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ABSTRACT

The influence of ring-puckering on the light-induced ring-opening dynamics of heterocyclic compounds was studied on the sample
5-membered ring molecules y-valerolactone and 5H-furan-2-one using time-resolved photoelectron spectroscopy and ab initio molecular
dynamics simulations. In y-valerolactone, ring-puckering is not a viable relaxation channel and the only available reaction pathway is ring-
opening, which occurs within one vibrational period along the C—O bond. In 5H-furan-2-one, the C=C double bond in the ring allows for
ring-puckering which slows down the ring-opening process by about 150 fs while only marginally reducing its quantum yield. This demon-
strates that ring-puckering is an ultrafast process, which is directly accessible upon excitation and which spreads the excited state wave packet
quickly enough to influence even the outcome of an otherwise expectedly direct ring-opening reaction.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129366

I. INTRODUCTION

Ring-opening dynamics is one of the major relaxation pro-
cesses upon photoexcitation of unsaturated organic ring molecules
and the one that leads to the greatest change of the molecular
structure. This can be used, e.g., for photo-switching," and several
biological processes are triggered by this type of dynamics, e.g.,
vitamin D synthesis.” In several molecules, ring-opening is rather
efficient,’” while in other systems, competitive reactions are dom-
inant.” One of the major processes that can prevent an efficient
ring-opening is ring-puckering. Ring-puckering occurs when a C=C
double bond (or potentially a C=N double bond) is present in the
ring. It causes the ring to deform and the hydrogen atoms attached
to the C-atoms to move out of the ring plane. The reason for

this behavior can be explained on the fundamental unit: ethylene.”
In ethylene, 7™ excitation promotes one electron from a bond-
ing orbital to an antibonding orbital along the C=C double bond,
which then formally becomes a single bond. This pushes the car-
bon atoms apart and forces the hydrogen atoms to rotate around
the C—C bond, leading to a transient sp*-hybridization and, as a
consequence, to pyramidalization of one of the carbon atoms. In a
ring molecule, these motions are sterically hindered and result in
ring-puckering.

Ring-puckering dynamics are initiated directly after photo-
excitation as a consequence of populating a 7* orbital. We note
that the Franck-Condon geometry is a saddle point, i.e., a maxi-
mum with respect to the bond twist, on the excited state surface,
so it is not a Franck—Condon active mode but, nevertheless, a
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FIG. 1. Molecular structures of (a) y-valerolactone, (b) furanone, and (c)
y-butyrolactone, with the numbering of the carbon atoms within the ring.

process that triggers immediately upon excitation. Depending on the
shape of the excited state potential energy surface near the Franck-
Condon geometry, ring-puckering can delay and block ring-opening
dynamics, and thus reduces its quantum yield. In order to disentan-
gle the dynamics and to understand the influence of ring-puckering,
we examined a system where only ring-opening is accessible and
ring-puckering is absent. We then compared the relaxation dynam-
ics to those of a similar molecule where both ring-opening and
ring-puckering are available.

Our reference system is y-valerolactone [or 5-methyloxolan-2-
one; see Fig. 1(a)], where ring-opening can occur at either of the
C—O bonds, O—C; and O—Cj. In the reference molecule, the only
double bond cannot undergo ring-puckering, as the bond is not
between two ring atoms, or rotation, as the oxygen atom does not
have any substituent. In comparison, 5H-furan-2-one [or 3-oxolene-
2-one, further abbreviated as furanone; see Fig. 1(b)] has one extra
C=C double bond within the ring, which allows for ring-puckering
dynamics to occur. The same C—O ring-opening channels as in
y-valerolactone are available, and their combined quantum yield
was reported to be >90% in the liquid phase upon excitation to
the lowest lying n7* state.” The question we address here is if, and
how much, ring-puckering influences the ring-opening dynamics.
To do so, we have chosen time-resolved photoelectron spectroscopy,
which allows following the potential energy surfaces as a function
of delay time between the excitation photon and a probe photon.
We have compared the experimental observations with ab initio
molecular dynamics simulations to get a detailed understanding of
the relevant processes. The ab initio simulations have also included
y-butyrolactone [or oxolan-2-one; see Fig. 1(c)] in order to estimate
the influence of the extra methyl group that is added in 4-position to
the ring in y-valerolactone.

