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Molecular systems and devices whose properties
can be modulated using light as an external stimulus are the subject
of numerous research studies in the fields of materials and life
sciences. In this context, the use of photochromic compounds that
reversibly switch upon light irradiation is particularly attractive.
However, for many envisioned applications, and in particular for
biological purposes, illumination with harmful UV light must be
avoided and these photoactivable systems must operate in aqueous
media. In this context, we have designed a benzo[e]-fused
dimethyldihydropyrene compound bearing a methyl-pyridinium
electroacceptor group that meets these requirements. This
compound (closed state) is able to reversibly isomerize under
aerobic conditions into its corresponding cyclophanediene form
(open isomer) through the opening of its central carbon—carbon bond. Both the photo-opening and the reverse photoclosing
processes are triggered by visible light illumination and proceed with high quantum yields (respectively 14.5% yield at A = 680 nm
and quantitative quantum yield at 4 = 470 nm, in water). This system has been investigated by nuclear magnetic resonance and
absorption spectroscopy, and the efficient photoswitching behavior was rationalized by spin-flip time-dependent density functional
theory calculations. In addition, it is demonstrated that the isomerization from the open to the closed form can be electrocatalytically
triggered.

photochromism, dimethyldihydropyrene, spin-flip TD-DFT, spectroscopy, electrochemistry

The efficiency of a photochromic compound is crucial for
aforementioned applications and can be mainly described by
four parameters: (i) the photoisomerization quantum vyield
(@) that quantifies the number of photoisomerized molecules
per number of absorbed photons; (ii) the photostationary state
(PSS), which describes the equilibrium between the different
isomers under light irradiation; (iii) the thermal stability of the
isomers; and (iv) the fatigue resistance. For most applications,
an efficient photoswitch usually requires an almost complete
interconversion between the two isomers, associated with high
quantum yields and a good fatigue resistance. These conditions
have been satisfied with several photochromic families such as
azobenzenes, spiropyrans, or dithienylethenes, opening the
door to a great variety of applications as functional

1. 1921 . 22-24 . .
materials, from optoelectronics to information

Nowadays, thanks to the wide availability of different light
sources (LEDs, lasers, etc.) as well as optical fibers and devices,
the ability to control the properties of molecules and materials
using light is the subject of numerous research studies in the
fields of smart materials, (photo)catalysis, energy, molecular
electronics, or life sciences.”” In this context, an attractive
strategy is to use photoswitches (photochromic compounds)
that can act as key components for such applications.” These
compounds can be interconverted between two (or more)
isomeric forms upon absorption of electromagnetic radiations,
and their isomers usually display distinct properties such as
polarizability, solubility, luminescence, shape, or conductivity.
It is thus possible to optically modulate their properties,
activities, and interactions with their environment. For these
reasons, numerous applications involving photoswitches are
now envisioned in the fields of photopharmacology and
biology by combining noninvasive inputs (light) with
biocompatible photoswitchable molecules or molecular
materials."”” For instance, fascinating photoswitches have
been reported for drug delivery,*™'” oncology,""'* regenerative
medicine'* ™" or super-resolution imaging.'*~
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storage purposes.”**® However, their use in life sciences still
remains a challenge due to the inherent poor water solubility of
organic photochromic derivatives preventing their application
for in vitro and in vivo conditions. In addition, the
photoisomerization process is often induced by harmful UV
light, and the use of photoswitches that can be reversibly
activated by nondamaging visible light is thus required.””~** As
a result, the development of robust and water-compatible
photoswitchable compounds for biological applications stands
as a highly desirable and challenging task.

Several strategies can be used to solubilize organic
photochromic molecules in aqueous media. For example,
photoswitches relying on double-bond photoisomerization
(azobenzenes or stilbenes) have been described as water-
soluble, and their interactions with solvent molecules as well as
their solubilities were modulated due to the polarity difference
between the two isomers (Z/E).*** However, the main
strategies that are currently used for the solubilization of
organic photoswitches in water are based on their
encapsulation in water-soluble hosts or the introduction of
solubilizing groups onto the photochromic core, such as
hydrophilic chains and/or ionic units. Among the solubilizing
ionic groups, carboxylate, phosphonates, sulfonates, and
ammoniums are usually employed.”*> The hydrophilicity of
several dithienylethene compounds was also improved upon
incorporation of pyridinium groups.36_38

In this context, the goal of this work was to design a
photoswitch that can be reversibly converted (i) with high
quantum yields in both directions, (ii) by illumination with
visible light, and (iii) in aqueous media. To reach such
objectives, the trans-dimethyldihydropyrene/cyclophanediene
photochromic couple (DHP/CPD, Scheme 1A) appeared as a
promising candidate. The green dimethyldihydropyrene unit
(DHP; trans-10b,10c-dimethyl-10b,10c-dihydropyrene; closed
form) contains a rigid extended 14 7-electron system with two
methyl groups pointing in opposite directions on either side of
the aromatic plane and can be converted with a high PSS to its
corresponding colorless cyclophanediene isomer (CPD; open
form) upon illumination with visible light, through the opening
of the central carbon—carbon bond.

