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UV Photochemistry of the Energy-Storing Isomer

of a Norbornadiene-Based Molecular Switch: Ring
Opening, Rehybridised Intramolecular Charge Transfer,
and Isomerisation into a Carbene Photoproduct’

Bo Durbeej,? Simone Pintér,® Andreas Hirsch,? and Michat Andrzej Kochman*€

Photoswitches based on the norbornadiene-quadricyclane (NBD-QC) isomer pair capture solar
energy by undergoing the NBD — QC photoisomerisation reaction. The energy-storing QC isomer
contains two highly strained three-membered rings, which implies that it may be susceptible
to photodegradation through exposure to the ultraviolet (UV) component of sunlight. In the
present study, we use nonadiabatic molecular dynamics simulations to investigate the UV-induced
photochemistry of the QC isomer of a representative NBD-QC photoswitch with a push-pull
substitution motif. A pattern recognition algorithm is employed to analyze and systematize the
simulation results. We find that the predominant outcome of UV absorption, observed in 75 out
of the 100 simulated trajectories, is the opening of the four-membered ring which belongs to the
QC moiety, although in about half of the trajectories which follow this relaxation pathway, the
ring promptly closes again. However, in a small fraction of trajectories, the QC moiety instead
breaks up, leading to the formation of a carbene photoproduct. We hypothesize that the breakup
of the QC moiety is the first step in a reaction pathway which leads to the decomposition of the

photoswitch.

1 Background

1.1 Molecular Solar Thermal Energy Storage

The global consumption of energy is increasing at a rate
of 1-2% per year! Meeting the rising demand, while at
the same time reducing the emissions of greenhouse gases
and other forms of pollution, will require developments in
technologies which harness renewable energy sources. One
emerging sustainable energy technology is molecular solar
thermal energy storage (MOST).2"8 Its underlying principle is
the collection, storage, and controlled release of energy from
sunlight with the use of photoswitches — materials which can be
reversibly converted between two or more states with the use
of light. The present study is focused on compounds based on
the norbornadiene-quadricyclane (NBD-QC) isomer pair, which
include some of the best-performing MOST systems developed
so far.3?"1l Their operating cycle is shown in Figure
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The first half of the cycle consists of the photoisomerisation
of the NBD isomer into the QC isomer. In order to
increase the photoabsorption coefficient of the NBD isomer
in the visible range, atoms C2 and C3 of the NBD moiety
are substituted with groups R2 and R3 which extend the
conjugated n-bonding system. The most successful molecular
architecture, and the one with which we will concern ourselves
here, is the push-pull substitution pattern, where R2 is
an electron-donating group, and R3 is an electron-accepting
group.12°22l 1n order for the NBD isomer to efficiently absorb
solar light, a relatively large electron-donating group is required,
such as the (4-(dimethylamino)phenyl)ethynyl group found in
compound IIL.12

The QC isomer acts as the energy-storing form of the
photoswitch — due to it having two strained three-membered
rings, it is significantly higher in energy than the NBD isomer.
Crucially, the QC isomer can be stored for an extended period of
time (hours to months, depending on the substitution pattern of
the given compound).

In the second half of the operating cycle, the QC isomer is made
to revert to the NBD form, releasing the stored energy in the
form of heat. The options available for inducing energy release
include the use of a catalyst, %324 applying an electrochemical
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Fig. 1 Structure and operating cycle of push-pull NBD-QC photoswitches. Atom numbering in the NBD moiety is shown in red. I-IV are representative
compounds. Compound II is the model system for the purposes of this study.
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trigger, using a redox photocatalys or, for some
compounds, changing the protonation state.22

Beginning from the late 2010s, the research group of
Moth-Poulsen has constructed prototype MOST devices based
on the NBD-QC system=23l (see Figure [2| for a schematic
illustration) and on some other types of photoswitches: the
dihydroazulene-vinylheptafulvene (DHA-VHF) isomer pair4 and
azobenzene.?? Thus, the technology, and the above-mentioned
series of photoswitches in particular, have been successfully

demonstrated under laboratory conditions.

1.2 UV Photochemistry of the QC Isomers

The above notwithstanding, there remain major gaps in our
understanding of the functioning of the NBD-QC series of
photoswitches at the single-molecule level. One specific problem
which requires further study is the photochemistry of the
energy-storing QC isomer. (A number of studies,*432 have
examined the mechanism of the NBD — QC photoisomerisation
reaction, but the photoinduced reactivity of the QC isomer has
not been investigated to the same extent.) In order to introduce
the problem, let us refer again to Figure [2| Energy capture (i.e.,
the NBD — QC photoisomerisation reaction) takes place while
the carrier liquid is being passed through the solar collector, and
exposed to sunlight. The QC isomer builds up gradually, and it is
subjected to sunlight along with the NBD isomer.

For photoswitches with small electron-donating groups,
such as I, the QC isomer absorbs only the ultraviolet A
(UVA) component of sunlight, and then only weakly — the
photoabsorption cross section in the UVA range is low. Hence,
for these compounds, the photochemistry of the QC isomer can
be neglected. Conversely, for some photoswitches with larger
donor groups, such as III and the compounds reported in Refs.
21l and [22], the absorption spectrum of the QC isomer has more
overlap with the solar spectrum. For instance, the QC isomer
of III in toluene solution shows an intense absorption band in the
range 270-330 nm,? which falls in the UVA range. Generally
speaking, substituents which enhance the absorption of visible
light by the NBD isomer also cause a redshift of light absorption
by the QC isomer. In these systems, the absorption of light by the
QC isomer is inevitable, and its photochemistry will affect the

2| Journal Name, [year], [vol.], 1

quadricyclane (QC)
energy-storing isomer

functioning of the device as a whole.