The remainder of the article is organized as follows: In Sec. II,
the experimental and computational methods used are described.
Both computational and experimental results are presented in
Sec. III. A discussion is provided in Sec. IV while concluding
remarks are offered in Sec. V.

Il. METHODS

A. Experimental methods

Furanone (98%) and y-valerolactone (99%) were purchased
from Sigma-Aldrich and used without further purification.

Our magnetic bottle type photoelectron spectrometer and the
other experimental conditions were identical to those described pre-
viously.”'” We used 200 nm for the pump and 267 nm for the
probe pulses at integrated energies of 400 nJ/pulse and 2 yJ/pulse,
respectively. The cross correlation in the experimental chamber was
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measured to be 160 + 10 fs by utilizing the non-resonant signal of
xenon, which also served as an energy calibration. The samples were
introduced into the interaction region by evaporation through a gas
needle and did not show any trace of cluster formation. At each
time delay, the measured pump-probe signal was corrected by sub-
tracting the background signals due to pump and probe laser pulses
alone. The datasets consist of more than 20 runs where data were
collected from 8000/1500/1500 laser shots for pump-probe/pump
only/probe only at each time delay.

B. Data fitting

In order to extract more detailed information, the photoelec-
tron spectra were fitted with a Levenberg-Marquart 2D global fitting
scheme,'! expressed as

S(E, At) = ZAi(E)Pi(At) ® g(At), (1)

where A;(E) is the decay associated spectrum (DAS) of the channel
i, which has a time-dependent population P;(At), expressed in terms
of exponential functions exp(—At/;). Here, 7; are the time constants
of the respective decay processes, and At = t; — to is the time delay
between the pump and probe pulses which overlap at time zero (o).
Finally, g(At) is the Gaussian cross correlation function obtained
from fitting the time-dependence of the photoelectron spectrum of
xenon.

Upon photoexcitation, large amplitude nuclear motion may
occur. This causes the photoelectron kinetic energies to decrease
upon pump-probe delay, because of a decrease in the potential
energy of the molecule in the excited state and a concomitant rise
in the ionization potential. To quantify the resulting dynamics, time
zero can be artificially used as a fitting parameter.'”'>"” The time
scale of the “time-zero shift” can often be used to account for the
time a wavepacket needs to reach a conical intersection with a lower
lying potential energy surface.'”'* Similarly, the fitted time constants
might be dependent on the photoelectron kinetic energy, E. This
is because the wavepacket occupies various regions of the poten-
tial energy surface at different delay times. If two different processes
happen and both cause an extended time-zero shift, the interpre-
tation of the data can be ambiguous because the two shifts would
overlap.

In our experiments, the uncertainty of the time-zero fitis +10 fs
in the one photon pump—one photon probe region, and +15 fs in
the two photon probe region. The time constants often have an error
of +20 fs or lower, when they are smaller than the cross correlation
time. These uncertainties are conservative estimations and are larger
than the errors provided by the fitting routine.

C. Computational methods

The electronic structure of the molecules of interest was studied
using the complete active space self-consistent field (CASSCF)'™'°
method, state-averaging over the first three singlet states equally
(S0, S1, and S3). In y-valerolactone and y-butyrolactone, the active
space used consisted of 10 electrons distributed in 8 orbitals: the
two o and two o* orbitals of the two C—O bonds within the
ring, the 7 and 7" orbitals of the C=0 bond, plus the lone-pair
orbital of the (C—)O(—C) perpendicular to the ring plane and the
lone-pair orbital of the O(=C) in the ring plane. In furanone, the
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active space used consisted of 12 electrons in 10 orbitals: the two
additional orbitals were the 7 and 7" of the C=C bond (Fig. S2
in the supplementary material). The relativistic core-correlated
atomic natural orbital (ANO-RCC) basis set with polarized double-
zeta contraction (ANO-RCC-VDZP)" and the atomic compact
Cholesky decomposition (acCD)'® were used. Transition dipole
moments between the ground and the first two valence excited
states were calculated with the restricted active space state interac-
tion (RASSI) method.”” The sensitivity of the results with respect to
adding dynamic correlation was tested through second-order per-
turbation theory with the CASPT2 method™ [with ionisation poten-
tial - electron affinity (IPEA) shift set to 0 and imaginary shift set to
0.1 hartree].