The reverse process (CPD — DHP; open to closed form) is
usually obtained by UV light irradiation or thermally. This
system, which is a rare example of negative photochromic
couple (i.e, the colored state is the thermodynamically more
stable form), has been much less investigated than other well-
known photoswitches, mainly because of its low quantum yield
of photo-opening (0.6% when illuminated at 380 nm in
cyclohexane).” However, the DHP skeleton constitutes a true
molecular platform that may be chemically functionalized in
many different ways*’ in order to finely tune and improve its
(photochromic) properties, and in particular to address these
systems in the visible region while increasing their quantum
yields of photoisomerization. In this context, among different
possible approaches, a successful strategy to shift the
wavelengths needed for the photoactivation of dimethyldihy-
dropyrene systems toward lower energies is to incorporate
opposite donor—acceptor substituents onto the DHP
core."' ™ For example, switchable donor—acceptor DHPs
working with near-infrared light were recently designed by
Hecht,"* although the reverse reaction (from CPD to DHP
forms) was done thermally due to the moderate thermal
lifetime of the open states.
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Scheme 1. (A) Dimethyldihydropyrene (DHP)/
Cyclophanediene (CPD) Isomerization; (B) Structures of
BDHP, DHPPy', and NDHP; (C) Representation of the
Investigated BDHPPy'/BCPDPy* Couple
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Subtle chemical functionalization of the DHP moiety can
also dramatically increase its quantum yields of isomerization.
In particular, Mitchell and co-workers have demonstrated that
the photoconversion rate of DHPs can be significantly
improved using annelated benzenoid-DHP derivatives and in
particular the benzo[e]-DHP compound (BDHP, Scheme 1B).
Indeed, this compound can be isomerized with a photo-ring-
opening quantum yield of ®__, = 7.4% upon illumination at 4,
= 389 nm in toluene.”® In 2011, the naphthoyl-substituted
DHP compound (NDHP, Scheme 1B), in which internal
methyl groups have been replaced by isobutenyl units in order
to stabilize the CPD form, could be converted in toluene by
illumination at 4., = 551 nm with a remarkable quantum yield
(®._,) of 66%." More recently, we have reported that a
suitable functionalization of the DHP core by pyridinium
group(s) may drastically enhance the quantum yield of the
photo-ring-opening reaction while lowering the energy of the
incident wavelength.”’ = In particular, the monosubstituted
compound DHPPy" (Scheme 1B) can be isomerized with a
quantum yield ®__, = 9.3% at 4., = 660 nm in CH;CN. Such
performance was explained by the electron-withdrawing
character of the pyridinium group inducing a charge transfer
character to the excited states thus allowing a photo-
isomerization at lower energies, directly from the lowest
singlet excited state (S;).”’ These few examples have
demonstrated that DHP/CPD derivatives can act as
competitive photochromic couples. However, in all the
above-cited examples, the ring-closure reactions (CPD —
DHP) were achieved using UV light illumination.

Following these previous studies, and driven by preliminary
calculations, we chose to rationally synthesize and investigate
the benzo-fused pyridinium dimethyldihydropyrene derivative

https://doi.org/10.1021/jacsau.2c00552
JACS Au 2023, 3, 131-142
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Scheme 2. Synthetic Procedure for the Preparation of BDHPPy', I" and BDHPPy", PF,~
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tBuDHP BDHP BDHPBr
Mel KPFg (aq.)

CH,Cl,, RT, Overnight

BDHPPy

BDHPPy" (Scheme 1C), associating both a benzo[e]-fused
DHP and a methylpyridinium unit. Indeed, such a donor—
acceptor system was expected to operate using illumination at
low energies while improving the photo-ring-opening process.
In addition, if the pyridinium group was introduced because of
its electronic effects, its second important role was to increase
the hydrophilicity of the system due to its positive charge.