At present, the photoinduced reactivity of the QC isomers is
only partially understood. What is known is that the absorption
of UV radiation can lead to QC—NBD cycloreversion 40742
Interestingly, there is a certain discrepancy in the literature
regarding the timescale of that reaction. Alex and co-workers
investigated the relaxation process of the QC isomer of IV (QC-IV
for short) following photoexcitation at 258 nm, and reported
that cycloreversion occurs over a timescale of ca. 62 ps.42
However, the relatively long cycloreversion timescale of QC-IV
seems difficult to reconcile with the findings of a recent study
by Borne and co-workers.2! This latter study characterised
the relaxation dynamics of unsubstituted QC (the compound
in which R2 and R3 are hydrogens) with the use of extreme
ultraviolet photoelectron spectroscopy, and with support from
computer simulations, notably including nonadiabatic molecular
dynamics#344 (NAMD) based on rotated multi-state complete
active space second-order perturbation theory42 (RMS-CASPT2).
These authors reported a cycloreversion timescale on the order
of hundreds of femtoseconds*! — shorter by two orders of
magnitude than the one given in Ref. 40. (NB: with regard to the
experimental setup used in Ref. [41} “extreme ultraviolet” refers
to the probe pulse, which had a wavelength of 65.35 nm.*! The
pump pulse had a wavelength of 200.6 nm, %! which falls in the
UVC range.)

Leaving aside the question of timescale, the photoinduced
QC— NBD cycloreversion reaction returns the photoswitch to the
low-energy form, but it is otherwise harmless. Because of the
strained structure of the QC isomer, it seems likely that QC— NBD
cycloreversion may be accompanied by other photoisomerisation
reactions, some of which may be irreversible, and may lead
to the decomposition of the photoswitch. Of course, any such
reactions would be undesirable, as they would deplete the
MOST material of the photoswitch, thus reducing its energy
storage capacity. Tellingly, unsubstituted QC does undergo
photoinduced fragmentation, in addition to cycloreversion.!
Moreover, some other compounds with three-membered rings,
such as cyclopropane, oxirane, and their derivatives, undergo
various photoisomerisation reactions which involve the strained
ring. 46748 This supports the hypothesis that the QC isomers of
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Fig. 2 Simplified diagram of a MOST device based on the NBD-QC system, used for the heating of water. The photoswitch is dissolved in a carrier
liquid, which is cycled through the device as indicated by arrows. The NBD vs QC composition of the carrier liquid is depicted with the use of color.
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push-pull NBD-QC photoswitches may likewise be susceptible to
photoinduced damage.

Further on the subject of photodegradation, Fei and
co-workers?? have tested the photostability of some typical
push-pull NBD-QC photoswitches by cycling them between
the NBD and the QC forms through alternating irradiation
at 365nm (in order to induce NBD—QC cycloaddition)
and at 265nm (to induce QC—NBD cycloreversion).
It was found that the compounds under study underwent
photodegradation by oligomerisation.#2 Interestingly, the rate
of photodegradation was considerably higher for compounds in
which the electron-accepting group is an ester group than for the
compound in which it is a nitrile group.42

In view of the limited understanding of the photochemistry of
the QC isomers, our goal in this study was to gain more insight
into their photorelaxation processes, especially with regard to
reaction timescales and the photostability of the material. To this
end, we here report computer simulations performed to obtain
such insight. The rest of the manuscript is organised as follows.
In the next section, we outline the simulation methodology.
We then move on to examine the simulation results, firstly
by identifying the emergent relaxation pathways, and then
by examining each such pathway one by one. We conclude
with a discussion of how our findings relate to the available
experimental data, and how the photoproduct that is predicted
by our simulations might potentially be detected and identified
experimentally.

2 Computational Methods

2.1 Overview

For the sake of brevity, the main body of this paper only includes
a short outline of the simulation setup. The detailed description
of the computational methodology, as well as the benchmark
calculations which were performed to validate it, is included in
the Supplementary Information.

Our approach was to model and analyze the photorelaxation
process of the QC isomer of II (QC-II for short), which can
be seen as a representative push-pull NBD-QC photoswitch.

The photochemistry of II was characterised experimentally in
Ref.[12] and its NBD—QC photoisomerisation reaction was
already studied computationally in Ref. [38. Note that QC-II itself
shows only relatively weak absorption in the UVA range.’? In the
present study, it is intended to serve as a computational model
of the QC isomers of photoswitches with larger electron-donating
groups, which absorb UVA light much more efficiently. We expect
that the simulation results can be generalised (in a qualitative
sense) to other photoswitches of the same class, though the
exact reaction timescales, and the relative importance of different
reaction pathways, will no doubt vary from one compound to
another.

Because the model system is a single, isolated molecule
of QC-II, the only provide
intramolecular reactions. Intermolecular reactions, such as the
photoinduced oligomerisation mentioned previously,42 are not
accounted for.

