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Photochromic compounds are promising for a variety of applications, including molecular solar thermal
(MOST) energy storage. The energy release step and cyclability are critical issues to be addressed for the
development of this technology. We report herein the synthesis and characterization of two diarylethene
molecules featuring one (1) or two (2) pyridine groups as protonatable moieties. Upon UV irradiation,
both molecules undergo a cyclization reaction from the open form (OF) to the closed form (CF). Both
CF are stable for a few days in acetonitrile, and the addition of acid leads to a 600 (1) or 1500-fold (2)
acceleration of the ring-opening reaction, even in catalytic amounts. A kinetic model is proposed to
simulate the reaction, elucidating the contribution of each step to the kinetics and evidencing the

importance of the kinetic control over the protonation thermodynamic equilibrium. Data fitting leads to
Received 25th July 2024 the rates of elementary st d t bers (TON). Followi let ti 1
Accepted 28th August 2024 e rates of elementary steps and turnover numbers . Following a complete reaction cycle,
neutralization of the acid by an equivalent amount of base allowed further cycles. This study represents

DOI: 10.1039/d4sc04973) a significant advancement in the cyclability and the control of the on-demand triggering of the energy-
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Introduction

Photochromic molecules undergo reversible isomerization
under light irradiation between a thermodynamically stable
form and a metastable isomer, leading to a great variety of
applications in chemistry, optics, mechanics or biological
imaging."” In particular, during the forward reaction, light
energy can be chemically stored in the metastable isomer, and
then released as heat during the back reaction.*® To ensure
efficient storage, the design of MOlecular Solar Thermal (MOST)
systems has to meet a certain number of criteria, as outlined by
Moth-Poulsen and others,® including a substantial energy
difference between isomers of the photoswitchable molecule to
maximize the stored solar energy combined with a long-term
storage capacity, an efficient energy release and a good cycla-
bility, facilitated by the use of an external triggering agent. The
on-demand heat release is generally achieved by addition of
a chemical catalyst, such as metal salts or metal complexes.”**
In this work, we focus especially on an alternative method to
release the stored energy while ensuring straightforward
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releasing ring-opening reaction of diarylethenes for future MOST applications.

cyclability, with minimal amounts of protons as a simple trig-
gering agent. In other words, we investigate the trigger of the
back reaction of photochromic compounds using catalytic
amounts of acid.

In our study, we targeted terarylene-based derivatives,
belonging to the diarylethene family of photochromic mole-
cules,"* as they can be obtained through straightforward
synthesis, without potentially harmful perfluorinated rings,
often present in diarylethene structures. Moreover, they are
widely recognized for their excellent fatigue resistance, high
photoconversion' and largely tunable thermal stability,***
which aligns with several criteria for the development of MOST
systems.'®"” Indeed, the thermal stability of diarylethene is
known to decrease upon incorporation of electron-withdrawing
groups conjugated to the photochromic core.””° As part of our
design strategy, we introduced either one or two pyridine
moieties linked to the side-thiophenes and a simple phenyl
substituent on the central thiazole ring, referred in Fig. 1 as
compounds 1 and 2, respectively. In their neutral state, the
pyridine moieties minimally impact the stability of the terar-
ylenes. However, upon protonation, they turn into electron-
withdrawing groups and consequently are expected to
diminish the thermal stability of the closed form (CF).>" In this
paper, we report on the impact of the acidity of the environment
on the back reaction rates, to evaluate precisely the possibility to
control the ring-opening reaction, especially under catalytic
conditions, and we discuss the effect of the number of proto-
natable groups on the photoswitching properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Photochromic reaction of the compounds studied between the
open form (OF) and closed form (CF), in their neutral (1 and 2) and
protonated (1-H* and 2-H,?*) states.

Results and discussion

Compounds 1 and 2 were conveniently prepared via palladium
catalyzed cross-coupling reactions between suitable heterocy-
clic partners: Suzuki-Miyaura coupling followed by direct ary-
lation for 1 and double Suzuki-Miyaura coupling for 2 (cf:
Fig. S1 and detailed procedures in ESIt).>>” The photochromic
reaction of compounds 1 and 2 is depicted in Fig. 1, showing the
conversion between the more stable open form (OF) and the
metastable closed form (CF).