The target photochromic compound BDHPPy?, as its I” and
PF,~ salts, was prepared following the synthetic route
summarized in Scheme 2. The benzo[e]-fused compound
(BDHP) was first prepared in three steps from 2,7-di-t-butyl-
trans-10b,10c-dimethyl-10b,10c-dihydropyrene (tBuDHP), fol-
lowing the procedure reported by Mitchell and Ward.”’BDHP
was then brominated by the reaction of one molar equivalent
of N-bromosuccinimide (NBS) in a mixture of DMF and
CH,Cl, (yield: 74%).>> The mono-brominated compound
BDHPBr was then subjected to a Suzuki—Miyaura coupling
reaction in the presence of 4-pyridylboronic acid and
tetrakistriphenylphosphinepalladium(0) as a catalyst, and
BDHPPy was obtained in 82% yields. This compound was
then methylated using an excess of methyl iodide providing
quantitatively BDHPPy", I” that was isolated as a red-brown
powder. The latter compound could then be subjected to an
anion metathesis using a saturated aqueous solution of KPF to
afford BDHPPy*, PE,~ (92%).

The structures of these compounds were confirmed by 'H
and C nuclear magnetic resonance (NMR) spectroscopy
methods as well as mass spectrometry analyses (see the
Experimental Section and the Supporting Information).

The photochromic properties of BDHPPy* were investigated
with I” and PF;  as counter-anions. Indeed, the two salts
exhibit different solubilities: whereas BDHPPy*, PF,~ was

BDHPPy*, I
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MeOH, RT, 10 min

BDHPPy*, PF¢-

lipophilic and soluble in a wide range of organic solvents,
BDHPPy", I" was found to be water-soluble. Using this
interesting feature, the photochromic properties of the
BDHPPy" moiety could be investigated both in organic
solvents and in water.

The proton NMR spectrum of BDHPPy*, PF~ recorded in
CD;CN (Figure 1A), corroborates the structure of the closed

A

BDHPPy*

L

BCPDPy*

i

9 8 7

5 4 3 2 1 0 -1
6/ ppm

Figure 1. '"H-NMR spectra of (A) BDHPPy" and (B) BCPDPy" in

CD;CN. ° and * indicate the signals of N*—CHj and internal methyl

groups, respectively. S: solvent peaks.

isomer. Resonances of the aromatic protons of the DHP
skeleton are seen at low field, between 7 and 9 ppm, and the
signal of the N*—CHj group appears as a singlet at 4.3 ppm.
However, the more relevant signal showing that the system is
in its closed state corresponds to the two singlets of the
internal methyl protons that are seen at —1.39 and —1.44 ppm.
Such shift is attributed to the ring current of the delocalized 7-
electrons of the DHP unit and constitutes a real signature of
the closed isomer.”"

The UV/vis absorption properties of BDHPPy" under its
PF,” and I" forms have been measured in acetonitrile and
water, respectively, and were compared to those of its parent

https://doi.org/10.1021/jacsau.2c00552
JACS Au 2023, 3, 131-142
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derivatives, i.e,, tBuDHP, BDHP, and DHPPy" (experiments
were performed in cyclohexane or acetonitrile, depending on
the solubilities of the compounds). Data are given in Figure 2A

A 40000 - —— tBuDHP
T —— BDHP
8 ——  DHPPy*
3 — BDHPPY*
£ 20000+
w
04
400 500 600 700 800
Wavelength (nm)
40000 -
B
300001 —— tBuCPD
£ —— BCPD
"L 200001 —— CPDPy*
3 —— BCPDPy*
w
10000 -
04
300 400 500 600 700 800

Wavelength (nm)

Figure 2. UV/vis spectra of (A) tBuDHP (green curve, in
cyclohexane), BDHP (blue curve, in cyclohexane), DHPPy" (pink
curve, in CH;CN), and BDHPPy", PF;~ (red curve, in CH;CN) and
(B) their corresponding open isomers (with the same color code).
Note: traces of tBuDHP are remaining in the spectrum of tBuCPD
because of the thermal return reaction.

(see also Figure S15). The different compounds absorb in the
visible region and their absorption spectra exhibit main bands
attributed to z—z* transitions. Compared to tBuDHP, the
spectra of BDHP, DHPPy*, and BDHPPy" appeared
bathochromically shifted. In particular, BDHPPy" absorbs in
all the visible range up to 4 = ~700 nm, which is unusual for
benzo[e]-fused DHP derivatives and can be explained by the
presence of the pyridinium unit. Importantly, the visible ranges
of the absorption spectra of BDHPPy" were very close in
organic solvents and water. In particular, no significant
solvatochromic effects were observed suggesting that the
nature of the solvent and of the counter-anion should not play
an important role in the photochromic properties of the
system.