During the course of this study, the photorelaxation mechanism
of the QC-II turned out to be complex in nature, with multiple
reaction pathways leading to different outcomes. For this reason,
we devised a pattern recognition algorithm in order to analyze
the simulation results.

simulations information on

2.2 Electronic Structure Calculations

The photorelaxation dynamics of QC-II was modeled with
the fewest switches surface hopping??*2/ (FSSH) variant of
the NAMD method. As explained in the next section, NAMD
simulations involve on-the-fly calculations of the ground- and
excited-state potential energy surfaces (PESs) of the system under
study, their gradients, as well as nonadiabatic coupling vectors
(NACVs) between the electronic states of interest. Because these
quantities must be calculated at each time step of every simulated
trajectory, a compromise has to be struck between accuracy and
computational efficiency.

In Ref. 38 which focused on the mechanism of NBD— QC
photoisomerisation, the electronic structure of the photoswitch
was treated using spin-flip time-dependent density functional
theory>3>8 (SE-TDDFT). However, even though SF-TDDFT
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performed satisfactorily in simulations of NBD—QC
photoisomerisation, it is ill-suited to modeling the photochemistry
of the QC isomer. This is because the high-spin triplet reference
state of SE-TDDFT is numerically unstable at QC-like molecular
geometries.®® (The occurrence of instabilities in the triplet
reference state appears to be a general problem with spin-flip
methods, and it has been discussed in more detail in Refs. [59 and
60.) In the NAMD simulations reported in Ref. [38 the numerical
instabilities manifested themselves as an upward drift in the
total energy. When modeling NBD— QC photoisomerisation,
this effect was less of an issue, because it only came into play
at the final stage of the simulation - after the molecule had
undergone photoisomerisation into the QC form. Conversely,
when modeling the relaxation dynamics of the QC isomer, the
problem would appear from the very start of the simulation.

Due to the above considerations, in the present study we
used instead another non-standard variant of TDDFT: the
TDDFT plus one double (TDDFT-1D) method of Teh, Subotnik,
and co-workers.®1"64 TDDFT-1D can be seen as an ad hoc
modification of the configuration interaction singles (CIS)
method; the electronic states of the system are obtained through
the diagonalisation of the following Hamiltonian:

(Wo| H|Wo) 0 (Wo H[WIL)
H= 0 (‘P;f|H|‘P;‘) <\Pa|H\\Pl£> D)
(WIL|H|%o)  (PL[H|we) (WL |H |l

Here, ¥ is the Kohn-Sham ground-state determinant. ¥¢ denotes
singly excited configuration state functions in which one electron
has been excited from occupied orbital i to virtual orbital a.
Note that the matrix elements between ¥\ and the singly excited
configuration state functions are zero according to Brillouin’s
theorem. Lastly, ‘I’gz is a special doubly excited configuration
which corresponds to the excitation of two electrons from
occupied orbital 4 to virtual orbital /, where the orbitals ~ and /
are constructed in such a way as to minimise the energy of this
configuration.

Importantly, Teh and Subotnik have shown that TDDFT-1D
can predict the correct (conical) topology of crossings between
the lowest singlet excited state (S;) and the singlet ground
state (So).61 Furthermore, analytic expressions for TDDFT-1D
gradients and NACVs have been derived by Athavale and
co-workers. 0%

At present, TDDFT-1D is limited to singlet states. For this
reason, our simulations do not account for the possibility of
intersystem crossing (ISC) into the triplet manifold. Because the
spectroscopic study of Alex et al.4% did not observe ISC during the
photorelaxation dynamics of QC-IV, we believe that the neglect
of ISC is a justified approximation for QC-II.

The TDDFT-1D calculations were performed with the electronic
structure software package Q-Chem®%® (version 6.3), which
is currently the only program implementing that method. The
CAM-B3LYP functional®” was employed in combination with
the def2-SV(P) basis set.©8 Lacking diffuse basis functions, the
relatively small def2-SV(P) basis set is unable to describe diffuse
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(Rydberg-type) excited states. This is acceptable for our purposes
because, in the real system, the presence of solvent molecules
will presumably destabilize the diffuse excited states of the
photoswitch relative to the valence excited states. This effect has
previously been demonstrated for other organic chromophores.©?
Hence, diffuse excited states are not expected to play a role in the
photochemistry of II or other push-pull NBD-QC photoswitches in
the solution phase.

Because TDDFT-1D is a relatively new and untested method,
we assessed its accuracy for the ground- and excited-state
PESs of push-pull NBD-QC photoswitches. This was done
by benchmarking against the extended multi-state complete
active space second-order perturbation theory”?? (XMS-CASPT2).
The description of these calculations is provided in the
Supplementary Information. Encouragingly, we found reasonably
close agreement between the PESs predicted by TDDFT-1D
and XMS-CASPT2. This suggests that TDDFT-1D provides
a realistic description of the relevant PESs of push-pull NBD-QC
photoswitches.

2.3 Nonadiabatic Molecular Dynamics Simulations
Within the framework of NAMD, the nuclear wavepacket of
the system is approximated as a set of mutually independent
semiclassical trajectories, {R(sr)}. In each such trajectory,
R; = R;(¢), the motions of the nuclei are described with the use
of classical dynamics. Meanwhile, the electronic wave function
of the system is taken into account explicitly with the use of
on-the-fly electronic structure calculations. More specifically,
the electronic wave function of the system in each trajectory is
expressed as a linear combination of adiabatic states { y(r;R;)}
with time-dependent complex coefficients { a;(r) } :
Z a;(t) wj(r;R;) 2

The time evolution of the expansion coefficients is governed by

the following system of equations:

iha, = Z“J

where J;; denotes the Kronecker delta, Ex(R) is the PES of the
k-th state, and dy;(R) is the NACV between states k and j:

(8; Ex(Ri) —inR; - dy;(R;)) ®3)

di;(R) = (y(r;R)| Vg | yj(r;R) ) @

In the FSSH scheme, at any given time, one state from among
those included in the linear expansion [2| is singled out as the
occupied, or current, state in the given trajectory. The dynamics
of the nuclei is propagated according to the classical equations
of motion on the PES of that state. Nonadiabatic effects are
accounted for by allowing the trajectory to undergo a switch (or,
“hop”) from the current state into another state from among those
included in the linear expansion [2] which then becomes the new
current state for the given trajectory. The switches are imposed
stochastically according to the criterion proposed by Tully.2?