The photochromic properties of both molecules were
studied in acetonitrile at 20 °C under two conditions: pure
acetonitrile (neutral environment) and in the presence of 10
equivalents of para-toluenesulfonic acid (PTSA) in acetonitrile
(acidic environment). The UV-vis spectra of molecules 1 and 2
are shown in Fig. 2. The compounds in their OF absorb in the
UV region with first band maxima at 300 nm (resp. 315 nm) for 1
(resp. 2) in neutral conditions, which are red-shifted to 307 nm
and 340 nm (resp. 330 nm with a shoulder at 365 nm) for 1
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Fig. 2 UV-vis spectra of 1 (top) and 2 (bottom) in the open forms
(black curves) and closed forms (blue curves) in acetonitrile, in neutral
(full lines) and acidic environment (in the presence of 10 eq. PTSA)
(dotted lines).
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(resp. 2) in acidic environment (Fig. 2). Upon irradiation with
UV light (313 nm), colorless solutions in acetonitrile exhibited
the growth of absorption bands in the visible region, associated
with the corresponding CF, peaking at 635 nm (resp. 650 nm)
for 1 (resp. 2) in neutral environment, and 710 nm (resp. 760
nm) for 1 (resp. 2) in acidic environment, corresponding to the
So — S; electronic transition. TD-DFT calculations, using the
CAM-B3LYP functional and the 6-31G+(d,p) basis set, provided
energy transitions well-consistent with the spectroscopy
measurements (Fig. S31).%

In neutral environment, 1 and 2 exhibit similar photo-
isomerization properties, as listed in Table 1. High cyclization
quantum yields (0.38 for 1 and 0.43 for 2, Fig. S2f) were
measured under 313 nm light, leading to conversion yields
close to unity at the photostationary state (PSS, with acr larger
than 0.96 for both compounds). Much lower quantum yields
were determined for the cycloreversion under irradiation at
640 nm (0.006 for both compounds), and close activation energy
values for the thermal back reaction CF — OF were obtained
(115 kJ mol " for 1 and 113 kJ mol ™" for 2, Fig. S57), reflecting
the good thermal stability of the closed isomer (¢, ~ 25 days for
1 and 5 days for 2). Moreover, for both molecules, irradiation
with white light (Xe-lamp), simulating the solar spectrum, leads
to almost quantitative formation of the closed isomer (80% for 1
and 82% for 2, Fig. S10t) which is promising for solar energy
storage applications. On the other side, when the pyridine
moieties of 1 and 2 are protonated in acidic environment, the
cyclization quantum yields at 313 nm are lowered (0.03 for 1-H"
and 0.37 for 2-H,>", Fig. S21). DFT calculations, providing
HOMO and LUMO orbitals, give a possible explanation for the
much lower photocyclization quantum yield of 1-H" (0.03)
compared to 1, 2 and 2-H,>" (between 0.37 and 0.43). Indeed,
the LUMO of 1-H" shows a very limited bonding contribution
on its reactive carbons, due to an electronic distribution local-
ized exclusively on the protonated pyridine side of the molecule
(Fig. S47).

