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Multi-addressable molecular photoswitches whose isomerisation can be triggered not only by light, but also
by other stimuli are appealing for the development of novel smart materials as well as for broadening the
areas for their potential application. Diarylethenes (DAEs) are among the most studied switches for this
purpose, since tailored functionalisation can make them responsive not only to UV or visible light, but
also to other inputs, such as an electrochemical one. In this work, we synthesised five terarylene-based
switches and investigated their photochemical and redox properties. Unlike their DAEs analogues, whose
cyclisation upon an oxidation-reduction sequence is well-established, our systems undergo a similar
oxidative ring-closing of the neutral open form to a doubly charged closed form while the subsequent
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Accepted 27th May 2025 reduction leads to ring-opening to the neutral open form. Moreover, the neutral closed form can also be
re-opened by a catalytic amount of oxidant. With the support of theoretical modelling and cyclic

DOI: 10.1035/d55c02845k voltammetry simulations, a general mechanism is proposed to rationalise this original bidirectional dual-
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Introduction

Molecular photochromic systems capable of responding to
multiple stimuli to interconvert between at least two states are
appealing for the development of smart materials."® Among
different photoswitches investigated for this purpose, diary-
lethenes (DAEs) are popular thanks to their excellent modulable
properties in both isomeric states: the generally colourless open
form (OF) and the more conjugated, coloured closed form
(CF).***> Moreover, they can be designed to respond to other
external inputs besides light, thus leading to a multi-responsive
behaviour (Fig. 1).** For example, several groups have focused
on the acid-induced isomerisation of diarylethenes.***®
Another appealing stimulus is the electrochemical one and
dithienylethenes  (DTEs) undergoing
*27 ring-closing or oxidative ring-
opening reactions have been reported.*®** However, this input
is generally not viable to achieve bidirectional isomerisation in
solution, except for a few cases.***> Focusing on the oxidative
cyclisation, thiophenes are generally needed to achieve such
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redox-active behaviour and their replacement with other
electron-poor heterocycles such as thiazoles hinders it.

Only one example in the literature has demonstrated its
occurrence in thiazole-containing systems, thanks to the pres-
ence of very strong electron-donating substituents.*

The investigation towards dual photo- and redox-induced
isomerisation has been also performed on terarylenes,** a sub-
class of diarylethenes with good photochromic properties (e.g.
photon-quantitative cyclisation quantum yields),**¢ in which
a third (hetero)aryl moiety is used in place of the standard
central ethene bridging unit (e.g cyclopentene, per-
fluorocyclopentene, etc.). Oxidative cycloreversion of terphe-
nylthiazoles has been extensively investigated by Kawai's group,
showing that the OF could be regained much more effectively

through the electrochemical route than through the
acid
light
= stimulus \
A T g
/
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Fig. 1 Schematic representation of the multi-responsive isomer-
isation of diarylethenes between the open form (OF, black) and the
closed form (CF, blue) showing the possible stimuli inducing the iso-
merisation described in the literature. X = CH, N.
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photochemical one, thanks to an oxidative cascade propagation
started by the ring-opening of a closed form radical species.*”**
Reductive cyclisation of terarylenes bearing N-methylpyr-
idinium groups has also been reported.**** Moreover, bidirec-
tional electrochemical isomerisation has been achieved with
terarylenes designed to combine reductive ring-closing and
oxidative ring-opening reactions.*® Nonetheless, no oxidative
cyclisation has been described for this sub-class of derivatives,
to our knowledge.

Inspired by the DTEs characterised by this behaviour
described in the literature, we designed terarylenes 1, 2 and 3
depicted in Fig. 2 to develop dual photo- and redox-responsive
terarylenes. They bear a central phenylthiazole bridge and two
electron-rich thienyl-based arms. Additionally, we prepared
terphenylthiazole 4 and the mixed system 5 to investigate if any
oxidative cyclisation could be observed in absence or partial
replacement of the thiophene rings. Different electron-donating
groups were selected and their impact on the electrochemical
properties of the switches was evaluated through cyclic vol-
tammetry (CV) and spectroelectrochemistry. While the cyclic
voltammograms of the open form isomers of 1, 2 and 3 suggest
that an oxidation-reduction sequence affords the neutral closed
forms as in the dithienylethene analogues, a different outcome
is observed during the bulk electrolysis, with the recovery of the
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Fig. 2 Investigated terarylenes for dual photo- and redox-responsive
behaviour.
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starting neutral open form, thus implying the occurrence of
a reversible redox-induced isomerisation between this species
and the doubly charged closed form. Moreover, a catalytic and
oxidative ring-opening of their neutral closed forms is also
achieved. Such unprecedented behaviour is analysed and the
rationale behind explained with the support of stopped-flow
and EPR measurements, theoretical modelling, and CV simu-
lations. Finally, the observed redox responses of terphenylth-
iazole 4 and the mixed system 5 clearly indicate that the
presence of at least one thiophene-based arm is required to
observe the targeted oxidative cyclisation by cyclic voltammetry
in these systems.