The global picture of state populations in the ensemble
of simulated trajectories is conventionally described in terms

Page 4 of 15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp01643j

Page 5 of 15

Open Access Article. Published on 29 June 2026. Downloaded on 6/30/2026 5:46:01 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

of the so-called classical populations. Namely, the classical
population P;(t) of the j-th state is defined as the fraction of
trajectories currently occupying that state:

N;(t)

Pi(t) =
! Ntrajs

)

Here, Ny, is the number of simulated trajectories.

In the present case, we set up the initial conditions for the
NAMD simulations in such a way as to model the irradiation
of QC-II near the origin of its first photoabsorption band.
We propagated Ny,js = 100 trajectories for a period of 750 fs.
The linear expansion [2| included the lowest three singlet states
of the molecule (Sy to S;). We note here that the relatively
low number of simulated trajectories and short simulation time
preclude the calculation of photoisomerisation quantum yields.
Above all, the simulation time is too short to capture possible
isomerisation reactions taking place in the hot ground state. This
is nevertheless acceptable for our purposes, as we are mainly
aiming for a qualitative insight into the behaviour of the model
system, rather than quantitative data. At the same time, we
cannot rule out the possibility that our simulations failed to detect
some unknown relaxation pathways that are characterised by
very low quantum yields. These hypothetical low-yield pathways
might potentially be revealed by propagating more trajectories.

Because the number of trajectories is finite, the calculated
classical populations are subject to statistical uncertainty. The
level uncertainty was estimated by calculating the confidence
intervals at a 95% confidence level. To that end, we used the
method of Wilson, also known as the Wilson score interval.Z1{72

On the technical side, the simulations were performed with
the use of an in-house “wrapper” program, which contains
an interface to Q-Chem. More details on our implementation
of NAMD are provided in the Supporting Information. The source
code of the wrapper program is included as part of the dataset
which accompanies our paper.Z2

According to our simulations, the opening and re-closing of
the ring formed by atoms C2, C3, C5, and C6 (see Figure [1| for
atom numbering) plays an important role in the photochemistry
of the QC isomer. In order to monitor that process, we calculated
values of parameter R, which we define as the average of the
C2-C6 and the C3-C5 distances. (The interatomic distances
which correspond to the bonds being cleaved and reformed.)

R— %[R(CZ—C6) + R(C3-C5)] ©)

We consider R = 1.8 A as the threshold value for ring opening.
This is because, in Ref. [38] this value was found to be a good
threshold for ring closing, in the sense that all simulated
trajectories which crossed the 1.8 A threshold went on to form
the closed-ring QC isomer. Note that the pattern recognition
analysis (see the following section) does not rely on the R = 1.8 A
criterion to identify ring opening. Instead, it uses a more global
representation of molecular geometry.
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2.4 Pattern Recognition Analysis

As will be discussed later on, the simulated trajectories followed
a number of relaxation pathways. In order to help us analyze
the simulation results, we designed a simple pattern recognition
algorithm. Its functioning was as follows. For the purposes of the
algorithm, each trajectory R;(r) was represented by a curve R;(r)
whose components are the inverse distances between all pairs of
nuclei in the molecule:

IR v—1(t) —Rin (1) ] 2

Here, N is the number of atoms, and R;(r) denotes the
position of the k-th nucleus in the i-th trajectory at time 7. This
representation of a trajectory is loosely based on the Coulomb
matrix molecular representation of Rupp and co-workers. 747>
However, unlike the Coulomb matrix, the representation defined
by eq. /] does not take into account the atomic numbers of
the nuclei. This is so as not to bias the algorithm towards
atoms of heavier elements. Another point of note is that this
representation of the trajectory is solely based on the nuclear
trajectory; the electronic state of the molecule is not taken into
consideration.

The degree of similarity between every pair iand j of
representations of trajectories quantified with the
dynamic time warpingZ®ZZ (DTW) algorithm. This procedure
yields a diagonal distance matrix D.
D;j = dptw( ﬁi(t),ﬁj(t)) provides an indication of how closely
trajectories i and j resemble one another. The calculation of
the DTW distance was performed with the similarity measures
Python 3 package, version 1.4.0.7872/ The resulting distance
matrix was rescaled linearly such that its maximum element is 1.

Finally, hierarchical clustering was carried out on the basis
of the distance matrix. To that end, we employed Ward’s
method,8%8ll which is a variant of agglomerative hierarchical
clustering. We used the implementation provided in the SciPy
package, version 1.11.4.82/ The clustering was visualised in the
form of a dendrogram, which can be interpreted as the simulated
trajectories being grouped into distinct relaxation pathways.

