion of interest
can be seen in Figure 4, and summaries of all the fit values can
be seen in Table 2.

Chem. Eur. J. 2021, 27, 11418-11427 www.chemeurj.org

Discussion

Starting with the combined results of the VUV-determined
appearance energies and the UV/UV power series, we show that
the parent ion signal is two-photon dominant, and the frag-
ment ions three-photon dominant with respect to 266 nm light
for the pump-probe delays investigated. This suggests that the
time-dependent parent ion signal seen in Figure 4c is the result
of a [1+ 1] REMPI process. This provides us with confidence
that the measured time-resolved results relate to the molecular
dynamics after its initial excitation to the S, state by a single
photon from the pump beam, before it is ionized by a second
photon from the probe beam.

For the three-photon-dependent fragment ions, both [1+
2'] and [2+ 11 REMPI processes are possible. If the time-
resolved signal was coming from a [1+ 2] REMPI processes, this
would suggest that the time-resolved signals relating to the
fragment ions seen in Figure 4a and b would also be linked to
the initial excitation to the S, state. However, a [2+41']
dominant REMPI processes would instead suggest that the
dynamics are related to the cation. Whilst we suspect that we
have been working at low enough pump powers to favor one-
photon excitation, and hence the [1+2] REMPI process, the
data available here does not allow us to confirm this. Therefore,
this limits what conclusions we can draw about the molecular
dynamics from the fragment ions.

Moving the discussion to the time-resolved results, we first
focus on the tall, temporally short signal seen for the parent
ion. The feature cannot be explained by a higher order process,
as we did not identify any such process in the power scans or
comparisons to the VUV data.

To help us understand this feature, we turned to similar,
previously published studies. Recent pump-probe photoelec-
tron investigations by Kotsina etal. have shown that when
probing molecules with states that possess a lifetime shorter
than the duration of the laser pulse used to investigate it, one
can still observe a signal from this state, but it will be
significantly under-sampled compared to longer-lived states
within the same system.””*® This led us to believe that the tall,
narrow feature seen in Figure 4 could potentially be due to
under-sampling a very short-lived state in stilbene oxide. To
test this hypothesis, we performed a series of simulations, that
are described extensively in the Supporting Information. In
short, the simulations highlighted two main results. If one
under-sampled a decay that was longer than the auto-
correlation function of the pump and probe beams, the overall
signal will to a large degree look like the well-sampled signal,
just with significant noise on top of it. However, if one under-
sampled a decay that was shorter than the auto-correlation
signal, then a tall, narrow spike, much like what is seen in
Figure 4, is seen to sit on top of what could be considered to be
a noisy variant of the well-sampled signal. From these
simulations, several items could be taken away.

First, the simulation showed that outside of the tall, under-
sampled feature, the signal observed matches well to the auto-
correlation signal/the remaining exponential decays convoluted
with the auto-correlation (especially when 7,>auto-correlation
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length). This gives confidence that the fits which we made to
the data presented in Figure 4 — which excluded data points
related to the under-sampling spike — are suitable.

Second, the similarity between the tall, narrow feature
around time zero that is seen both in Figure4 and the
simulations of an under-sampled decay that is shorter than the
auto-correlation signal, suggest that stilbene oxide likely has a
sub-autocorrelation feature that is being under-sampled in this
experiment. However, the exact duration of this feature is
obscured by the auto correlation itself, and therefore in order
to better understand it, one would have to use much shorter
probe pulses than what has been used here.

With all of this in mind, we therefore have evidence for
three individual ultrafast decays for the parent ion of stilbene
oxide, which we will now look to interpret; 7, (sub-autocorrela-
tion), 7, (1.5 ps) and 75 (100 + ps).

Long-lived decays of several 100 ps, like that seen for 7; are
usually related to long-lived triplet states decaying into the
“hot” ground state® or dynamics of the “hot” ground-state
population itself*” Based on our results alone, we cannot
distinguish between these two processes. However, previous
publications point towards ground state dynamics. First, triplet
states of oxirane-based molecules have been suggested in the
past, however these have generally been reached through the
use of photosensitizers (using >300 nm photons) rather than
direct excitation, and have generally resulted in a higher mix of
symmetry-forbidden products observed with nano-to-micro-
second lifetimes."*" This excludes the triplet path. Second,
photolysis experiments of trans-stilbene oxide by Manring and
Peters showed that the trans-ylide would appear ca. 400 ps
after excitation by a 266 nm light source, and generally only
produced the symmetry-predicted products.?® This similarity
between this result and the value of 75 strongly advocates that
through 7; we are tracking the production of the trans-ylide via
the hot ground state.