Results and discussion
Synthetic procedures

Switches 1, 2 and 3 were obtained by synthesising the thienyl-
based arms upon reacting 3,5-dibromo-2-methyl-thiophene (6,
Scheme S17}) with the needed boronic acids via Suzuki-Miyaura
coupling reactions. These intermediates were then used in two
different routes (Scheme 1, routes a and b) to afford the target
photochromes. Route a involves the synthesis of the boronic
acid pinacol ester (13) which is then reacted with 2-phenyl-4,5-
di-bromo-thiazole (14) in a double cross-coupling reaction. On
the other hand, route b envisages the C-H arylation of inter-
mediates 16 and 17 with the brominated intermediates 11 and
12. Overall, even if both routes are effective for the synthesis of
these derivatives, route b is recommendable since it allows to
obtain the photochromes in higher yields and it offers higher
flexibility as the intermediates 16 and 17 can be potentially used
in the synthesis of dissymmetric derivatives, bearing differently
functionalised arms.

In the case of photoswitches 4 and 5 (Scheme 1, routes ¢ and
d), 2-(4-(diphenylamino)phenyl)-4-bromo-5-methyl-thiazole (20)
was used in the direct arylation of intermediates 21 and 22 to
afford the desired terphenylthiazole 4 and the dissymmetric
terarylene 5. Full details of the synthetic procedures (Scheme S1
and S2) are provided in the ESIL{ with the characterisations of
all new products.

Route b
E, s P(tBu);MeHBF. s
NT . _@_(/ff PIVOH. Cs,COy N
s Pd(OAc), D
{ S\ xylenes, Ar ’S\ S O R
11: R =SCH,3 145°C, 24 h O
R 12: R = NPh, R 2:R=SCHz 62%

16: R = SCH3 3:R=NPh, 65%

17: R = NPh,
Route d
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N Br _PWOH, Cs,C05
+ (Ph)N —©—< I Q
Pd(OAc),
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S 20 145°C, 24 h
~o
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Scheme 1 Last steps of the synthetic routes (a, b, ¢ and d) of switches 1-5.
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Photochromic properties

The photochromic behaviour of 1 was investigated in acetoni-
trile at room temperature using steady-state absorption spec-
troscopy, while 2, 3 and 5 were studied in acetonitrile + 2% v/v
dichloromethane to guarantee complete solubility. Dichloro-
methane was used for terphenylthiazole 4 for solubility reasons.

The solutions were not degassed before irradiation. The
spectral evolution of terarylene 1 in pure acetonitrile under UV
irradiation at 320 nm is provided in Fig. 3, where the open form
(10) spectrum is indicated with a black solid line and the ach-
ieved photostationary state (o = 94%) with a blue solid line. A
red dashed line is used to show the spectrum recorded after
having kept the irradiated solution in the dark at room
temperature for 85 minutes and suggests that closed isomer 1c¢
is thermally stable under those conditions.

The open form of terarylene 1 is characterised by an intense
absorption band in the UV region, with A;,,x = 300 nm. Under
irradiation at 320 nm, a rapid conversion to the closed form is
observed, as confirmed by the growth of a broad absorption
band peaking at 636 nm and a sharp band at 400 nm, that is
accompanied by a shoulder. This reaction is reversible and 10
can be restored upon light irradiation at 600 nm (Fig. S17).

The spectra for the other photochromes 2-5 are provided in
Fig. S2-S51 and show that the OFs absorb in the UV region too,
with A« between 300 and 375 nm, and their respective CFs are
characterised by broad absorption bands peaking between 600
and 700 nm after UV light irradiation. As in the case of 1c,
terarylenes 2c-5c are thermally stable and can be irradiated in
the visible to induce the cycloreversion to the corresponding
open form isomers.

Moreover, for switches 4 and 5 bearing a 2-(4-
(diphenylamino)phenyl)-4-bromo-5-methyl-thiazole arm (20)
which is strongly fluorescent (emission spectrum in Fig. S67)
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Fig.3 Spectral evolution of 1 (1.84 x 107> M) in CHsCN under UV light
irradiation (320 nm) from the open form (1o, black solid line) to the
photo-stationary state (blue solid line, a;c = 94%). The spectrum
recorded after having kept the irradiated solution in the dark at room
temperature for 85 min is provided with a red dashed line. Optical path
of the cuvette: 1 cm.
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with a quantum yield of 67% in dichloromethane (A = 462
nm), an emission band at 445 nm was observed for both
compounds (emission spectra in Fig. S7 and S8%). The fluores-
cence quantum yields in CH,Cl, for 4 and 5 are 7% and 11%,
respectively.

Electrochemical properties

The electrochemical properties of the five photochromes were
investigated by cyclic voltammetry (CV) at room temperature in
acetonitrile or dichloromethane/tetrabutylammonium hexa-
fluorophosphate (TBAPF¢) 0.1 M with a scan rate (v) of 100 mV
s~'. Dichloromethane was used for 2-5 since no total dissolu-
tion could be achieved in acetonitrile.

For all the five switches, an irreversible two-electron oxida-
tion wave was detected for the open forms (10-50), as it can be
observed in Fig. 4. This oxidation occurred at lower potential for
30 when compared to 10 and 2o, as expected from the stronger
electron-donating diphenylamino group (Fig. 4c).