As explained above, the algorithm works by comparing
trajectories, or more accurately, the representations of
trajectories.  Thereby, it becomes pertinent to asssess how
many trajectories are required for the algorithm to produce
informative results. We address this issue in Section S3 of the
Supporting Information. In brief, the algorithm appears robust
with respect to changes in the sample size, and a sample of
100 trajectories is large enough to produce useful results.

was

Each of its elements

3 Results and Discussion

3.1 Pattern Recognition Analysis

In order to set the stage for the subsequent, more detailed
discussion of the simulation results, let us begin by reviewing
the classification of the individual trajectories into relaxation
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pathways. As an illustration of the inner workings of our pattern
recognition algorithm, Figure[3|shows the DTW distance matrix D
between pairs of representations of trajectories. One feature
of the distance matrix is readily apparent: there is a subset
of around 9 trajectories which are somewhat similar to each
other, but highly dissimilar to all other trajectories; the rows and
columns which correspond to these 9 or so trajectories are largely
colored in orange to red. Actually, it is difficult to determine
the exact number of trajectories of this type simply by inspecting
the distance matrix, but more important than their number is
that they appear at all — they correspond to a distinct relaxation
pathway in which the molecule behaves quite differently than in
the other trajectories. We will discuss this conspicuous subset of
trajectories later on.

The final result of the pattern recognition analysis is the
dendrogram which depicts the classification of trajectories, shown
in Figure Agglomerative clustering algorithms (such as the
method introduced by Ward, which we use here) initially consider
each object as its own cluster, and then successively merge
clusters according to a certain criterion, until all objects end up
in the same cluster. A certain ambiguity arises as to how to
determine the optimal number of clusters which best describes
the data - informally speaking, when to stop the clustering
procedure. In the present case, we inspected the results obtained
when the clustering was stopped with between two and seven
clusters remaining. We found that at least four clusters are
needed to adequately describe the data. When only two or three
clusters are retained, trajectories which are markedly dissimilar
are grouped together, and so two or three are not enough.
With four or more clusters, the classification becomes much
more informative. However, when more than four clusters
are retained, the clustering becomes overly focused on small
differences between trajectories, and that complicates the picture.

On the basis of the above reasoning, we decided to retain four
clusters. In order of decreasing size, the four clusters are as
follows:

1. The largest cluster contains 41 trajectories whose common
feature is that the molecule underwent QC— NBD
cycloreversion, and the ring remained open for the
remainder of the simulation.

2. The second-largest cluster consists of 34 trajectories. Here,
the molecule also underwent ring opening, but one or both
of the broken bonds (i.e., the C2-C6 and C3-C5 bonds) later
recombined again.

3. The third cluster comprises 16 trajectories in which the
molecule adopted a rehybridised intramolecular charge
transfer (RICT) structure.

4. The fourth and smallest cluster contains 9 trajectories in
which the QC moiety partially broke up. This is the subset
of “around 9” anomalous trajectories which we pointed out
earlier, when discussing the structure of the DTW distance
matrix.

In order to tie in this classification of trajectories with the
dynamics of the molecule, Figure [5| shows three snapshots from
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one randomly chosen trajectory from each cluster. We will
now discuss the various relaxation pathways in more detail,
beginning with the ring dynamics (the relaxation pathways which
correspond to clusters 1 and 2), and then moving on to the minor
relaxation pathways (clusters 3 and 4).

3.2 Main Relaxation Pathways

In this section, we focus on the two relaxation pathways which
are statistically dominant, and which mainly involve the opening
and, in one of the two, the re-closing of the four-membered
ring. For the time being, we neglect the two minor relaxation
pathways. Figure [6] (a) shows the classical populations of
states Sy to S, in the ensemble of simulated trajectories, while
Figure [f] (b) characterizes the ring dynamics by showing values
of parameter R. (Note that this Figure represents data from
all 100 simulated trajectories, and not only those which follow
the main relaxation pathways.) Complementing our narrative,
in the Supplementary Information we include animations of
16 representative simulated trajectories. Animations of the
remaining trajectories are available for download from the
Zenodo repository as Ref. [73|

The start of the simulation at 7z =0 corresponds to the
initial photoexcitation. As can be seen in Figure E] (a), the
photoexcitation mainly populated state S|, which was the initially
occupied state in 98 out of the 100 simulated trajectories. In the
remaining 2 trajectories, the initially occupied state was S,.
During the initial period of roughly 150 fs, there was some
exchange of population between states S; and S;, such that the
classical population of state S, fluctuated around roughly 0.1.
(That is to say, individual trajectories hopped back and forth
between states S; and S;.) At later times, state S, gradually
became depleted by internal conversion into states Sy and Si,
such that its classical population decayed to near zero.

Internal conversion from the excited states (S; and S,) into the
ground state began to occur at around r = 50 fs. It proceeded at
a rapid pace until around ¢ = 400 fs, at which point the classical
population of state Sy stabilised at around 0.8, and remained
near this value until the end of the simulation at + = 750 fs.
Meanwhile, the classical population of state S; stabilised at
around 0.2. Note that the classical populations of all states are
subject to statistical uncertainty, but it is still evident that the
population of state S; is roughly stable from around 7 = 400 fs.
The reason that state S; was not completely depopulated is
because a fraction of the excited-state population became trapped
in the RICT state; we will return to this point later on, when
discussing the minor relaxation pathways.