The fits to the data of the parent ion signal seen in Figure 4c
suggest that there are two ultrafast decays — one that is on the
order of 1.5ps (7,) and one that is faster than the auto-
correlation (ac) of the pump and probe beams, which we now
refer to as the “sub-ac” decay (r;). Unfortunately, there is little
literature information about molecular processes of stilbene
oxide on this timescale. The fastest experiment we know of is
the aforementioned study by Manring and Peters, which
utilized a 25 ps laser.”” Theoretical work by Friedrichs and Frank
suggested that after promotion to the first excited state, the
C—C bond in the oxirane ring is quickly broken within the first
50 fs. This would fit to the short sub-ac (z;) time constant.
Timescales on following events are less clear.”! By looking at
the rotation direction of the phenyl rings after excitation,
Friedrichs and Frank state that they are able to confirm that
excited trans-stilbene oxide tends towards the disrotatory
product. However, information in the publication only shows
dynamics up to 250 fs after excitation. Unfortunately, we could
see no information as to if their calculations continued on after
this point, and so it is difficult to directly attribute 7, to anything
seen here based on these results.
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The appearance of the 167 amu fragment is interesting in
its own right, as it may be an indication of a reaction which
starts with the breaking of one of the C—O bonds in the oxirane
ring (as depicted in Scheme 2), instead of the C—C bond. If this
C—O break is initiated by the promotion to the first excited
state, this fragment may confirm the idea that trans-stilbene
oxide may have multiple reaction pathways in the first-excited
state.”’* In order for the 167 amu fragment to form, a 1,3-
diradical will likely be produced as an intermediate due to the
photo-dissociation of the C—O™'" This intermediate can then
undergo a 1,2-migration of one of the phenyl groups and eject
an aldehyde group.

We support this pathway by two arguments. First, if the
ring-opening process was to occur exclusively via the initial
dissociation of the C—C bond in the oxirane ring, the two
phenyl groups would be forced apart from one another as the
C—0—C bond likely relaxes. This would make it difficult for the
methylphenyl radicals to recombine after one of the C—O bonds
break, as the group would likely be ejected away from the rest
of the molecule. This argument is further supported by past
studies which show that appearances of trans-stilbene from
photo-excited stilbene oxide is not due to the recombination of
radical methylphenyl groups. This point is strengthened by that
fact that these studies were performed in solution®® offering
even the possibility of geminate recombination."? Second, it is
already well known that the breaking of one of the C—O bonds
is the preferred process in the parent oxirane molecule, and
that this is generally followed by the 1,2-migration of a
hydrogen atom within the molecule (known as the Gomer-
Noyes mechanism).>*>%43 Whilst the migrating fragment here is
much larger, the 1,2-migration of phenyl groups has been
observed before in similar 1,3-diradicals,?® as well as the more
common 1,2-migration of alkyl groups in other oxirane based
molecules.5™

The 167 amu ion also appears in the VUV experiment at
photon energies higher than 11.16 eV. Therefore, a similar
mechanical process as to what has been suggested here must
also occur in the single-photon VUV experiment in order for it

Primary ylide
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Scheme 2. Possible one-photon-induced reaction pathways that produce
the 167 and 90 amu fragments.
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to be observed. We therefore cannot rule out, that the C—O
bond break occurs in the ionic states, nor whether the dynamics
visible in this channel occurs on the neutral or parent cation
states without the involvement of the C—O bond.

We now discuss the formation of the 90 amu fragment
(Scheme 2). This fragment could appear after separating itself
from the parent molecule by breaking one of the C—O bonds
once the parent structure has undergone the expected excited-
state disrotatory ring-opening process via the initial breaking of
the C—C bond. However, alternative routes to producing this
fragment are possible. One path could proceed via an initial
C—0O bond break forming the 1,3-diradical (as previously
suggested for the 167 amu). This diradical can decay into the
90 amu fragment accompanied by a 105 amu fragment through
the dissociation of the C—C bond of the former oxirane ring
(Scheme 2). Another path could involve the concerted dissocia-
tion of the C—C bond and a C—O bond in the oxirane ring to
produce the 90 amu fragment in a single step. Interestingly,
past theoretical work by Bigot etal. suggest that all three
fragmentation mechanisms were possible for the oxirane parent
molecule,"**¥ and have been discussed in relation to stilbene
oxide by Lipson et al.?"