Focusing on the cyclic voltammogram of 1, it can be
observed that the neutral open form isomer (10) is irreversibly
oxidised at 1.12 V vs. SCE. On the back scan, two one-electron
cathodic waves appear at E;, = 0.28 V and 0.42 V vs. SCE,
where E;, is the average potential between anodic and cathodic
peak potentials. By comparing these features with those
observed in the CV recorded for the photogenerated 1c after
irradiation of 10 at 365 nm (Fig. 4a, grey dashed line), it can be
concluded that such waves correspond to the two consecutive
single-electron reductions of the doubly oxidised closed form
(1¢®"), produced by the oxidation of 10 during the forward scan,
leading eventually to the neutral closed form species (1c). This
behaviour suggests that redox-active 1 undergoes a relatively
fast chemical ring-closing reaction following the electro-
chemical process, as previously proposed by Feringa and co-
workers for similarly functionalised dithienylethenes.**

Whether the ring closure occurs only at the radical state
(through an ECE mechanism) or at the dicationic state (through
an EEC mechanism) is discussed later.

A similar electrochemical behaviour was observed for 2 and 3
(Fig. 4b and c). However, the redox waves of the closed form
isomers appeared to be more separated in the case of 2, while
almost completely merged for 3. The larger the separation, the
more stable the radical species (or the less thermodynamically
favourable its dismutation) is. This might be in part explained
by the use of dichloromethane as solvent.*

A different behaviour was observed for 4o (Fig. 4d). After
a two-electron oxidation at around 1 V vs. SCE, the back scan
shows an irreversible reduction wave at 0.40 V vs. SCE which
cannot be unequivocally ascribed to the reduction of the dica-
tionic closed form 4c¢>* since the photogenerated 4c¢ also
displays a two-electron redox process at the same potential, but
in a reversible manner. Moreover, it is worth noting that this
behaviour can be repeated over 25 cycles with no current loss
(Fig. S91). A possible explanation is the impossibility to elec-
trochemically induce the isomerisation at the dicationic state
for 4, the electrochemical response corresponding thus only to
the reversible, but slow two-electron process. Additionally,

Chem. Sci., 2025, 16, 12499-12509 | 12501
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Fig. 4 CVsof (a) 1 (1 mM) in CHsCN/TBAPFg 0.1 M, (b) 2 (1 mM) in CH,Cl,/TBAPFg 0.1 M, (c) 3 (1 mM) in CH,Cl,/TBAPFg 0.1 M, (d) 4 (1 mM) in
CH,Cl,/TBAPFg 0.1 M and (e) 5 (1 mM) in CH,Cl,/TBAPFg 0.1 M. The CVs of the open form isomers (i.e. 10, 20, 30, 40 and 50) are provided with
black solid lines. The waves that were observed after partial conversion to the closed form isomers (i.e. 1c, 2c, 3c, 4c and 5c) by irradiation at

365 nm are shown with grey dashed lines. » = 100 mV s,

multiple-cycle CVs were recorded for 4 after irradiation and
showed that 4c¢ could be oxidised to 4¢>* and back reversibly
(Fig. S107) while no irreversible wave at 0.40 V vs. SCE was
detected.

On the contrary, the behaviour of the open form isomer of 5
is similar to 1-3 since it can be irreversibly oxidised at 1.02 V vs.
SCE leading to two one-electron cathodic waves at E;,, = 0.35V

Table 1 Redox potentials vs. saturated calomel electrode (SCE) in
CH3CN or CH,Cl,/TBAPFg 0.1 M of the five investigated switches. For
reversible processes: Ej, = average potential between anodic and
cathodic peak potentials; AE = anodic to cathodic peak potential
difference. For irreversible processes: E, = anodic peak potential

OF CF
Eyp o1 Ep [V] AE [mV] Eyp or Ep [V] AE [mV]
1¢ 1.12 (irr) — 0.28 60
0.42 60
2? 1.18 (irr) — 0.32 80
0.56 80
3° 0.90 (irr) — 0.20 180
4® 1.03 (—) — 0.47 120
50 1.02 (irr) — 0.35 90
0.51 90

“ Solvent: acetonitrile. ” Solvent: dichloromethane.

12502 | Chem. Sci., 2025, 16, 12499-12509

and 0.51 Vvs. SCE on the back scan, suggesting the reduction of
5¢>* to 5¢, as confirmed by the CV on the solution irradiated at
365 nm, where the same two redox waves are observed (Fig. 4e).
These results prove that the presence of at least one electron-
rich thienyl-based arm is necessary for the oxidative cyclisa-
tion to occur in the investigated switches. Additionally, as this
derivative and its precursor are fluorescent, a potential appli-
cation in electrofluorochromism can be envisioned (Fig. S117}
for a proof-of-concept experiment on precursor 20).**

The main electrochemical characteristics are summarised in
Table 1.

Interestingly, unlike their dithienylethene counterparts,***
our thiophene-containing systems showed an atypical behav-
iour upon recording multiple-scan CVs with the irradiated
solutions. The case of terarylene 1 is depicted in Fig. 5, while the
voltammograms for 2, 3 and 5 are provided in Fig. S12-S14.1 A
loss of the closed form isomer at the vicinity of the electrode
surface is found over multiple oxidation-reduction cycles in the
potential window of the redox processes of 1c¢ since the peak
current is decreasing at each iteration (Fig. 5a).