The time-evolution of the state populations can be correlated
with the ring dynamics, which is characterised in Figure [6] (b).
In the majority of trajectories, the C2-C6 and C3-C5 bonds
dissociated during the initial 50 fs-long period of time initially
following photoexcitation. This resulted in the opening of the
four-membered ring, and the formation of the NBD isomer of
the photoswitch (denoted NBD-II). Interestingly, in most of the
trajectories where ring opening took place, it occurred in state S
or S,, without internal conversion to state Sy. As a result,
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Fig. 3 DTW distance matrix D between representations of trajectories. The individual trajectories are numbered 0001 to 0100. The DTW distance
dpTw between each pair of representations of trajectories is indicated with the use of color. Blue to green means close similarity, while orange to red

means dissimilarity.
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Fig. 4 Dendrogram showing the clustering of trajectories. The clustering was performed on the basis of the DTW distance matrix shown in Figure
which is, in turn, based on the time-evolution of molecular geometry in each trajectory.
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Cluster 3:
RICT

Cluster 2: Ring opening
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NBD-II was formed in an excited electronic state (S; or S,). This
is despite the fact that there exists a conical intersection (CI)
seam between states S; and Sy which could potentially mediate
internal conversion to Sy while the molecule is undergoing ring
opening.?8 More specifically, according to the mixed-reference
SF-TDDFT (MRSF-TDDFT) calculations reported in Ref. the
minimum-energy geometry along the CI seam — the MECI - is
found at R(C2-C3) = 1.972 A and R(C5-C6) = 1.961 A.

Cluster 4:
Breakup

Cluster 1: Ring opening
without re-closing

In order to explain why ring opening took place predominatly
without internal conversion to state Sy, let us refer to Figure (a),
which shows a schematic diagram of the PESs of states S;
and Syp. Here, Q; represents the reaction coordinate for the
interconversion between the NBD-II and QC-II. It leads from the
ground-state geometry of the NBD-II, through the S; /S, CI seam,
and to the ground-state geometry of the QC-II. Q, is another
internal coordinate that is orthogonal to Q;. We assume that
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Fig. 5 Snapshots from one representative trajectory belonging to each cluster. The first snapshot is taken ¢ =0, and the subsequent two snapshots
are taken at intervals of either 100 or 150 fs. The arrows indicate the motions of the nuclei during the corresponding photoisomerisation reaction.

(a) Cluster 1: Ring opening without re-closing

0fs 100 fs

(b) Cluster 2: Ring opening and re-closing

0fs 100 fs

(c) Cluster 3: RICT

0fs 150 fs

(d) Cluster 4: Breakup

0fs 150 fs

01 and Q, both have non-zero components along the branching
space vectors of the CI, such that the degeneracy is lifted by
motion along Q; and/or along Q5.

As mentioned already, the photoexcitation of the QC-II mainly
populated state S;. In the Franck-Condon region, the PES of
that state has a steep slope along the reaction coordinate Q,
which drives the system downward, in the direction of NBD-IL.
The majority of trajectories which evolved along coordinate Q;
bypassed the S;/Sy CI seam. These trajectories reached
NBD-like geometries while occupying state S; (or occasionally
S,). Afterwards, they were reflected back along the reaction
coordinate, and they subsequently approached the S;/Sy CI seam
from the direction of NBD-II. In Figure |2| (a), this sequence of

8 | Journal Name, [year], [vol.], 1

200 fs

200 fs

300 fs

300 fs

events is labeled A.

In about half of the trajectories which encountered the CI seam
in this manner, the C2-C6 bond and/or the C3-C5 bonds
recombined, which amounts to a re-closing of the ring. In the
other trajectories, the bonds failed to recombine, and the ring
did not re-close. This is the main feature which distinguishes the
trajectories in clusters 1 and 2.

The bypassing of the CI seam during the descent from the
Franck-Condon geometry on the PES of state S; was also
predicted in the joint spectroscopic and computational study
by Borne et al#l where the photorelaxation dynamics of
unsubstituted QC was modeled at the RMS-CASPT2 level. This
suggests that it is a common feature of the photochemistry of QC
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Fig. 6 Time-evolution of electronic structure (panel (a)) and the
geometry of the NBD/QC moiety (panel (b)) during the NAMD
simulations. In panel (a), the shaded areas represent the confidence
intervals at the 95% level. In panel (b), the horizontal dashed line
indicates an R value of 1.8 A, which we consider as the threshold for
ring opening. The point when a trajectory hops into state Sy for the
first time is marked with a red dot. NB: this Figure represents data from
all 100 simulated trajectories.

(a) classical populations with 95% confidence intervals
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as well as its derivatives.

A few trajectories approached the S; /S CI seam already during
their initial descent from the Franck-Condon region. In this case,
the molecule usually hopped down into state Sy while it was
undergoing ring opening. In Figure[7] (a), this relaxation process
is labeled B.

The mechanism of photoinduced cycloreversion can be
compared to the case of photoinduced cycloaddition, which is
depicted in Figurem (b). In the simulations performed in Ref.
during ring closing the molecule always passed through the
vicinity of the S;/Sy CI seam, where it underwent a hop into
state Sp. It seems that the region of the S; PES on which
the molecule evolves during ring closing steers it towards the
CI seam. In contrast, the region of the S; PES which the molecule
crosses during ring opening apparently causes the molecule to
veer away from the CI seam. It follows that the mechanism of
photoinduced cycloreversion cannot be fully understood in terms
of only a single reaction coordinate Q ; it is necessary to also take
into account motions along an orthogonal reaction coordinate 0,
which controls whether or not the molecule encounters the
CI seam while it is moving along Q; .