Most importantly, the activation energies of the thermal
ring-opening are much lower in acidic environment
(90 kJ mol™* for 1-H" and 93 kJ mol ™" for 2-H,>", Fig. S57).
These results reveal a clear difference in photochromic behavior
of both compounds 1 and 2 between the neutral and acidic
environments, especially concerning the thermal stability of the
closed isomer. While the CFs of both molecules display rela-
tively high thermal stability in their neutral forms at 20 °C (¢,/,
in the range of several days, c¢f. Table 1), the thermal stability
decreased upon protonation, resulting in ¢, of 1 h for the
monoprotonated derivative 1-H'(CF) and 5 min for 2-H,>"(CF)
(Fig. 3). Thus, the protonation enhances the thermal back
reaction rate by a factor 600 and 1500, respectively, for 1 and 2
compared with a neutral medium. Such an acceleration of the
spontaneous cycloreversion reaction at room temperature has
been reported only a few times in literature.”**° The addition of
Et;N to the acidic solution enabled the recovery of the proper-
ties observed in neutral acetonitrile, demonstrating the chem-
ical reversibility and the good cyclability of the system (Fig. S87).
Moreover, differential scanning micro-calorimetry experiments
on the CF of 1 and 2 allowed the determination of the energy
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Tablel Photochromic properties of compounds 1and 2 in acetonitrile, in absence or presence of 10 eq. PTSA (neutral and acidic environments)

(XCFa d)OFA.CFa ¢CF*>OFb k(jl;‘g.olrC [Sil] E, [k] molfl]/A [><1012 Sil] AHCFﬁOF [k] molfl]
1 0.96 0.38 0.006 4.5 x 1077 115/85 84
1-H 0.79¢ 0.03 n.d. 2.2 x 107* 90/1.8 86
2 0.97 0.43 0.006 2.2 x107° 113/120 113
2-H,*" 0.88¢ 0.37 n.d. 2.8 x10° 93/80 118

“ Irradiation at 313 nm. ? Irradiation at 640 nm. ° Temperature 20 °C. ¢ Irradiation power = 2 mW. ® Not determined.
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Fig. 3 Evolution of the absorbance at 662 nm (resp. 685 nm) corre-
sponding to the decay of the CF of 1 (top) and 2 (bottom) at 20 °C in
acetonitrile (full circles, neutral environment) and upon addition of 10
eq. of PTSA (open circles, acidic environment), CF was produced
beforehand by irradiating the OF at 313 nm. After reaching PSS, irra-
diation was stopped at time zero.

released during the thermal back reaction at 65 °C in neutral
acetonitrile and at 25 °C in acidic acetonitrile.** The AHcr . or
values range between 84 and 120 kJ mol " (Table 1 and Fig. S9,F
consistent with the DFT calculations listed in Table S1+), in line
with the requirements established for potential MOST
applications.®

Quantitative studies of the effect of the protonation proper-
ties in acetonitrile of the OF and CF of both molecules were
determined by progressive addition of a 1.2 x 10~> M solution
of PTSA in acetonitrile to a solution of 1 or 2. Their absorption
spectra with increasing amounts of acid are displayed in
Fig. S6,f showing bathochromic shifts and clear isosbestic
points, with no spectral changes above one (resp. two) equiva-
lents of protons for 1 (resp. 2). This indicates that 1 and 2
behave, in this concentration range, as strong bases. Therefore,
the protonation of the pyridine moieties with PTSA appears to
be quasi quantitative. Moreover, no protonation on the nitrogen
of the thiazole bridge occurs in these concentration ranges.

The proton-dependent thermal back reaction at 20 °C of
both compounds was then investigated. Starting from the PSS,
the absorption spectra were recorded right after addition of
given amounts of PTSA (Fig. S71). The time evolution of the
normalized absorbance value (within the absorption band in

16036 | Chem. Sci, 2024, 15, 16034-16039

the visible of CF) with different amounts of PTSA, is displayed in
Fig. 4.

A clear acceleration of the ring-opening reaction was
observed upon increasing amounts of acid. Remarkably, sub-
stoichiometric amounts of acid are enough to induce a strong
acceleration of the thermal CF — OF reaction, whereas above
one equivalent of protons per pyridine unit (1 eq. for 1 and 2 eq.
for 2), only poor influence of the concentration of acid on the
thermal back reaction was observed. The times at which 10% of
the OF is recovered, noted ¢, are listed in Table 2 for both
molecules in the presence of different amounts of PTSA. These
values reveal a real effect of catalytic quantities of protons on
ring-opening kinetics, with, for example, an acceleration by
a factor of ~50 (resp. ~10) for 1 (resp. 2), in the presence of only
0.1 equivalents of acid, compared to the neutral solution.