Time-dependent-density functional theory (TD-DFT) cal-
culations of vertical transition energies for BDHP and
BDHPPy" provided results that are in line with the
experimental observations. As illustrated by the natural
transition orbitals displayed in Table 1, the Sy — S, electronic
transition is characterized by a significant charge transfer
character from the benzo[e]-fused-DHP core to the pyridinium
electron-withdrawing group in BDHPPy'. As a result, the
transition energy decreases by 0.22 eV compared to the BDHP
compound, accounting for the red-shift of the absorption
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Table 1. S, — S, Vertical Transition Energies in eV
Computed at TD-DFT Level and Pair of Natural Transition
Orbitals (NTOs) Characterizing the Electronic Transitions

VTE

system (V) NTOs? Kb
7% o
BDHP 2.26 aq”‘ gg ,5‘&&.‘; 0.94
*% 4§ 9 3 " °
v B
S P Rl
BDHPPy* 2.04 +4 9 ve, IS, 0.96

¥

v &
F) &

“Main pair of natural transition orbitals reflecting the dominant
particle-hole excitation character. bAssociated natural transition
orbital eigenvalue.

observed experimentally upon introducing the pyridinium
group (see also Figure S16 for the simulated spectra).

The possibility of photoisomerization of BDHPPy" to its
corresponding cyclophanediene form was demonstrated by
absorption spectroscopy, both in organic and in aqueous
solvents. When a solution of BDHPPy" was irradiated at 4., =
660 nm, a color change from red to bright yellow was rapidly
observed. This effect corresponds to a disappearance of the
visible absorption bands of the BDHPPy" isomer which is
accompanied by the growth of new bands in the UV range
(around 280 nm), combined with a remaining absorption at
~402 nm that extends up to 500 nm. This evolution is given in
Figure 3, and the absorption spectra of the other investigated

tBu

0.14 ! u AN 1 C N
] S Aex=660 nm M S~
0.12 4 OQ‘?' ERE S J e
Bu tBu
8 0.10 + l BDHPPy* BCPDPy*
E 0.08 4
S
2
-2 0.06
0.04 4
0.02 4
0.00 4

300 400 500 600 700

Wavelength (nm)

Figure 3. UV/vis absorption spectra evolution of a solution of
BDHPPy*, I" in H,O during irradiation with visible light (1., = 660
nm). Time between two consecutive spectra: 30 s. The isomerization
of BDHPPy*, I" to BCPDPy", I” is observed.

open isomers are given in Figure 2B for comparison. The open
BCPDPy" isomer absorbs at lower energies compared to the
cyclophanediene forms that do not contain pyridinium group,
which may indicate that its photoclosing process (open to
closed form) can be envisaged using irradiation with visible
light.
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In the same manner, when the NMR tube containing
BDHPPy" was illuminated with visible light at 4., = 660 nm
using monochromatic LEDs, a clean and fast photoconversion
to the corresponding open form was observed. Indeed, during
irradiation, NMR signals of the starting product progressively
disappeared in favor of new NMR peaks attributed to the
BCPDPy" isomer (Figures 1B and S13). In particular, signals
of the internal methyl protons were strongly shifted at lower
fields (from ~—1.4 to ~+1.2 ppm), in accordance with the
breaking of the central C—C bond. At the end of the
experiment (upon few minutes of light exposure under our
experimental conditions), the closed form was quantitatively
converted.

The reversibility of the photoisomerization process was then
investigated. A solution of the open isomer BCPDPy" was
prepared and exposed to different wavelengths in order to find
the best experimental conditions. It was found that a fast
photo-ring-closing reaction could be reached by irradiation
with blue light at A, = 470 nm (vide infra). During
illumination, a color change from yellow to red was observed,
and the UV/vis absorption and proton NMR spectra of the
closed isomer were rapidly recovered. At the end of the
experiment, upon few minutes of illumination, a 95%
conversion was recorded (determined by '"H-NMR, see Figure
S14). Again, similar behaviors were observed in CH;CN (PF,~
form) and in H,0O (I” salt) as solvents.

The reversibility of the BDHPPy"/BCPDPy* photochromic
couple as well as its stability was further confirmed by
measurement of the fatigue resistance (see Figures 4 and S17).

0.100 ~
2900 4 0 29,
20.075- IRRRERRI 2?9799 2 o closedform
8
I
-
©
g o0.050
c
©
o2
2
S
H] o
E 00s] °®°0900000°° 223000002 openform
0.000 4

T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22

Cycles

Figure 4. Fatigue resistance of the BDHPPy'/BCPDPy" photo-
chromic couple in pure water. Absorbances at 400 nm upon alternate
illuminations at 470 and 660 nm are indicated.

In this experiment, a solution of BDHPPy" was alternatively
irradiated with light at 660 and 470 nm at room temperature
and under an air-atmosphere. The behavior of the system was
followed by absorption and NMR spectroscopy methods.
Using the obtained data, cyclabilities (Z4,)*° above 4000 were
found both in organic and aqueous solvents. This result
demonstrates the remarkable reversibility and stability of the
system.