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D6CP01643J

Fig. 7 Comparison of the (a) QC—NBD and (b) NBD—QC
photoisomerisation mechanisms of II. The graphics show a schematic,
qualitative representation of the PESs of states Sy and S; informed by
(but not directly based on) the simulation results — a cartoon, so to speak.
For the sake of clarity, excited states above S; are omitted from this
diagram. Q; is the reaction coordinate for photoisomerisation, while O,
represents an orthogonal internal coordinate. The motions of the nuclear
wavepacket are depicted with green arrows. The line segments which
would otherwise be obscured are drawn with dashes. The qualitative
topography of the PESs is general to other compounds of the same
class, including .58

Energy
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R3
0 i

R2

R2

NBD Qc

(a) QC— NBD cycloreversion

Energy

R2

QC

R2

NBD

(b) NBD — QC cycloaddition

3.3 Minor Relaxation Pathways

We now move on to examine the two minor relaxation pathways
which emerge in the simulations. The first is the formation
of the RICT state. RICT states®"94 are intramolecular charge
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transfer excited states in which an electron is transferred from an
out-of-plane 7-type orbital of an aromatic moiety into an in-plane
n*-type orbital of a nitrile (-.C=N) or an ethynyl (-C=C-) group.
States of this type are also often referred to as mo™ states; in this
convention, the in-plane n*-type orbital is considered a o*-type
orbital 84

Previous computational studies have indicated that RICT states
adopt geometries where the participating nitrile or ethynyl group
is bent instead of linear,8378% suggesting that the relevant carbon
atom, or atoms, have changed hybridisation from sp to sp2.
Indeed, the characteristic bending of the ethynyl group is clearly
seen in our simulations (see the representative trajectory shown
in Figure[5](c)). In fact, the bending of the ethynyl group was
precisely what enabled the pattern recognition algorithm to
identify the RICT state in the simulations. The algorithm only
takes into account the time-evolution of molecular geometry —
more specifically, the inverse interatomic distances. It is not
provided with information on the electronic structure of the
molecule. Hence, the only way it could detect the RICT state
is by the tell-tale bending of the ethynyl group.

To date, there have been no time-resolved spectroscopic
studies of II or other push-pull photoswitches which possess
an ethynyl linker, meaning that there is no definitive evidence
either for or against the possibility that these compounds adopt
RICT states. Still, some previous studies have predicted the
formation of RICT states in other molecules containing ethynyl
linkers. 86782993l Notably, Flock and co-workers®3 investigated
the photorelaxation dynamics of gas-phase diphenylacetylene
(CgHs5—C=C~Cg¢Hs) with the use of time-resolved photoelectron
spectroscopy (TRPES). These authors observed a transient
photoelectron signal that they attributed to the RICT structure.
(Note that, in Ref. [93] the RICT structure was termed the
trans-bent structure.) Considering the findings of these studies,
it seems plausible that II can indeed adopt a RICT state.

In the case of QC-II, geometry optimisations at the TDDFT-1D
level of theory indicate that there are two RICT minima on
the PES of state S;; their structures are shown in Figure(a)
and (b). The main difference between the two RICT structures is
the direction in which the ethynyl linker bends — either towards
or away from the nitrile group. They are very close to one
another in energy — to within around 0.01 eV, or 1 kJ/mol.
(Here, we are taking into account zero-point vibrational energy
corrections to total energies. We have verified that both of the
two RICT structures correspond to energy minima by calculating
their vibrational frequencies numerically, using analytical energy
gradients.)

Being energy minima, the two RICT structures are able to
temporarily trap a fraction of the excited-state population. The
timescale of our simulations was, unfortunately, too short to
determine the ultimate fate of all 16 trajectories which became
trapped in the RICT structures, and which the pattern recognition
algorithm assigned to cluster 3. One of these 16 trajectories
eventually escaped from the RICT structure and underwent ring
opening, while another approached an S,/S CI that is apparently
unrelated to ring opening, and underwent internal conversion to
the ground state. The other 14 trajectories in cluster 3 remained
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trapped in the RICT structure until the end of the simulation.

We were able to optimise the MECI structures that are
responsible for the S; — Sy internal conversion processes of the
RICT structures; their geometries are shown in Figure (@]
and (d). As might be expected, there are two MECI structures
of this type; they differ from one another in the direction of the
bending of the ethynyl linker.

The MECI structure that is similar in terms of geometry to
RICT structure 1 (Figure [8| (c)) is higher in energy than RICT
structure 1 by 0.50 eV. Meanwhile, the MECI structure that is
similar to RICT structure 2 (Figure [8| (d)) is higher in energy
than RICT structure 2 by 0.61 eV. These fairly large energy
differences indicate that internal conversion at the two RICT-like
MECI structures is an activated process. This explains why, in
the relatively short NAMD simulations, we only observed one
instance where the molecule underwent an S; — Sy hop near
one of these MECI structures. (NB: the energy differences that
we have given here do not include zero-point vibrational energy
corrections, as these corrections cannot be defined for a MECI
structure.)

The second minor relaxation pathway,
cluster 4, involves the breakup of the QC moiety. One of the
9 trajectories which have been assigned to this cluster is shown
in Figure |5| (d). In all cases, the breakup started with the
dissociation of the C1-C2 and C2-C6 bonds, which is formally
a[3 — 2 + 1] cycloelimination reaction.