With respect to the dynamics visible through the 90 and
167 amu fragment ions, we see three similar decays in each
fragment. The 1, is a sub-ac decay, 7, is an approximately 700 fs
and t; is once again a 100+ ps decay. It is tempting to say that
they share a common one photon-induced dynamical pathway,
which would likely be the one initiated by the initial breaking of
the C—O bond in the oxirane ring. However, in the end we do
not have sufficient evidence from this experiment, other ultra-
fast studies, nor theory to fully support this model. Interestingly
however, one can note oscillations in the slow decay (i.e.,
>1 ps) of the 90 amu fragment ion. It is possible that these
oscillations are due to vibrations upon the excited state before
photons from the probe induce ionization/dissociation. How-
ever, due to the multiple ways the 90 amu fragment is formed,
and our uncertainty as to which path is dominant, it is hard to
say exactly what this possible vibration could be related to. The
fact though that this oscillation is only observed for the 90 amu
fragment ion, may be an indication that it is produced through
a different mechanism than the 167 amu fragment ion.

Although there is evidence to show that most of the
products that we have observed here have been observed
before in other UV single-photon excitation experiments,?'* it
is difficult to directly attribute this to dynamics on the first
excited state. This is because whilst we have shown they appear
via a three-photon process, we cannot say as to if these
fragments are appearing due to dynamics occurring via a [1+
2'] REMPI process (i.e., on the neutral excited state) or via a [2+
1"l REMPI process, which would likely launch a vibrational
wavepacket on the ground ionic state with about 1 eV excess
energy. This could also lead to an ultrafast vibrational relaxation
out of the Franck-Condon region. Thus, we cannot rule out a [2
+1'] process. However, we would like to note that although it
appears with a weaker signal than the 90 amu, the appearance
of the 105 amu fragment (i.e., the counterpart to the 90 amu
fragment, as seen in Scheme 2), may be an indication that
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fragmentation is indeed taking place in the neutral state after
excitation, and before the probe pulse arrives. If we are indeed
observing a [1+2'] REMPI process with respect to the frag-
ments, the shorter 7, decay value observed for the fragments
compared to the parent, could be an indication of subtleties
between the final cationic states used for probing. It could
suggest that the band gap between the neutral excited state
and the ionization states that produce the fragments is growing
faster than the gap between the neutral excited state and the
ionization states that produce the parent ion.

Conclusion

The results presented here provide new information about the
photo-induced dynamics of stilbene oxide, but they also raise a
number of questions as to what is actually happening within
the molecule on the ultrafast timescale after excitation. We
observe three decay constants for the parent ion. The
similarities between our longest decay time (i.e., 7;=100+ ps)
and the appearance time of the ylide state observed by
Manring and Peters®” indicate decay to the ylide states. For the
faster decay constants, any attribution to C—C bond breaking
and the initial rotation of the phenyl groups remains spec-
ulative, as we are unable to confirm the root of the first two
decays without further information from additional ultrafast
experiments or extended theoretical studies. The best that we
can claim is that there is likely a rapid movement out of the
Frank-Condon region within in the first 450 fs after excitation,
followed by a longer decay of ~1.5 ps of unconfirmed origins.

The appearance of the 167 amu ion might point towards a
secondary ring-opening mechanism that involves the intial
breaking of the C—O rather than the C—C bond. If this occurs in
the neutral excited state, it might confirm the idea that the S,
can exhibit different ring-opening mechanims. However, at this
stage, we are unable to claim definitively whether the under-
lying dynamics in this fragment are dependent on single- or
multiphoton excitation.

Nonetheless, the results presented here provide a starting
point for future ultrafast experiments and further dynamic
theory studies in an effort to better understand the novel
dynamics of stilbene oxide.