It must be emphasized that all these experiments can be
conducted under anaerobic or aerobic conditions and that no
differences were observed. Indeed, previous studies have
shown that DHPs, and in particular those substituted by
pyridinium groups, may act as a O,-photosentitizer and can
also store and release singlet dioxygen ('O,) through the
formation of endoperoxide derivatives."””” In the present
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system, no reactivity with O, was observed, and this feature is
clearly corroborated by our calculations that show that the
energy transfer reaction (eq 1) between the present photo-
chromic system and dioxygen is unfavorable (Table 2). Indeed,

Table 2. Reaction Energies for the Energy Transfer (AEgy
in kcal/mol) between DHP Isomers and Dioxygen in
Various DHP Derivatives

a

system AEgt solvent expt.
tBuDHP -83 cyclohexane yes
DHPPy" =53 acetonitrile yes
BDHP 0.3 cyclohexane no
BDHPPy'(PF,") 2.5 acetonitrile no
BDHPPy*(I7) 2.5 water no

“Experimental observations of 'O, production.

the reaction energies for this energy transfer process are
positive for BDHP and BDHPPy", whereas they are negative
for tBuDHP and DHPPy". These results support nicely the
experimental observations, as 'O, is only produced with
tBuDHP and DHPPy". The absence of the 'O, generation and
subsequent endoperoxide formation in BDHPPy" clearly
contribute to the excellent fatigue resistance of this derivative.

AEg; = E('DHP) + E('0,) — ECDHP) — E(CO,) (1)

In addition to the optically controlled process, the closing
process of CPD derivatives can be generally achieved
thermally.”® When solutions of BCPDPy* under its PF¢~ (in
CH,CN) or its I~ (in water) salts were heated under dark
conditions, the closed-ring isomer could be progressively and
quantitatively generated (see Figures $S20—S23). Different
temperatures were tested and, considering a first-order kinetic,
activation energies E, of 24 + 3 and 22 + 2 kcal/mol were
determined for BCPDPy*, PF;~, and BCPDPy*, I,
respectively. The computed energy barrier based on broken-
symmetry DFT calculations was found at 21.5 kcal/mol, in
good agreement with the experimental values and close to
most CPD derivatives reported in the literature.’” In addition,
a half lifetime (t,,,) of 19.4 + 0.3 h was found for BCPDPy",
PF,~ in CH,4CN at 37 °C (14.8 + 0.3 h for BCPDPy", I” in
water).

To quantify the performances of the BDHPPy'/BCPDPy*
photochromic couple and to determine the optimal exper-
imental conditions for the photoisomerization reactions, we
measured the quantum yields of the photo-ring-opening
(®._,) and photo-ring-closing (®,_.) processes at different
wavelengths. For this, 107°~107° M solutions of the open or
closed isomers were irradiated at specific wavelengths using
monochromatic LED beams, and the conversions were
followed by absorption spectroscopy. Quantum yields were
then determined upon fitting the data using the kinetic model
reported by Brown and Maafi.®”®" The ®_, and ®,__ values
are depicted in Figure SA. In addition, the values of the
conversion yields at the PSS were determined at different
wavelengths and are represented in Figure 5SB.

As seen in Figures SA,B (see also Tables S1 and S2), the
ring-opening reaction can be realized quantitatively by
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Figure S. (A) Quantum yields of the photo-ring-opening (®._,: black
balls) and photo-ring-closing (®,_.: red balls) processes for the
BDHPPy*/BCPDPy" photochromic couple in water as a function of
the irradiation wavelengths. (B) Conversion percentages of open
(black) and closed (red) forms at the PSS for different wavelengths.
Note: @__, are not given below 500 nm due to high uncertainties.

illumination at A, > 525 nm, with quantum yields around
15%. In particular, values of ®._, = 15.4 and 14.5% were found
when BDHPPy*, I” was irradiated at 4., = 660 and 680 nm,
respectively in water (20.0% was reached for BDHPPy", PF,~
in CH;CN at 4., = 680 nm). Such yields are much higher than
those obtained for BDHP (7.4% at 1., = 389 nm*® and 2.4% at
Aex = 505 nm) and DHPPy" (9.3% at A, = 660 nm). It should
be noted that higher quantum yields could be measured at
lower wavelengths of excitation (around 500 nm), but such
conditions are not optimal because significant amounts of the
two isomers (i.e., low PSS) are obtained. For this reason,
illumination of the closed isomer in the 660—680 nm range
represents the best compromise for the ring-opening process.

Concerning the ring-closing process, quantum yields close to
100% can be found up to ~500 nm. Such high ®___ values are
often observed for DHP/CPD systems, but only in the UV
part of the spectrum. In the present system, the best
compromise for the open to closed form conversion was
found at A, = 470 nm, ie, blue light illumination, where a
quantitative quantum yield accompanied by a high PSS can be
reached, in organic or aqueous media (Table 3).