Besides, when the CV is recorded over the whole potential
window (Fig. 5b), an increase of the peak current corresponding
to 1o oxidation is observed, meaning its local concentration also
increases. The two above observations suggest the occurrence of
an electro-activated cycloreversion from 1c to 1o close to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CVs of 1 in CH3sCN/TBAPFg 0.1 M after partial photo-
isomerisation through irradiation at 365 nm showing (a) the loss of the
closed form isomer in the diffusion layer over three oxidation—
reduction cycles and (b) the increase of the open form isomer at
expense of the closed form in the diffusion layer when two cycles are
recorded up to the potential of the oxidation of 10. » = 100 mV s %.

electrode. This behaviour, if confirmed, would be the first
experimental observation of coexisting oxidative ring-closing
and ring-opening reactions.

This unanticipated feature was further investigated by
recording CVs for 10 and 1c at different scan rates and the ob-
tained voltammograms are presented in Fig. S15.7 Concerning
1o (Fig. S15,f left), the two-electron oxidation remained
unambiguously irreversible while increasing the scan rate from
25 mV s ' to 4 V s (limit of our equipment), suggesting
a relatively large rate constant for the chemical step leading to
ring closure. In the case of the DTE counterpart of 1, Feringa
and co-workers reported that the irreversible signature was
observed up to 1000 V s~ ', corresponding to a ring-closure
kinetic constant greater than 10* s™'. While it would be
reasonable to assume comparable rates for our investigated
thienyl-based terarylenes, the lower limit for ring closure would
rather be 10? s if ring closure occurs at the dicationic state
(EEC mechanism, vide infra and in the ESI¥).

In contrast, a significant impact could be observed on the
two waves related to the closed form isomer at faster scan rates,
suggesting an improved reversibility of the corresponding
electrochemical processes. This indicates that at higher scan
rates (i.e. short measurement times), the above mentioned
electro-activated cycloreversion from 1c to 10 barely has time to
occur. This is confirmed with CVs after partial conversion to the
photogenerated closed form (Fig. S15,1 right), where the
disappearance of the CF species in the diffusion layer was
significant at a slow scan rate such as 25 mV s ', while it was

almost prevented at v =1V s~

Spectroelectrochemical studies

To better elucidate the redox-triggered processes of 1 and
possibly identifying the transient species involved in its iso-
merisation under an electrochemical stimulus, spectroelec-
trochemical experiments at room temperature were carried out
in acetonitrile/TBAPFs 0.1 M. A solution of 10 was initially
electrolysed at 1.30 V vs. SCE. The induced spectral evolution
was followed by UV-vis spectroscopy (Fig. 6a).

Because of the oxidation, the bands at 253 nm and 302 nm
decreased while three new bands grew at 400 nm, 470 nm, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Spectral evolution of 1o (2.27 x 10™* M) in CHsCN/TBAPFg
0.1 M under oxidation at 1.30 V at RT. (b) Spectral evolution of 1c*
(2.27 x 10™* M) in CHsCN/TBAPFg 0.1 M under reduction at 0.50 V at
RT. Optical path of the cuvette: 1 mm. For both (a) and (b), 1 spectrum/
minute was recorded, but in the case of (b), a selection of spectra is
provided for the sake of clarity.

600 nm and remained quite stable after the end of the oxida-
tion. These new spectral features are attributed to the dicationic
species 1¢>*. The formation of this species after the oxidation is
so fast that neither the monocationic radicals (either in the
open or the closed form) nor 10>* are observed as intermediate
species during the oxidation.

Then, a second electrolysis was carried out at 0.50 V, that is
the potential at which the wave for the one-electron reduction
1¢** — 1c¢* starts, thus attempting to obtain an optical signa-
ture of the radical species. Instead, a return to the open form is
observed (Fig. 6b).

Similar spectral evolutions were observed also for 2, 3 and 5
and the corresponding spectroelectrochemical experiments are
provided in Fig. S17-S26.1 This result suggests a possible ring-
opening reaction at the radical stage. If happening, 10"
generated from cycloreversion would be rapidly reduced to 1o
while maintaining the electrode potential at 0.50 V during the

Chem. Sci., 2025, 16, 12499-12509 | 12503
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electrolysis, since it is electrochemically generated from 10 at
much higher potential (at least 1.12 V). In addition, a full return
to 1o can be achieved by further lowering the potential to 0.20 V
(Fig. S167), indicating that 10 can be switched to 1¢** and then
reobtained through an oxidation-reduction sequence.

Possible mechanism ruling the bidirectional dual-responsive
isomerisation

Terarylene 1 was chosen to investigate the underlying mecha-
nism of such bidirectional behaviour. Additionally, given their
qualitatively similar redox behaviour, the presented mechanism
should be valid also for 2, 3 and 5.

Since the photo-generated neutral 1c is thermally stable at
room temperature, the ring-opening reaction might occur
either at the dicationic redox state,*®*” or at the radical one.