To characterize and model the catalytic effect of the protons
in the presence of different acid equivalents, the absorbance
curves recorded at different acid equivalents (Fig. 4) were fitted
with kinetic equations corresponding to the elementary reac-
tions presented on Scheme 1. Each absorption time-profile was
fitted individually and the full list of kinetic rate constants of
proton exchanges were appropriately determined. The average
values of the rate constants, associated with their correspond-
ing standard deviations, are displayed in Table 3. Moreover, in
the case of compound 2, k;, the kinetic rate constant of the

Addition of PTSA|

0.8 ® noPTSA
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® 026eq
0.6 ® 040eq
® 0.70eq
0.4 ® 1.00eq

Addition of PTSA|
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Fig. 4 Kinetics of the thermal back reaction at 20 °C for 1 (top) and 2
(bottom) in the presence of different PTSA equivalents (full circles), and
corresponding curve fits obtained from the kinetic analyses, based on
the mechanism shown in Scheme 1 (black lines).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Proton-catalyzed thermal back reaction parameters of 1 and
2 in acetonitrile

Eq H+ (PTSA) th% [S]a TONmaxb TONmax-thc
1 0 2.4 x 10° — —
0.1 4.6 x 10° 8.8 10
0.3 2.7 x 10° 3.3 3.3
0.4 1.2 x 10° 2.5 2.5
0.7 6.3 x 10” 1.4 1.4
2 0 4.8 x 10* — —
0.1 4.5 x 10° 11.6 20
0.2 2.7 x 10° 6.6 10
0.4 6.5 x 10” 4.4 5
0.6 3.5 x 10* 3.0 3.3
0.9 50 2.1 2.2
1.5 <30 1.3 1.3

@ t100%: time at which 10% of the OF is recovered. ” TONy,.¢ maximum
value of the experimental turnover number. © TONy,: theoretical
maximum turnover number.

ko[CF]
OF <«— CF

ko1[OF][H"] lTko,l[OF-H’] ke [CFI[H'] lT kc4[CF-H']

Ky [CF-HY]

ITERENETN

koa[OF-HYI[H"] ” KoalOFHZ]  keo[CF-HI[H'] ” ke_o[CF-H2 =

Ky CF-HY')

Scheme 1 Elementary reactions governing the proton-catalyzed
thermal back reaction mechanism of 1 and 2.

thermal back reaction of compound 2-H'(CF), which cannot be
isolated, also appears as a fitting parameter and was found to be
(2.0 £ 0.1) x 107* s~". Additionally, we considered that the
protonation rate constants of both pyridine units of 2(OF) were
equivalent (ko; = ko, and ko_; = ko_»). Even though the data
are fitted independently, the low standard deviations indicate
a good correlation of the kinetic model and the experiments
ensure the reliability of the determined parameters.

This modelling can be used to plot the concentration of each
species as a function of time (Fig. S7f) and to deduce an
important parameter of the proton's catalytic efficiency, its
turnover number (TON), defined at every instant as below:

View Article Online
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_ Cor(1) + Copnr (1) —

TON(t) - CH‘ (l — 0)/71 COF)WC([)

where Cop(t) and Cor.1+(2) are respectively the concentrations of
OF and OF-H" at a given time ¢, Ci(t = 0), the initial concen-
tration of acid, n the number of pyridine units per molecule and
Cor we(t) the concentration of OF without catalysis calculated as
Ciot(1 — eik‘)t). The TON curves as a function of time are dis-
played in Fig. S7.7 All curves have a similar shape and reach
a maximum value corresponding to the maximum efficiency of
the proton, which then decreases due to noticeable effect of the
spontaneous back reaction in the absence of a catalyst at long
timescales.