The theoretical investigation at the spin-flip-time-depend-
ent-density functional theory (SF-TD-DFT) level of the
photoisomerization mechanism on the lowest S; excited state
of the BDHPPy* compound accounts for the observed high
ring-opening quantum yield. The excited-state potential energy
profile (Figure 6) shows a very favorable relaxation path on the
S, state toward the photochemical funnel, that is the S,/S;
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Table 3. Quantum Yields for the Photo-Opening Process
(®._,) for tBuDHP, DHPPy*, BDHP, and BDHPPy**

quantum yields

compounds ®@_, [%] (Aey nm)
tBuDHP 0.00 (660)
0.08 (470)
DHPPy* 9.30 (660)
BDHP 0.00 (660)
240 (50S)
BDHPPy* 16.50 (660)

“For solubility reasons, tBuDHP and BDHP were studied in
cyclohexane and DHPPy* and BDHPPy" were investigated in
acetonitrile.

- S,

AE (eV)

0 - . . .
BDHPPy* BDHPPy** S¢/S; MECI

Rx
BCPDPy*

Figure 6. Photoisomerization pathway from ground-state BDHPPy"
to BCPDPy": (a) excited-state relaxation on S; to BDHPPy™*, (b)
weakly activated process to reach the photochemical funnel (S,/S;
MECI), and (c) nonradiative deactivation to S, and ground-state
relaxation to BCPDPy*. All the Cartesian coordinates for the
molecular structures are provided in the Supplementary Information.

minimum energy conical intersection (MECI) responsible for
the nonradiative decay down to S, on the way to the CPD
photoproduct formation. A low potential energy barrier (0.3
kcal/mol) is found on the way to the MECI and this crossing is
located 3 kcal/mol below the excited-state intermediate
BDHPPy"*, suggesting an efficient and fast photoisomeriza-
tion process. This is reminiscent of the potential energy profile
found in a recently studied donor—acceptor DHP derivative."’
However, in the present system, the excited-state barrier to
access the Sy/S; MECI is even smaller, and the MECI itself is
lower in energy relative to the excited-state intermediate. This
provides a possible argument to explain the higher photo-
isomerization quantum yield of BDHPPy" (®__, = 16.5% at
Aex = 660 nm in CH3;CN) compared to that of the donor—
acceptor DHP (®@__, = 13.3% at 1., = 660 nm in CH;CN).

The different isomers of a photochromic couple usually exhibit
distinct and specific redox behaviors, and electrochemical
techniques represent thus very good tools to read the state of
the system (output signal). In addition, switching processes
may also be induced by electrical inputs, which is particularly
attractive for the development of multi-stimuli-responsive
molecular materials. For example, electrically triggered ring-
closing and ring-opening reactions are well documented for
photochromic systems based on dithienylethenes,””**°* but
they remain rare with dimethyldihydropyrene derivatives. The
group of Mitchell reported a Ru(1l) complex incorporating a
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benzocyclophanediene unit in which the closing process was
induced by reduction of the Ru center.”” Nishihara and co-
workers>®* and our group®' respectively demonstrated
oxidation-triggered isomerization of benzocyclophanedienes
and pyridinium-cyclophanediene to their corresponding
dimethyldihydropyrene isomers. In this work, the redox
activities of BDHPPy" and BCPDPy" as their hexafluor-
ophosphate salts were investigated by cyclic voltammetry (CV)
under an inert atmosphere in acetonitrile containing tetra-n-
butylammonium hexafluorophosphate (TBAPF, 0.1 M) as the
supporting electrolyte.

The CV curve of BDHPPy" recorded at a scan rate of 100
mV/s (Figure 7A) displays a first reversible wave at E,/, =

-0.5 0.0 0.5 1.0

E(Vvs Fc+ch)

-1.5 -1.0

Figure 7. Cyclic voltammograms of (A) BDHPPy' and (B)
BCPDPy". * indicates a reduction signal centered on the pyridinium
unit in the open form. (C) Repeated cyclic voltammograms of the
photogenerated solution of BCPDPy". [Conc.] ~ 1 mmol in 0.1 M
TBAPF;/CH;CN. Scan rate: 100 mV/s.

+0.37 V (AE, = 70 mV) versus the ferrocenium/ferrocene
reference couple (Fc*/Fc), attributed to the monoelectronic
oxidation of the DHP core (DHP*/DHP couple). This signal
is followed by an irreversible peak at E,, = +0.59 V (DHP**/
DHP") accompanied, during the reverse scan by a weak and
ill-defined reduction wave at ~—0.1 V. This irreversible
behavior was attributed to undetermined coupled chemical
reaction(s) that follows the electron transfer. In addition, a
reversible reduction wave corresponding to the monoelec-
tronic reduction of the pyridinium group is seen at E;,, =
—1.51 V (AE, = 80 mV). Another reduction peak is also
observed at E, = —1.96 V, attributed to the irreversible
reduction of the DHP core.