First, the thermal stability of the dicationic species 1¢** was
qualitatively evaluated by oxidising a solution of 10 in acetoni-
trile with two equivalents of tris(4-bromophenyl)ammoniumyl
hexachloroantimonate (also known as “magic blue”,
E, = 0.67 V vs. Fc in acetonitrile).*® The obtained spectrum is
shown in Fig. S27.1 The solution was kept in the dark at room
temperature for 1 h and, as only a slight spectral variation was
detected, 1¢** can be considered relatively stable. Consequently,
we postulate that the thermal ring-opening is more probably
occurring at the radical redox state (see also the “Theoretical
modelling” section below), according to the following chemical
equilibrium (eqn (1)):

1" s 1™ (1)

Stopped-flow experiments were carried out to investigate this
cycloreversion at the radical state.

Upon reducing a solution of 1¢>* (previously prepared by
electrolysing a solution of 10 at 1.2 V vs. SCE, details in the
“Stopped-flow measurements and chemical red/ox experi-
ments” section of the ESI, Fig. S28%) with 1 eq of deca-
methylferrocene  (Mey,Fc, E;) =019V v SCE in
acetonitrile),”® no bands of the dicationic species could be
observed after the mixing time (10 ms), but a band at 422 nm
and one at 763 nm were detected (Fig. 7) and attributed to 1¢*".

The disappearance of the radical bands was accompanied by
a concurrent growth of the bands of 1¢>* with isosbestic points
at 453 nm, 497 nm and 651 nm. This is ascribed to the cross-
dismutation between the newly formed 10"and a neighbour
1¢™ molecule, as in eqn (2), which leads to a recovery of 50% of
the initial concentration of 1¢>*.

1o™ + 1c** — 1o + 1¢** (2)

By monitoring the disappearance of the band at 763 nm over
time (ca. 30 s), an apparent kinetic constant of 0.2 s~" was
determined for the cycloreversion of 1¢*", through a mono-
exponential fit (Fig. S29bt). It is worth noting that this value is
an overestimation since 10", once generated, is consumed
quickly according to eqn (2) given the large oxidation potential
difference between the two species, further displacing eqn (1).
Such an order of magnitude for the kinetic constant is

12504 | Chem. Sci., 2025, 16, 12499-12509
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Fig. 7 Stopped-flow absorption spectral evolution upon reduction of
a 1c®* solution (2.27 x 107> M) with a MeygFc solution (2.27 x 107> M)
in CHzCN. Mixing time: 10 ms. Optical path: 1 cm.

consistent with what was determined by Kawai and co-workers
in their investigation of the ring-opening reaction of radical
closed-ring terarylenes.*

The same spectral evolution was observed when such
chemical reduction conditions were applied in stationary UV-vis
experiments, confirming the formation of a 1:1 10/1¢** solu-
tion after the reduction of 1¢** with 1 eq of Me,,Fc (Fig. S307).

Next, stopped-flow monitoring of the reduction of 1¢** with
1.8 eq of decamethylferrocene was performed. Upon using such
a larger amount of chemical reductant, the formation of 1c in
addition to 1¢™ could be detected after the mixing time
(Fig. 8a). The presence of the neutral closed form isomer
allowed the occurrence of the cascade mechanism proposed by
Kawai's group® (eqn (3)), where 1¢”" acts as a “catalyst” of the
ring-opening of 1c towards 1o. This is suggested by the decrease
of the band of 1c¢ between 600 nm and 700 nm, while the band
of 1¢*" at 763 nm remained stationary until the total
consumption of the neutral closed form (ca. 10 s, Fig. 8b) before
disappearing with an apparent kinetic constant of 0.18 s~
(Fig. S31b¥).

lo*" +1c > 1o + 1c™" (3)

The occurrence of this bimolecular reaction was further
confirmed by stationary UV-vis spectroscopy (Fig. S32+). A fast
return to 10 was observed upon addition of a catalytic amount
(0.10 eq) of ferrocenium tetrafluoroborate (freshly prepared
solution in acetonitrile, under Ar; E; =0.40 V vs. SCE in
acetonitrile)* to a non-degassed solution of 1 at the photosta-
tionary state (a3, = 94%) in acetonitrile at room temperature.
One spectrum every 0.4 min was recorded after the addition of
such sub-stoichiometric amount of oxidant and =90% of 1¢ was
reopened to 10 in 2 min ca. (orange dashed-dotted line in
Fig. S31%).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Stopped-flow absorption spectral evolution upon reduction of
a 1c?* solution (2.27 x 107> M) with a Me;oFc solution (4 x 107> M) in
CH3CN (a) during the first 10 s and (b) between 11 s and 32 s. Mixing
time: 10 ms. Optical path: 1 cm.

Two radical species being involved, the disproportionation
of 1¢*" (eqn (4)) and 10" (eqn (5), where 10*" would then
spontaneously cyclise to afford 1¢**) should be also considered
to give a more complete overview of all the possible reactions
that could occur.””

21" s 1c + 12 (4)
210" S 1o + 10** (5)

Note that the disproportionation of 1¢* (eqn (4)) is not
thermodynamically favourable as the electrochemical behav-
iour of 1c shows two successive single-electron processes (as
discussed above), but the reverse reaction (i.e. comproportio-
nation) is, and this has an impact on the CV response (see
“Cyclic voltammetry simulation” section in the ESIT).

The dismutation of 10" (eqn (5)) is likely an unfavourable
competitive reaction of the cross-dismutation (eqn (2)) or the
oxidative cascade ring-opening of 1c (eqn (3)) in most

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experimental conditions described here and therefore it will not
be explicitly considered in the next sections since 10" is poorly
accumulated, unlike 1¢**, thus making this reaction statistically
less probable.