The subsequent dynamics of the molecule varied from one
trajectory to another. In 6 trajectories, the dissociation of
the C1-C2 and C2-C6 bonds was additionally followed by
the dissociation of the C3-C5 bond. Interestingly, in 2 of
these 6 trajectories, the molecule eventually isomerised into
NBD-II. In other words, the photoinduced damage repaired
itself spontaneously, although the molecule ended up in the NBD
isomeric form. This indicates that the cleavage of the C1-C2 and
C2-C6 bonds does not necessarily mean irreversible damage to
the photoswitch molecule.

In order to characterise the photoproducts formed through the
breakup of the QC moiety, we extracted molecular geometries
from trajectories belonging to cluster 4, and used them as
starting points for geometry optimisations on the PES of state S .
We located two energy minima in this manner; their geometries
are shown in Figure[8](e) and (f). These structures are best
described as two isomers of the carbene photoproduct which
arises from the cleavage of the C1-C2 and the C2-C6 bonds of
the QC isomer of the photoswitch. They seemingly differ from one
another in molecular geometry as well as in electronic structure.
In isomer 1 (see Figure [8| (¢)), the non-bonding electrons are
presumably localised on the carbon atom that is adjacent to the
phenyl group, causing it to adopt a bent geometry. In isomer 2
(Figure (8] (f)), they appear to be localised on atom C2, and it is
that atom which adopts a bent geometry. Bent geometries of the
type seen in these two structures are typical of carbenes in singlet
electronic states.2>"27 [somer 2 is calculated to be slightly higher
in energy than isomer 1 (by 0.06 €V, or 6 kJ/mol).

Singlet carbenes are typically highly reactive, and so
the carbene photoproduct is likely able to undergo further

associated with
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Fig. 8 Molecular geometries which are relevant to the minor relaxation pathways of the QC-II as optimised at the TDDFT-1D level of theory. Selected

bond lengths are given in units of Angstrém.

(a) RICT structure 1

(minimum on PES of state S;)

(b) RICT structure 2

(minimum on PES of state S;)

(c) RICT-like S;/Sy MECI structure 1

(minimum-energy point along S; /Sy Cl seam)

(d) RICT-like S;/So MECI structure 2

(minimum-energy point along S; /Sy Cl seam)

intramolecular isomerisation reactions, some of which may be
irreversible, as well as intermolecular reactions with the solvent
and/or with intact molecules of the photoswitch. We therefore
hypothesise that the formation of the carbene photoproduct
may be the first step in the UV-induced decomposition of the
photoswitch.

As for the photoproduct in which the bonds C1-C2, C2-C6,
and C3-C5 are all broken, we encountered convergence problems
when attempting to optimise its geometry at the TDDFT-1D
level. For this reason, it remains an open question whether
this photoproduct corresponds to an energy minimum at the
TDDFT-1D level of theory.

Nonetheless, in order to circumvent the convergence problems
which arose in the TDDFT-1D calculation, we re-ran this geometry
optimisation with the MRSF-TDDFT method, which in this case
proved numerically stable. The computational parameters were
as specified in Section S1.2.1 of the Supplementary Information.
In the course of the geometry optimisation at the MRSF-TDDFT
level, the molecule eventually relaxed to the NBD isomeric
form. This suggests that the photoproduct with the three broken
bonds does not correspond to an energy minimum, at least not
according to the MRSE-TDDFT method. Rather, it appears to be
associated with a broad, flat region of the PES of state Sy.

4 Conclusions

The simulation results have positive as well as negative
implications. On one hand, the two photorelaxation pathways
which mainly involve the opening and re-closing of the
four-membered ring enable the QC isomers to undergo

(e) carbene photoproduct, isomer 1

(minimum on PES of state Sy)

(f) carbene photoproduct, isomer 2
(minimum on PES of state Sp)

non-radiative deactivation without suffering damage. This is
clearly a factor which contributes to photostability. On the
other hand, a small fraction of photoexcited molecules undergo
a breakup of the QC moiety, leading to a singlet carbene
photoproduct. This is, in a sense, unsurprising, given the highly
strained nature of the QC moiety. We conjecture that the resulting
carbene may act as a reaction intermediate in the UV-induced
decomposition of the photoswitch.

The static calculations (geometry optimisations and PES scans)
reported in the Supplementary Information indicate that the
breakup of the QC moiety is not limited to compound II, but it is
also possible in compound I, in which the donor group is directly
attached to the QC moiety. Presumably, this relaxation pathway
is a general feature of the photochemistry of the QC isomers of
NBD-QC photoswitches.

To the best of our knowledge, at present there is no
experimental evidence for the formation of the carbene
photoproduct. If this species is indeed formed, it is likely
short-lived and, hence, elusive. One way to indirectly detect
its formation might be to trap it with an unsaturated species
(an alkene or alkyne) that is reactive towards carbenes,
but is otherwise chemically and photochemically inert.28+102
In practical terms, this might be achieved by irradiating the
QC isomer of a photoswitch in an unsaturated hydrocarbon, such
as cyclohexene, as solvent.

As regards the timescale of the QC—NBD photoinduced
cycloreversion reaction, in our simulations the ring dynamics is
largely complete within the simulation time of 750 fs. More
precisely, the exact timescale of ring opening depends on whether
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we take into account the re-closing of the ring in some of
the simulated trajectories, but in any case, the ring opening
and re-closing processes take place within a few hundreds of
femtoseconds of the initial photoexcitation. This is considerably
shorter than the timescale of ca. 62 ps reported by Alex et al.4Y
for QC-IV. We hypothesise that the longer timescale does not
correspond to ring opening per se. Rather, it might be the lifetime
of an excited-state species that is formed after the photoexcitation
of QC-1IV.
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