Experimental Section

UV/UV-ion mass spectroscopy: Figure 5 shows a schematic of the
experimental set-up used in the time-resolved UV/UV pump-probe
ion mass spectroscopy experiments. The 35 fs output of a 1 kHz Ti:
Sapphire regenerative amplifier, with a central wavelength of
800 nm, is directed through a collinear third-harmonic generation
(THG) set-up, consisting of two BBO crystals, a calcite delay-
compensation plate, and a zero-order 1/2@800 + A@400 nm wave-
plate. The output power of the THG (266 nm/4.66 eV) is controlled
by rotating the angle of a zero-order 1/2@800 nm waveplate that is
situated before the THG set-up. The remaining 800 and 400 nm
light is filtered out by a number of dichroic mirrors and wave-
length-specific high reflectors between the THG set-up and the
sample. The 266 nm light is directed through a Michelson
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Figure 5. Schematic of the experimental set-up, showing the path of the
laser from the Ti:Sapphire laser through the Third Harmonic Generation
(THG) set-up, into the Michelson Interferometer before being directed into
the ion mass spectrometer, where ions are created and their time of flights
recorded.

interferometer to produce the necessary pump and probe beams,
with a translation stage located in one arm to allow for a variable
delay between the two beams. The UV light is then focused into
the gas target within a vacuum chamber, and monitored by a
power meter behind the exit window of the vacuum chamber. The
beam pointing is actively controlled by a virtual-focus-feedback
system.

For the majority of the experiments described, the combined pulse
energy of the two UV beams was measured behind the chamber as
10.2+£0.2 nJ, unless stated otherwise (e.g. in the UV/UV power
scans), with an approximate 50/50 split in terms of energy between
them. The focal diameter of the UV beams was measured to be
approximately 30 um (FWHM) at the sample, providing an intensity
of about 2.5x 10° W/cm? per laser pulse.

We use a Wiley-McLaren mass-spectrometer set-up™ and a multi-
channel plate (MCP) detector coupled to an oscilloscope to read
out the time-of-flight traces. All data from the oscilloscope is then
transferred to a computer, where all traces are recorded. The
interaction region sits symmetrically in a repeller-extractor field
with +900 and —900 V respectively on each electrode, situated
30 mm apart. The 180 mm long flight tube starts 10 mm behind
the extractor and is set to —1600 V to further accelerate the ions.
Voltages on each component were slightly tuned while keeping
differences constant to optimize resolution. The mass resolution of
the spectrometer with the current digitizer settings was about 150.
For each data point with light (i.e., where the laser was allowed to
enter the chamber), a “dark” spectrum was also recorded (i.e.,
where the laser was blocked to record a background signal). Pump-
only and probe-only signals were also collected alongside the main
experiment to help with background analysis.

The pulse duration of the UV laser was obtained by recording the
time-resolved mass spectra of different gases backfilled into the
apparatus via a needle valve, the opening of which was situated
near the focus of the pump and probe beams. The gases used were
1,4-dioxane and xenon, which are ionized via a two- and three-
photon nonresonant process, respectively, when using 266 nm
photons.*®*! By recording how the parent ion signal of both
samples varied with respect to the pump-probe delay it was
possible to measure the auto-correlation values for the pulses. A
FWHM of (4304+10) and (370+£10) fs, was measured for the 1,4-
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dioxane and xenon, respectively, both of which suggest a pulse
duration around 300 fs. Interference fringes among pump and
probe pulses are not completely averaged out by interferometer
instabilities over the measurement intervals. This point is addressed
further in the Discussion section.

Trans-stilbene oxide, obtained from Sigma-Aldrich (purity 98% and
used without further refinement), was introduced into the
interaction region by means of a heated effusive oven."® The oven
was heated to approximately 66°C, with the tip of the oven at
104°C to ensure that there was no build-up of sample in the
capillary. This produced a consistent background pressure in the
chamber of between 1.4-1.6x107° mbar during operation, with a
sample density of typically 1x 10™ molecules/cm®.

VUV-PEPICO: With regards to the VUV data, we obtained static
dissociative photoionization data of trans-stilbene oxide at the VUV
end station of the SLS synchrotron, using a double velocity-map-
imaging (VMI) photoelectron photo-ion coincidence (‘PEPICO’)
spectrometer.**"  Monochromatized synchrotron light was
scanned in the range of 8 to 15 eV (in 5 meV steps)?” and used to
observe the onset of photon-induced dissociation channels. The
sample was introduced into the spectrometer through heated
piping connected to a sample reservoir, with the reservoir held at
53°C and the piping at a higher temperature to avoid unwanted
sample deposition and blockages. The ion arrival events in this
measurement were selected by coincident electrons with low
kinetic energy, creating a threshold ion spectrum.®® Whilst only a
sub-section of the results of this experiment are presented here, full
VUV experimental results covering a larger range of photon
energies will be published at a later date.
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