Based on the different results obtained, the overall bidirec-
tional dual-responsive behaviour of 10 is summarised in Fig. 9
and highlights the versatile nature of such a molecular switch
which has reversible access to two different closed form isomers
depending on the chosen stimulus. The neutral open form can
reversibly isomerise towards the neutral closed form (1c) upon
light irradiation and switch to the dicationic closed form (1¢*")
upon oxidation-induced cyclisation. The generation of the
intermediate radical species 1¢™" allows to restore 10 through
cycloreversion at the radical state, meaning that 10 and 1¢>* can
thus be interconverted by reversible isomerisation through an
oxidation-reduction sequence and that 10 can also be restored
upon one-electron oxidation of 1c.

To further support the proposed mechanism, coupled
electrolysis-EPR spectroscopy of 10 (2.5 mM) in CH,Cl,/TBAPF
0.24 M was carried out with an in house three-electrode setup
placed inside an EPR tube (details in the ESIT and its “Coupled
electrolysis-EPR spectroscopy” section). Once determined the
potentials to use through cyclic voltammetry (Fig. S331), EPR
spectra were recorded before electrolysis (i.e. for 10), during an
oxidation at 1.3 V (i.e. for 1¢**) and during a reduction at 0.5 V
(Fig. $347). While no signal was observed for 10 and 1¢**, a non-
persistent organic radical (g = 2.0037) was detected on the first
scan during the electrolysis at 0.5 V, thus providing evidence of
the generation of a radical species (i.e. 1¢*"). The fact that the
radical could not be accumulated is in agreement with the
occurrence of the ring-opening reaction at the radical state (eqn
(1)) and the ensuing consumption of 10" during the
experiment.

Having experimentally determined the apparent kinetic
constant for the ring-opening of 1¢*", cyclic voltammetry
simulations as well as simulations of the time traces of the
stopped-flow experiments were carried out to support the
proposed mechanism (details in the ESI,1 “Cyclic voltammetry
simulations” and “Time traces simulations” sections, respec-
tively) and estimate the equilibrium constant of such cyclo-
reversion at the radical state (eqn (1)) and the rate constants of
the bimolecular reactions (eqn (2) and eqn (3)).

The disproportionation of 1¢** (eqn (4)) was included in both
the time traces and CV models. As mentioned above, the ther-
modynamic equilibrium constant for this reaction is imposed
by the AE between the two consecutive one-electron transfers
involving the closed form and it is equal to 0.0043. The rate
constants for disproportionation and comproportionation (eqn
(4)) were estimated by cyclic voltammetry simulations to be at
least greater than 10° s™* M~ " and 2.32 x 10> s~ ' M, respec-
tively, while keeping their ratio fixed to 0.0043. Note that only
a lower possible value of the rate constants may be estimated
since above a certain value the contribution to the CV simula-
tion is negligible, probably due to the fact that the reaction
becomes too fast so that the process is limited by the diffusion
rate of 1c and 1¢>*. These values were used in the time traces
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Fig. 9 Mechanism summarising the bidirectional photochemical and electrochemical reactions of terarylene 1 involving its open form (10),
closed form (1c) and dicationic closed form (1c2*). The cycloreversion at the radical state (egn (1)) is indicated with red arrows. The bimolecular
reaction between 1o0™* and 1c** (egn (2)) is graphically shown with an orange dotted arrow and the cascade reaction proposed by Kawai's group®
between 1o** and 1c (eqn (3)) is depicted with a light green dotted arrow. R = p-OMe-Ph.

simulations (vide infra and the corresponding sections in the
ESIf).

The simulations of the CVs of 1 at ¥ = 100 mV s~ " were
performed with DigiElch8 (“Cyclic voltammetry simulations”
section in the ESIT). Concerning the simulation of the cyclic
voltammogram of 10 (Table S1t), the formation of 1¢** was
ascribed to two concerted one-electron oxidations of 10 leading
to spontaneous ring-closing reaction at the dicationic state with
a kinetic constant k of at least 100 s™* in accordance with the
literature.”* Attempts to model this electrochemical reaction
through an ECE mechanism (i.e. one-electron oxidation of 10 to
10" which spontaneously cyclises to 1¢* and then is further
oxidised to 1¢**) showed that improved reversibility should have
been observed at faster scan rates (which is not the case
experimentally), thus supporting the proposition of two simul-
taneous single-electron transfers (EEC mechanism).*
Regarding the ring-opening of 1¢™ leading to 10", a kinetic
constant (kp) equal to 0.1 s~" was used. For the bimolecular
reactions between 10" and either 1¢** (eqn (2), vide supra) or 1¢
(eqn (3), vide supra), irreversibility was assumed and rate
constants of at least 5 x 10° s™* M~ and 9 x 10° s™* M},
respectively, were considered. A larger constant for the reaction
between 10" and 1c¢ (eqn (3)) compared to that for the reaction
between 10" and 1c** (eqn (2)) is coherent with the neutral
closed form species 1c being a better reductant than the closed
form radical 1¢*".