These values of maximum TON, noted TON,,,, for simplicity,
for each experiment are reported in Table 2, and compared with
the theoretical maximum TON, noted TON...., when the
spontaneous CF — OF reaction is negligible (k, = 0). Thus, in
most cases, the catalytic efficiency of the proton is very close to
its theoretical maximum value, which testifies to the perfor-
mance of the catalytic ring-opening compared to spontaneous
opening, especially for compound 1, which features a slower
spontaneous back reaction.

Concerning the global set fitting of parameters, several
deductions can be drawn. Firstly, the 1-H" compound serves as
an effective model for the study of 2-H'. Indeed, both
compounds demonstrate almost identical thermal stability in
the CF: k; of compound 1 was measured at 2.2 x 10~ *s ' and k;
of compound 2 was fitted at 2.0 x 10 * s~ '. Additionally,
analogous proton exchange rate constants ko1, ko_1, ko1 and
kc_1 were obtained for both 1 and 2 (¢f Table 3). However, at
equal proton equivalents below 1 equivalent, the back reaction
of 2 is faster than 1 due to the impact of the double pyridine
protonation that further accelerates the reaction. For example,
at 0.4 acid equivalents, ¢;4¢, is measured at 1200 s for 1 and 650 s
for 2. Secondly, the proton exchange rate constants of both
molecules indicate fast direct protonation reactions (ko1, kog,
kc1 and k¢, determined as ~2 x 10° s~ mol " L) and much
lower deprotonation rate constants (ko_1, ko_2, kc_1 and k¢_o,
in the range of 0.1-0.6 s~ ). Alongside the fit, the concentrations
of every species can be calculated and it was found that less
than 1% of H' species remains in solution (Fig. S71). Therefore,
such values are well-compatible with the strong base behaviour
previously identified for both OF and CF of compounds 1 and 2.

Finally, the thermodynamic protonation constants of the OF,
OF-H', CF and CF-H", namely Ko1, Koz, Kc; and Kc,, can be
estimated from the ratio between the protonation and depro-
tonation kinetic rate constants. For both compounds, the same
tendency is observed: the protonation of the OF is up to 5 times

Table 3 Kinetic (k;) and equilibrium (K;) constants determined by fitting the experimental back reaction kinetics at various PTSA equivalents in

acetonitrile solution

kOl (:kOZ) kO—l kCl kC—l kCZ kC—Z KOl KCl KCZ

[x10% s 'mol ' L] (=ko_3) [x10 " s7'] [x10°s 'mol ' L] [x10 ' s'] [x10°s 'mol ' L] [x10 ' s (=Kop) [x107] [x107]  [x107]
11.7+03 1.2 £ 0.2 1.8+£0.2 22+02 — — 1.5+04 0.8+01 —
2 1.8+02 11401 2.0 £ 0.1 26+04 1.9+01 594£01 1.7 4£02 0.8 £ 0.1 0.35 & 0.07

© 2024 The Author(s). Published by the Royal Society of Chemistry
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more favourable thermodynamically than the protonation of
the CF (Table 3). Thus, over the course of the reaction,
a competition takes place between the protonation of the OF
that has been formed and the CF that has not yet disappeared.
This phenomenon is observed experimentally with the hyp-
sochromic shift in the visible absorption band of the CF while
diminishing, reflecting the progressive deprotonation of the CF
in favour of the OF (Fig. S7t). All these observations indicate
that the driving force behind the catalytic effect lies in the rapid
kinetics associated with the opening of the CF in its protonated
form. Thus, even if the thermodynamics tends to disfavour the
catalytic effect by preferential formation of OF-H' compared to
CF-H', the kinetic effect seems to predominate in these exper-
iments. Based on these results, numerical simulations were
carried out to estimate the relative thermodynamic and kinetic
effects in such a system driven by proton-catalyzed CF — OF
reactions. To do so, the concentrations of the various species in
the kinetic model shown in Scheme 1 were calculated, consid-
ering only the first protonation steps, in the presence of a fixed
catalytic amount of acid, by varying the Ko1/K¢c; and k; param-
eters. The parameter ¢;o, (time at which 10% of the OF is
recovered) was chosen as an indicator of the catalyzed back
reaction rate. The 2D plot of ¢4, as a function of Ko1/K¢; and &y
is shown in Fig. 5.