The solution of BDHPPy" was then illuminated at 660 nm,
and the CV curve of the photogenerated BCPDPy* compound
was recorded (Figure 7B). In accordance with the formation of
the open isomer, a unique oxidation peak corresponding to the
irreversible oxidation of the CPD center was seen at E,, =
+0.70 V. When scanning toward low potentials, a first
irreversible wave is seen at E,. = —1.44 V (see * in Figure
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7B). This signal is then followed by a reversible reduction at
—1.51 V, ie, at the same potential than the reduction of
BDHPPy*. When a second cycle was recorded between —1.2
and —1.55 V, the signal at —1.44 V disappeared (see Figure
S18). Such behavior indicates that the closed-ring isomer is
spontaneously and rapidly formed (at the CV timescale) upon
reduction of the open form. This hypothesis was fully
confirmed when voltammetric scans were repeated between
—1.60 and +0.50 V (Figure 7C): the CV curve of the closed
form is immediately seen upon reduction of the open isomer.

To further demonstrate this process, spectroelectrochemical
experiments were performed by following in situ the evolution
of the UV/vis spectra of a solution of BCPDPy" during a
potentiostatic electrolysis at —1.35 V (Figure 8). The UV/vis

0.8
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Figure 8. UV/visible spectral changes during reduction of BCPDPy".
Thick black line: initial spectrum. Red line: final spectrum after
passage of 0.06 electron per molecule.

absorption signals of the closed-ring isomer rapidly grew, and
the spectrum characteristic of a large amount of BDHPPy* was
obtained after a reduction corresponding to only ~0.06 e~ per
molecule.

These results reveal that the redox induced ring-closure
reaction involves a catalytic mechanism that can be
represented as follows (eqs 2—4):

BCPDPy" + le” — BCPDPy* (2)
BCPDPy® — BDHPPy® (3)
BDHPPy® + BCPDPy* — BDHPPy* + BCPDPy"  (4)

The first step corresponds to the reduction of BCPDPy* (eq
2). The electrogenerated BCPDPy® then spontaneously and
rapidly isomerizes (at least at the CV time scale) to produce
the corresponding closed state BDHPPy® (eq 3). This step is
further supported by broken-symmetry DFT calculations
which place energetically BCPDPy® 8 kcal/mol above
BDHPPy* with a ring-closure potential energy barrier of
only 13 kcal/mol. BDHPPy® is then oxidized by the
cyclophanediene isomer BCPDPy" (eq 4) and the generated
BDHPPy® then re-enters the catalytic cycle. This system is
thus of particular interest for the conception of “dual-mode-
responsive systems”, in which switching processes can be
induced with optical and electrical stimuli.
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We have designed and investigated an all-visible photochromic
system based on a benzo[e]fused dimethyldihydropyrene unit
substituted by a pyridinium group. This molecular switch is
able to be photoisomerized upon illumination in the visible
range (680/470 nm) between its open and closed forms with
high photostationary states (PSS near to 100%) and quantum
yields. Remarkably, depending on the nature of its counter
anion, this system is able to operate in organic and aqueous
solvents, with a high fatigue resistance under aerobic
conditions. In addition, the closing reaction can be triggered
by electrical inputs. Finally, one great asset of this simple
photoswitch is with no doubt the possibility to easily replace
the simple methyl group of the pyridinium arm by functional
units such as anchoring moieties or targeting agents, in order
to build multifunctional systems, while keeping its efficient
photochromic properties.

All solvents were purchased and used as received except THF that was
distillated over sodium/benzophenone under argon. Water was
purified by reverse osmometry with an Elgastat purification system
(5 MQ-cm). Organic and inorganic reagents used in the procedures
were purchased on Aldrich, Acros, Fluorochem or TCI Europe and
used without further purification. All evaporations were carried out
under reduced pressure with a rotatory evaporator, and all organic
extracts were washed with water and dried over MgSO,. Isocratic
chromatographic columns were executed using flash chromatography,
and gradient chromatographic columns were realized using dried
vacuum column chromatography (DCVC).®® Flash column chroma-
tography refers to Merck Kieselgel silica gel, 40—63 ym and DCVC
Kieselgel refers to Merck 14—40 um. Melting points were measured
thanks to capillary tubes on a Biichi B-545 device. Infrared spectra
were recorded on a PerkinElmer Spectrum Two Fourier transform
infrared spectrometer using attenuated total reflexion modes. 'H
NMR and *C NMR spectra were recorded on a Bruker Avance 500
or 400 MHz spectrometer in CDCI; or CD;CN. Chemical shifts are
calibrated to residual solvent peaks. Coupling constant values (J) are
given in hertz and chemical shifts (§) in ppm. High-resolution mass
spectrometry analyses were conducted using the HRMS, Bruker
maXis mass spectrometer and were performed in positive electrospray
ionization (ESI*) at the DCM mass facility.