The simulated CV is depicted in Fig. $36,} where K, for 10"
& 1c¢™ is set to 20, and the inclusion of the disproportionation
of 1¢™ (eqn (4), vide supra, and light orange row in Tables S1 and
S2t) is needed to obtain a satisfying fit. This is even more
relevant in the case of the modelling of the CVs for 1c (Table S2
and Fig. S377) since there is coexistence of 1¢ and 1¢** during

12506 | Chem. Sci, 2025, 16, 12499-12509

the experiment. Indeed, once 1¢>" diffuses towards the solution
after being formed upon oxidation at the vicinity of the elec-
trode, it can react with 1c diffusing from the bulk of the solution
towards the electrode. This comproportionation reaction can
lead to an accumulation of 1¢** far from the electrode, which
then reopens into 10", itself being reduced either by 1¢ (most
probably) or by another 1¢™ (cross-dismutation reaction)
eventually affording 1o, thus contributing significantly to the
electrochemically-induced cycloreversion.

A further refinement of the modelling for 10 by including
a parasitic process consuming 1¢>* due to degradation of redox-
active DAEs under the electrochemical conditions®*® is dis-
cussed in the ESLt

Regarding the CVs of the photo-generated 1c at » = 100 mV
s ' (Fig. S371), the disappearance of the waves over multiple
cycles could be modelled with the above-mentioned values,
further confirming the validity of the rate constants for the
processes involved and the overall mechanism.

Finally, CVs were also modelled for different scan rates and
the experimental trends were reproduced (Fig. S38 and S397).

The simulation (Fig. S407) of the time trace for the decay of
the band at 763 nm obtained upon reduction of 1¢** with 1 eq of
Me;oFc (Fig. S297) was carried out using Kintek Explorer.*>*° It
was assumed that the ring-opening at the radical state (eqn (1)),
the cross-dismutation between 10" and 1c¢* (eqn (2)), the
oxidative ring-opening of 1c (eqn (3)) and the disproportion-
ation of 1¢** (eqn (4)) were involved. The shape of the trace was
best reproduced with k = 0.122 s~ " for 1¢"" —> 10", k = 2.19 s~
for 10" —1c¢™, k = 5.68 x 10° s™' M~! for 10" + 1¢*" — 10 +
1¢?*,and 8.09 x 10" s M for 10" + 1¢ — 10 + 1¢** which are
values in good accordance with the CV simulations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Next, the time traces for the evolution of the bands at 600 nm
and 763 nm observed when 1¢>* was reduced with 1.8 eq of
Me Fe (Fig. S311) were simulated (Fig. S41 and S42+). Satisfy-
ingly, the same rate constants led to an acceptable match
between simulated and experimental time traces at such
wavelengths, further validating their estimation.

Theoretical modelling

To better rationalise and reinforce the proposed mechanism,
DFT calculations were carried out on the five investigated ter-
arylenes (computational details provided in the ESIt). The
geometries of the open and closed forms of 1-5 were fully
optimised at the wB97XD/6-311G(d,p) level of calculations in
acetonitrile in the different redox states 0, +1 and +2. Unless
otherwise stated, the antiparallel open form is considered since
that is the conformer that can undergo ring closure reaction
upon irradiation according to the Woodward-Hoffmann rules.*
The relative energies of the CFs with respect to OFs are pre-
sented in Table 2.

As expected, all the five antiparallel open forms in neutral
state are more stable than the corresponding closed forms, and
the energy differences between the two isomers are not signif-
icantly affected by the different electron-donating nature of the
substituents in this redox state.

The computed energy difference is in the range of
70.5 k] mol " for 4 to 80.8 k] mol " for compound 2. This is well
in line with the aromaticity change of thienyl or thiazolyl arms
from OF and CF isomers as previously proposed by Nakamura.*
The destabilisation due to the loss of aromaticity is calculated to
be between 60 and 65 k] mol " (Table S31). In stark contrast, the
relative stability of the two forms is dramatically reversed in the
dicationic redox state, with the CF being stabilised by more than
100 kJ mol* for all the members of the series.

An intermediate situation is found in the radical redox state,
with much smaller energy differences between the two isomers.
These computational results are in good agreement with the

Table 2 Relative energies (in kJ mol™?) of the closed form isomers of
1-5 in neutral, radical and dicationic states at the wB97X-D/6-
311G(d,p) level of calculations. The values are calculated with respect
to the energies of the antiparallel open form isomers in such redox
states (0 kJ mol ™ for the sake of comparison)

Redox state 1 2 3 1 5

+0

AEcr_or 78.8 80.8 78.9 70.5 73.3

+1

AEceor —22.1 —15.1 5.7 —29.6 0.5

+2

AEcr-or —100.2*  —170.7  —130.7 —127.5  —140.3

% The antiparallel geometries of 1 and 2 in the dicationic open form
state couldn't be obtained since the optimisation converged to the
corresponding dicationic closed forms. The relative energies of the
closed forms were then calculated from the parallel conformation of
the open forms.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

observed experimental data, ie. the two-electron oxidation-
induced cyclisation of 10-30 and 50, the thermal stability of
the corresponding CF**, and are also in favour of a ring-opening
mechanism of the CF at the radical redox state rather than at
the dicationic one.