The horizontal and vertical cross-sections of the 2D plot of
ti10%, shown in Fig. 5 provide a better view of the kinetic and
thermodynamic effects, respectively. For example, when k;
ranges between 10 * and 10> s, for Ko,/K¢ fixed at 0.3 (dotted
curve), the value of t,4, extends from 1.1 x 10* s to 5 s (more
than three orders of magnitude). In contrast, when k; is fixed at

log(k,)
-4 3 2 -1 0 1 2
1 1 1 1 1
4
10 T~
= ~
T 9 .
g s
< 10° o tioy (5)
=ial 2 3 4
1 = 10 10 10

1 1 2

tigy (s) i
10’

10g(Ko1/Kca)
T
(Px/'x)80|

10° -2

log(ky)

Fig. 5 2D plot of the calculated parameter tigy (time required to
recover 10% of the OF) as a function of the thermal back reaction
kinetic constant k; and the ratio of the protonation equilibrium
constants Ko1/Kc1. Horizontal and vertical cross-sections are plotted in
blue: horizontal cross-section = dotted line for Ko1/Kc1 = 0.3; vertical
cross-section = full line for k; =3 x 107> s7%.
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Scheme 2 Charge (absorbing light energy) and discharge (releasing
heat energy) principles, through acid-catalyzed triggered back reac-
tion, demonstrated for compounds 1 and 2.

3 x 107% s " and Ko1/Kc, spans between 10~ and 10, the value
of t,09, varies only from 1.3 x 10% s to 340 s (less than one order
of magnitude). These numerical results agree with the experi-
mental ones, demonstrating that the catalytic effect of protons
is much more impacted by the kinetics than the thermody-
namics of the system. In other words, when the CF-H" —
OF-H" kinetic rate constant is fast enough, the proton-triggered
back-reaction can proceed with high efficiency at catalytic
amounts of protons, even if the thermodynamics is unfav-
ourable. Scheme 2 summarizes this new concept of acid-
sensitive MOST system, enabling to load energy under solar
illumination, then to release the stored energy on-demand, with
catalytic amounts of protons.

Conclusion

In conclusion, we have studied two photochromic compounds
belonging to the diarylethene family, terarylenes 1 and 2, pos-
sessing one and two protonatable pyridine groups, respectively.
Both exhibit excellent photochromic properties in acetonitrile,
with a very slow thermal recovery after irradiation (several days)
making them essentially bistable in the neutral form. Interest-
ingly, this thermal back reaction from the CF to the OF is
significantly accelerated in the presence of acid, since the ¢, at
20 °C is reduced to 1 h for 1 and even 5 min for 2, due to
a substantial reduction of the activation energy of the CF — OF
reaction. Even more noteworthy is the observation that a sub-
stoichiometric amount of acid is sufficient to accelerate this
thermal back reaction: indeed, the addition of 0.1 eq. of protons
reduces the CF — OF time by more than one order of magni-
tude. We have developed a complete kinetic model involving all
the elementary processes of protonation, deprotonation and
ring opening of each species (neutral, mono and doubly
protonated), which proves to perfectly reproduce the experi-
mental observations. In the acetonitrile medium considered,
protonation is extremely rapid and efficient, leading to a suffi-
cient concentration of protonated CF-H', which undergo
a CF-H' — OF-H' reaction much faster than in the neutral
state, giving rise to the overall effect of ring-opening

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acceleration process, despite the low proton concentration. This
demonstrates the kinetic control of the catalytic triggering of
the back reaction, even under unfavourable thermodynamic
conditions. Given that terarylene systems 1 and 2 are also highly
photoresistant, with excellent reversibility, cyclability, and
satisfactory thermal energy release during the CF — OF reac-
tion (in the range of 84-120 kJ mol %), they represent a partic-
ularly original and promising family of photoswitches for MOST
applications allowing the on-demand delivery of thermal energy
by catalytic processes from solar energy.
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