Non-adiabatic “on-the-fly” dynamics was performed using the
surface hopping method with Tully’s fewest switches algorithm,”' >’
in combination with CASSCF for the electronic structure. The
nuclear motion was treated classically by numerically integrating
Newton’s equations of motion using the velocity Verlet algorithm. A
time step of 20 a.u., i.e., about 0.48 fs, was used. All nuclear coordi-
nates were taken into account. Non-adiabatic transitions among any
of the three lowest-energy singlet states were included. The decoher-
ence correction proposed by Granucci and Persico was used with
a decay factor of 0.1 hartree.”* The implementation of the above
methods in the OpenMolcas package was used.””** For each molec-
ular system, 100 trajectories were initiated on the S, state which is
the bright state (see Sec. III A) around the equilibrium structure
of the electronic ground state. Both initial positions and momenta
were sampled from a Wigner distribution”’ to mimic the vibrational
ground state before photoexcitation; this was performed using the
Newton-X package.””

Ill. RESULTS

In this section, we present first the results obtained in the simu-
lations on all three molecules, y-valerolactone, y-butyrolactone, and
furanone, and then the results obtained in the measurements on
y-valerolactone and furanone. This allows for a direct interpretation
of the experimental observations using the understanding gained
from the simulations.

ARTICLE scitation.org/journalljcp

A. Computational results

In this subsection, we present first the calculations of the excited
states at the Franck-Condon geometry, then the non-adiabatic
molecular dynamics simulations, and finally, a general analysis.

1. Excited states at the Franck-Condon geometry

Table I gathers the electronic excitation energies and the transi-
tion dipole moments computed at the Franck-Condon geometry at
CASSCF and CASPT?2 levels of theory. For all three molecules, S; has
ann — 7" character and is a dark state, while S; hasa m — 7™ charac-
ter and is a bright state. The excitation energies for y-butyrolactone
and y-valerolactone are very close at both CASSCF and CASPT2 lev-
els of theory, demonstrating that the methyl group has no significant
effect on the electronic structure of the molecules at the Franck-
Condon geometry. The excitation energies for furanone are about
0.7 eV-1.3 eV lower than those for the two other molecules. This
difference is mainly due to the delocalized 7-system caused by the
additional C=C double bond. The dynamic correlation energy cal-
culated with CASPT2 is larger for the S, state than that for the S;
state.

2. Ab initio molecular dynamics simulations

Ab initio molecular dynamics calculations have been performed
to investigate the relaxation upon population of the S, bright state.
We remind the reader that the energy of the pump photon is 6.2 eV.
We note that experimental absorption spectra of both furanone® and
y-valerolactone™ hint at fairly little excess energy upon excitation at
200 nm when considering a significant blue shift of the spectra in the
gas phase as compared to the liquid phase.

Figure 2 shows the evolution of electronic populations of the
ensemble of trajectories for all three molecules. We observe a fast
non-adiabatic relaxation from S, to S; and Sy states. The S, relax-
ation dynamics is similar for y-valerolactone and y-butyrolactone
[Figs. 2(a) and 2(c)]: they show a fast population decrease of about
40% within the first 50 fs. The relaxation from S; to Sy looks slower
for y-valerolactone than for y-butyrolactone. One reason could be
the inertia of the methyl group which slows down the relaxation
dynamics. The S, relaxation dynamics in furanone is more gradual
[Fig. 2(b)]. An exponential fit gives a decay time of about 170 fs.

TABLE . Excitation energies and oscillator strengths of the Sy, and S, states for all three studied molecules, calculated at
CASSCF/CASPT2 levels of theory at the Franck—Condon geometry.