Additionally, the same calculations were also carried out on
the DTE analogue of 1 investigated by Feringa and co-workers
(“Additional calculation data” section in the ESIf). As ex-
pected, the neutral closed form isomer of the DTE is more stable
than 1c (Table S4,1 37.3 k] mol " for DTEc vs. 78.8 k] mol ') and
the dicationic closed form isomers have similar relative stabil-
ities (Table S4,f —109.6 k] mol ' for DTEc*" ws.
—100.2 k] mol ™), in accordance with the oxidative cyclisation
that both systems show. However, in the case of the radical
state, 1¢"" is considerably less stable than its DTE radical
counterpart (Table S4,1 —22.1 k] mol " vs. —46.9 kJ mol " for
DTEc""), suggesting that the ring-opening is more favourable in
our systems and thus supporting the proposed mechanism.

TD-DFT calculations were also performed to simulate the
optical properties of 10, 1¢, 1¢** and 1¢** (Fig. 10). The calcu-
lated spectra for the neutral open form and closed form of 1 are
in very good agreement with the experimental findings. For 1o,
aweak transition at 357 nm (S, — S;) that appears as a shoulder
in the experimental spectrum and two strong transitions at
305 nm (So — S;) and 301 nm (S, — S,) were predicted.
Interestingly, these two transitions promote an electron towards
the LUMO and LUMO+1 orbitals, respectively. Careful analyses
indicate that these virtual orbitals exhibit a significant density
on the two reactive carbon atoms and a bonding character for
the to-be-formed C-C bond (Fig. S437).

The LUMO+1 being strongly bonding between the reactive
carbons can be labelled as “photochromic” since it triggers the
ring closure reaction.*»** The analysis of the HOMO—1 orbital of
1o is also interesting since it can be anticipated that this orbital
becomes the HOMO for 10>*. HOMO—1 shows a strong bonding

10
403 1c
N 450 1c
N . Tt
305 eon
3 I
8
>
x
7]
[ =
Q
R
£
200

Wavelength (nm)

Fig. 10 Calculated absorption spectra of 1o (black solid line), 1c (blue
solid line), 1c™ (light violet dotted line) and 1c®* (purple dashed line).
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character between the reactive carbon atoms and exhibits
“thermochromic” topology for the dicationic state. Indeed, this
can explain a spontaneous ring closure of the open form in the
dicationic state and why no antiparallel form could be opti-
mised. Similar behaviour for HOMO—1 is observed for 20
while less strong bonding character is observed for 30>*, 40**
and 50>" (Fig. S447).

As for 1c, the calculations predict two strong transitions at
640 nm (So — S;) and 397 nm (Sy — S3), which compare well
with the 636 nm and 400 nm experimental bands. As observed
experimentally, a shoulder is also calculated at 441 nm (S, —
S,).

In the calculated UV-vis spectrum of 1¢*, the energy of the
lowest-energy visible band is overestimated (677 nm vs. 763 nm,
absolute error of 0.21 eV, S, — S,), but overall, compares well
with the experimental spectrum obtained during the stopped-
flow measurements by also predicting a transition at 423 nm
(So = S10, Aexp: 423 nm) and one at 533 nm (So — Sy, Aexp: 557
nm), shoring up the attribution of such spectrum to the
formation of 1¢*".

Last, in the case of 1¢**, the theoretical spectrum is domi-
nated by three electronic transitions at 570 nm, 450 nm, and
403 nm in good agreement with the experimental values (Aexp:
600, 470 nm and 400 nm), thus supporting the formation of
such species upon two-electron oxidation of 1o.

Conclusions

In summary, three terarylenes bearing electron-rich thienyl-
based arms, one terphenylthiazole and one mixed dissym-
metric system have been synthesised and their photo- and
redox-active behaviours investigated. These terarylenes (except
for terphenylthiazole-based 4) were found to display both
oxidative ring-closing of their open forms and oxidative catalytic
ring-opening of their closed forms, besides the expected pho-
toswitching. These redox-active processes have been reported
for dithienylethenes, but not their co-occurrence within the
same molecule. Moreover, despite sharing similar CV features
with their known DTE analogues, oxidation-reduction elec-
trolysis sequences on 10, 20, 30 and 50 do not afford the cor-
responding neutral closed forms. A return to the neutral open
forms is observed instead. In other words, this family of
switches can be reversibly operated between two different
closed form isomers depending on the chosen stimulus. With
the support of CV, stopped-flow and EPR experiments as well as
by DFT modelling, kinetics and cyclic voltammetry simulations,
the observed bidirectional photo- and redox-induced multi-
state isomerisation is rationalised. This unprecedented behav-
iour is ascribed to the combination of the features compatible
with the largely thermodynamically-driven oxidative cyclisation
like in analogous DTEs (i.e. electron-rich thiophene), and
a comparatively less stabilised closed form radical giving rise to
an equilibrium with its corresponding open form counterpart.
Albeit thermodynamically unfavoured, the ring-opening at the
radical state is strongly accelerated by the thermodynamically
favourable and fast consumption of the open form radical in
bimolecular redox reactions either (1) with a neighbouring
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closed form radical or (2) with a neutral closed form molecule.
Such rich redox-switching behaviour, along with easier struc-
tural modifications show the potential of terarylenes for the
development of advanced photo- and redox-responsive molec-
ular switches.
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