Molecule State Energy (eV) Oscillator strength
So 0/0 .
Furanone S (n—n*) 5.22/5.02 8.48 x 10 /837 x 10~ *
Sy (m = %) 7.18/6.35 1.07 x 1071/9.37 x 1072
So 0/0 .
y-butyrolactone Si (n—m*) 5.94/5.85 1.57 x 10 */1.66 x 10 *
S, (m— ) 9.02/7.65 2.88x10 /259 x 107!
So 0/0 .
y-valerolactone Sy (n— ") 5.94/5.84 1.56 x 10 /1.66 x 10>
Sy (m— 1) 9.03/7.63 2.95x 107 '/2.64 x 10!
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100 1 all three molecules. It represents >95% in both y-valerolactone and
" y-butyrolactone, and 85% in furanone, which is in good agreement
£ 80 4 with the liquid phase experiments of Murdock and co-workers." (ii)
5 Ring-opening along the O—C, bond is also observed in all three
g 0 | molecules, but only in a small number of trajectories (<5%). (iii)
3 In furanone, a third channel is the non-adiabatic relaxation without
E; bond cleavage. It amounts to 13% of the trajectories.
g 40 1 Figure 3 shows the number of trajectories dissociated along
E the O—C; bond as a function of time. For y-valerolactone and
g 20 - y-butyrolactone, almost all trajectories dissociate at approximately
&~ the same time and in less than 50 fs, which suggests an instant
0 1. motion along the dissociation pathway upon excitation. About 60%
100 1 of the trajectories dissociate adiabatically on S,, while the remaining
% 40% undergo a non-adiabatic transition to either S; or Sp [Figs. 2(a)
3 80 - and 2(c)]. Such splitting of the wavepacket was observed earlier, e.g.,
o for furan.” In furanone, on the contrary, the ring-opening proceeds
§ 60 - distinctively slower. It starts approximately 40 fs after excitation,
3 and the dissociation curve can be well fitted by a monoexponential
%’ 10 - function with a time constant of 140 fs. It is noted that the split-
g ting of the wavepacket between the different electronic states along
§ the ring-opening pathway could not be extracted directly for fura-
g 20 1 none because the trajectories can relax non-adiabatically before the
=~ ring-opening process. For all three molecules, subsequent dynamics
0 4. after ring-opening (including epoxidation® and CO elimination) are
100 1 discussed in the supplementary material.
8 The delay of the ring-opening in furanone can be explained
g 80 1 with ring-puckering motions that take place directly after excita-
2 tion of the molecule and that allow the molecule to explore other
% 60 regions of the potential energy surface of the excited states before
2 undergoing ring-opening. This is not possible in the other two
B 40 molecules. Figure 4 shows the dynamics of relevant nuclear coordi-
é nates and electronic state energies along a representative trajectory.
= Ring-opening along the O—C; bond begins shortly after 150 fs.
2 20 A R . .
£ Before then, we clearly see large oscillations in the HC,C3H dihe-
: dral angle [Fig. 4(a)] and bond alternation along the C=C—C=0
0 =ied , . . . chain [Fig. 4(b)]; ring-puckering motion, thus, takes place initially,
0 50 100 150 200 250 postponing the ring-opening reaction. We also see that while open-
Time [fs] ing, this trajectory decays non-adiabatically to S; and further to

) } ; ) o So [Fig. 4(c)]. In the supplementary material, Fig. S3 shows the
FIG. 2. Time evolution of the electronic populations of the ensemble of trajectories
for (a) y-valerolactone, (b) furanone, and (c) y-butyrolactone.

S 100 A
<
After 600 fs of relaxation, three different products are observed J‘i
(see Table II); dissociation is considered to occur when the distance 9 801
between the carbon and the oxygen atom exceeds 3.2 A, which is the g
sum of the carbon and oxygen van der Waals radii. (i) Ring-opening E 601
along the O—C; bond is found to be the main relaxation pathway for 8
2 401
2,
g
TABLE II. Number of trajectories with a first dissociation along 0—C4, O—Cy4, or 5 a0 |
without any dissociation after 600 fs. o} y—valerolactone
’g furanone
=} —]
Molecule O0—Cy o0—C, Not dissociated z 0 A ‘ ‘ Y bl‘ltymlacmne‘
0 50 100 150 200 250
Furanone 2 85 13 Time [fs]
y-butyrolactone 4 96 0
y-valerolactone 1 99 0 EIG. 3. Number of trajectories dissociated along the O—C4 bond as a function of
time for all three studied molecules.
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FIG. 4. Time evolution along one representative trajectory in furanone: (a) HC,C3H
dihedral angle, (b) relevant bond lengths, and (c) potential energies of the three
lowest-energy states and of the trajectory.

dynamics along another representative trajectory which undergoes
ring-puckering and then ring-opening along O—C;, but does not
decay non-adiabatically and stays on S,.

3. Analysis of the electronic state characters
along the relaxation pathways

Further insight into the relaxation dynamics is gained by look-
ing at the character of the excited states along the relaxation path-
ways. In the Franck-Condon region, the initial characters of the
excited states are 7 — 7 for S, and n — 7* for S; for all three
molecules. The 7 orbital actually mixes with the lone-pair orbital on
the oxygen atom orthogonal to the ring plane (see Fig. S1): it will be
referred to as 71/n, in the following Sec. IV. The lone-pair orbital n
involved in S; is the lone-pair of the carbonyl oxygen within the ring
plane and mixes with the o orbital of the C—O; bond (see Fig. S1):
it will be referred to as n) /o in the following discussion.

ARTICLE scitation.org/journalljcp

During ring-puckering motions, the characters of the excited
states are conserved (Fig. 5, left side). Along the ring-opening relax-
ation pathway toward O—C; dissociation, the excited states get close
in energy, they interact, and their character changes. At the inter-
section between S; and Si, the characters of the two excitations
n/n, — n* and nylo — 7 mix. After the intersection, the S, state
evolves toward a 0 — o™ excitation (probably influenced by a higher
lying state getting close to S), while S; gets closer to Sp. At the inter-
section between S; and Sy, S1 becomes n/n;, — 7* and Sy becomes
of nj/o — m* character (note that the ring-opened molecule has a
biradical character, where the radical at the carbon atom is stabilized
through the neighboring oxygen atom). Due to the dissociation, the
o and ¢ orbitals decompose into two 2p orbitals. The n, orbital
which was initially mixed with a 77 orbital is referred to as a 2p orbital
at the end of the pathway (Fig. 5, right side). Thus, in terms of exci-
tations, the dissociation and ring-opening reaction occur with the
excitation of an electron from a o orbital (to a ¢* orbital if the tra-
jectory stays on S; or to a n* orbital if the trajectory decays onto
Sy or Sp).

As discussed above, a minor relaxation pathway is the O—Cy
dissociation. This relaxation pathway is analogous to O—C; dissoci-
ation in terms of relative energies of states. However, the characters
of the excitations during and at the end of the relaxation process are
different. For the ring-opening reaction along the O—C, bond, the
electrons are excited from a o-like orbital to a 7* orbital. However,
bond cleavage along the O—C, bond requires an excitation to the
o™ orbital of the dissociating bond, probably making the process less
favorable (see Fig. S4).

B. Experimental results

In this section, we present the experimental results of the
dynamics probed by photoelectron spectroscopy. Time-resolved
photoelectron spectra of y-valerolactone and furanone are shown
in Figs. 6 and 7, respectively. One pump photon and one probe
photon deliver 6.2 eV + 4.65 eV = 10.85 eV total energy. For y-
valerolactone, the jonization threshold was found at 9.98 + 0.05 eV.
Based on this result, one expects the one photon pump, one pho-
ton probe [1, 1'] cutoff at 10.85 eV-9.98 eV = 0.87 eV.”! This
is in good agreement with our experimental value of 0.82 eV
(Fig. 6). The adiabatic/vertical ionization potentials of furanone are

Energy

T/ng =

/\

nyfo -7

N

GS

2p — 2p

nyfo ="

Ring-puckering Ring-opening along O-Ci

FIG. 5. Characters of the electronic states along the ring-puckering and (O—C4)
ring-opening pathways. The potential energy curves are based on relaxed scans
performed in furanone, minimizing the S, state energy, of (left) the HC,C3H
dihedral angle and (right) the O—C4 bond length.
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FIG. 6. Time-resolved photoelectron spectra of y-valerolactone upon excitation
with 200 nm photons and probe with 267 nm photons. The vertical dashed line
indicates the frontier between [1, 1’] photoionization and [1, 2] photoionization
(see the text for detalils).

10.19 €V/10.57 eV, respectively. Consequently, the [1, 1] cutoff is
at 10.85 eV-10.19 eV = 0.66 eV, which agrees with the first intense
band of the time-resolved photoelectron spectrum in Fig. 7. A cal-
culation of the vertical ionization potential of y-valerolactone and
furanone at the IP-CCSD/aug-cc-pVDZ level of theory revealed val-
ues of 10.53 eV and 10.43 eV, respectively, which suggests that the
ionization potentials are not far apart. This agrees with the time-
resolved photoelectron spectra, where the most intense peaks of
both molecules are in the same energetic region. The photoelectron
spectrum in the [1, 1] energy region resembles the He(I) photoelec-
tron spectrum for furanone,”” which can be interpreted in that the
molecule does not show any major rearrangements and ionization

5
T
>
@,
<
Q
s
c
3.
73
intensity / arb. units
1
-0.2
0 =
3
@
02 o
@
QO
04 <
el
@ 2eV
1 —0.68eV
0.33 eV
1

FIG. 7. Time-resolved photoelectron spectra of furanone upon excitation with
200 nm photons and probe with 267 nm photons. The vertical dashed line indi-
cates the frontier between [1, 1’] photoionization and [1, 2] photoionization (see
the text for details).
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occurs from the initially excited state. For y-valerolactone, the He(I)
photoelectron spectrum is not known but the structure of the spec-
trum indicates a similar behavior. In the energy region above the
[1, 1] energy cutoff, the signal originates from a one photon pump-
two photon probe signal. As a consequence, this signal is less intense.
However, the observed signal reaches from regions further down on
the potential energy surface because more total energy is available
for photoionization.

The time-resolved photoelectron spectrum of y-valerolactone
can be fitted with a monoexponential decay function of (60 + 20) fs
and a time-zero shift in both the [1, 1'] and the [1, 2’] region. In the
[1, 2'] region, the shift extends to (65 + 10) fs (see Fig. 8 and Sec. 11 B
for more information on this type of plot). The maximal time shift
extends over more than 1 eV which suggests that the maximal shift is
observed in our data. The process causing this shift can be assigned
to the O—C, ring-opening reaction in y-valerolactone because it is
the only significant process in this molecule. The shifting time is
slightly longer than the ring-opening process time scale found in
our simulations, but the absence of any other time constants (i.e.,
any other relaxation process) agrees well with theory.

The time-resolved photoelectron spectrum of furanone is more
complex. Fitting requires two time constants of (20 + 10) fs and (200
+ 40) fs plus a time-zero shift, which extends to 40 fs in the [1, 2]
region. The corresponding DAS can be found in the supplemen-
tary material. When comparing the time-zero shifts of furanone and
y-valerolactone, one observes that the shift increases in the energy
interval between 3.5 eV and 2 eV electron kinetic energy, but does
not increase further as observed in y-valerolactone. One possible
interpretation is that the shift is not, or not only, caused by the ring-
opening dynamics, but rather is governed by ring-puckering motion.
This is in agreement with the theoretical results, where an incuba-
tion time of 40 fs was observed, which is needed for the molecules
to open the ring. The total excited state dynamics of furanone is
thus described by the second time constant of 200 fs, which can
be assigned primarily to the ring-opening dynamics, albeit from a
ring-puckered geometry; physically, it can be interpreted as the aver-
age delay of ring-opening caused by ring-puckering. This time con-
stant is also in good agreement with the 140 fs time constant of the
ring-opening dynamics obtained in the simulations.
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FIG. 8. Delay of the onset of the photoelectron signal (‘time-zero shift’) for
furanone (green) and y-valerolactone (red). See the text in Sec. || B for details.
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IV. DISCUSSION

We have studied experimentally using time-resolved photo-
electron spectroscopy and theoretically using ab initio molecular
dynamics simulations the relaxation of furanone and lactones upon
excitation of the low-lying #7™ state (the S; state). In the studied lac-
tones, y-valerolactone and y-butyrolactone, ring-opening along the
O—C; bond is the major relaxation pathway. It occurs in approxi-
mately 50 fs. The additional methyl group in y-valerolactone com-
pared to p-butyrolactone has no significant effect according to our
simulations. In furanone, a competing relaxation pathway is ring-
puckering, caused by the additional C=C present in the molecu-
lar ring. This process is responsible for spreading the wavepacket
and thereby delaying the ring-opening relaxation reaction by about
150 fs. Ring-puckering also slightly decreases the yield of ring-
opening since some part of the wavepacket decays non-adiabatically
via ring-puckering only. It is also noted that in all three studied
molecules, a minor relaxation pathway is ring-opening along the
O—C4 bond. The branching ratio between O—C,; and O—C; ring-
opening channels does not seem to be affected by the presence of the
extra C=C double bond within the ring in furanone.

Setting the present study in a larger context, ring-opening
and ring-puckering dynamics have been discussed for many five-
membered heterocyclic systems. In furan derivatives, ring-opening
supposedly occurs from a ring-puckered geometry”” and the quan-
tum yields of ring-opening and non-adiabatic decay through a ring-
puckered structure are not yet determined.”’ In fact, recent experi-
ments provide ambiguous results.”""” Contrary to the furanone case,
the dynamics in furan derivatives are thought to take place sub-
100 fs;""***° this might indicate that the presence of ring-puckering
does not slow down dynamics to the same degree as observed in
furanone. An alternative interpretation could be that ring-opening
cannot be reached after a certain amount of ring-puckering motions
because the two channels would diverge. This was observed, e.g., for
cyclohexa-1,3-diene.” In that molecule, the initial relaxation leads
toward a conical intersection and then to a ring-opened molecule,
hexatriene, along a bond alternation mode. If the region of high
non-adiabaticity is crossed a few times without ring-opening, the
dissociation reaction does not occur and all molecules that remain in
the excited state decay non-adiabatically to the ground state without
opening.

Thus, in general, the presence of ring-puckering can have
different effects on the excited state ring-opening dynamics of
molecules. (i) It is possible that ring-puckering exists but that the
ring-opening process is so fast that the ring opens irrespective of
other motions (e.g., isoxazole, unpublished data). (ii) In the present
case, ring-opening can occur at any time while the molecule is in the
excited state. However, the process is slowed down and an alterna-
tive relaxation path opens when ring-puckering is available. (iii) It
is further possible that ring-puckering can close down ring-opening
dynamics after the molecule remained for some time on the excited
state (cyclohexa-1,3-diene; see above). This can occur, e.g., when two
different local minima on the excited state exist or when the lack of
velocity of the wavepacket through the region of the conical inter-
section renders non-adiabatic crossing improbable. In case (iii), the
product distribution does not provide any insight into the speed
of the different reaction channels as would be possible to deduce
by classical reaction kinetics.”” In furanone, we have an example of
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case (ii) as the molecule undergoes ring-opening even at long relax-
ation times. However, some part of the wavepacket does decay non-
adiabatically without ring-opening, i.e., case (iii). The challenging
question is whether it is possible to deduce rules that allow classi-
fying the type of reaction based on the chemical compound under
investigation by means of a simple model and to make predictions
on how the reaction will develop.

V. CONCLUSIONS AND OUTLOOK

We studied the light-induced ring-opening dynamics of y-
valerolactone and 5H-furan-2-one using time-resolved photoelec-
tron spectra and ab initio quantum dynamics calculations. We
found that ring-puckering constitutes a competitive pathway to
ring-opening, when it is available, as in 5H-furan-2-one. The quan-
tum yield is in this case reduced by 13%, which might be consid-
ered minor, but is relevant if compounds were to be introduced
into a synthetic pathway or a photoswitching device. The reduction
in the quantum yield is also associated with a delay in the ring-
opening reactions caused by the puckering motions, as observed
by comparing the time scales in y-valerolactone, where pucker-
ing is not available, and 5H-furan-2-one, where puckering can
occur.

Future studies might aim at a detailed understanding of the
dependence of quantum yields and reaction rate from the struc-
ture of the molecules, which will be crucial for the development
of future compounds. Simulating the observable time-dependent
photoelectron spectra would also help interpreting the experimental
results.

SUPPLEMENTAL MATERIAL

See the supplementary material for measured decay associated
spectra, active orbitals used for furanone, other representative tra-
jectories, analysis of state character along the O—C4 ring-opening
pathway, and subsequent dynamics in all three molecules, including
epoxidation and CO elimination reactions.
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