Absorption spectra were recorded using a Varian Cary 60 Scan UV/
visible spectrophotometer equipped with a temperature controller
unit. Absorption measurements over the spectral range from 250 to
800 nm were carried out in Hellma quartz suprasil cells having an
optical path length of 1 cm.

Electrochemical measurements (cyclic voltammetry, CV) were
conducted under an argon atmosphere (argon stream) with a
standard one-compartment, three-electrode electrochemical cell
using a CH-Instrument 660B potentiometer. Anhydrous CH;CN
was used as the solvent and tetra-n-butylammonium hexafluorophos-
phate (TBAPF,, 0.1 M) was used as the supporting electrolyte. CH-
Instrument vitreous carbon (diameter = 3 mm) working electrodes
were used for CV experiments. Electrodes were polished with 1 ym
diamond paste (Mecaprex Presi) prior to each recording. The
counter-electrode was a platinum wire immerged directly in the
solution. A CH-Instrument AgNO,/Ag (107 M + TBAP 10~ M in
CH,CN) electrode was used as a reference electrode. The potential of
the regular ferrocenium/ferrocene (Fc*/Fc) redox couple was added
at the end of each experiment and was used as the internal reference.
CV curves were recorded at different scan rates. An automatic ohmic
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drop compensation procedure was systematically implemented prior
to recording CV data. Electrolysis experiments were performed at
controlled potential using a Pt plate (2 cm?). All the experiments were
carried out at room temperature.

Irradiation experiments in solution were performed under an inert
atmosphere using a Jacomex glove box with carefully degassed
solvents. The samples were irradiated in different cells (classical UV/
visible quartz cells;, NMR tubes or electrochemical cells). The
concentration used for UV/visible spectroscopy and NMR experi-
ments was ~10™° M and 2 mg/mlL, respectively, unless otherwise
stated. The samples were stirred and kept at 277 K during irradiation
in order to limit the thermal back isomerization. The visible light
irradiations were carried out with various mounted LEDs from
Thorlab: 365 nm (M36SL3, FWHM = 9 nm, 880—1290 mW), 415
nm (M415L4, FWHM = 14 nm, 1310—1550 mW), 450 nm
(M4SOLP1, FWHM = 18 nm, 1850—2100 mW), 470 nm
(M470L5, FWHM = 28 nm, 809—1162 mW), 505 nm (MS305L4,
FWHM = 37 nm, 400—520 mW), 530 nm (MS30L4, FWHM = 35
nm, 370—480 mW), 590 nm (MS90L4, FWHM = 15 nm, 230—300
mW), 617 nm (M617L3, FWHM = 18 nm, 600—650 mW), 660 nm
(M660L4, FWHM = 20 nm, 940—1050 mW), 680 nm (M680L4,
FWHM = 22 nm, 180—210 mW), 700 nm (M700L4, FWHM = 20
nm, 80—125 mW) in combination of a Thorlab DC2200 led driver
and an adjustable collimation adapter (SM2F32-A).

The isomerization process was monitored either by UV/visible or
by '"H NMR and it was considered that the PSS was reached when no
evolution was observed in three consecutive intermediate spectra or
after a long period of irradiation. Quantities of residual closed isomers
were determined without ambiguities in the negative region by the
integration of their characteristic resonance peaks of the internal
methyl groups by "H NMR, or by absorption spectroscopy using the
Beer—Lambert law above 600 nm (where only the closed form
absorbs). The photoisomerization fatigue was investigated by UV/
visible spectroscopy. Spectra were recorded upon repeated irradiation
cycles at A, = 470 nm and 660 nm alternatively. The irradiation times
were chosen in order to reach the maximum conversion between
photostates (the minimum times were determined from separated
UV/visible experiments). Cyclabilities (Zs,) were then calculated
following the reported method.*®

Quantum yields for the photoinduced ring-opening process (®_,:
closed form to open form and ®,_. open to closed form) were
determined by illumination of solutions of the open and closed
isomers at 277 K using monochromatic LEDs at specific wavelengths.
Samples were placed at 4 cm from the irradiation source. The light
power was measured with a Newport (818-SL) photodetector and the
photoconversion was followed by UV/visible absorption spectrosco-
py. Data were extracted by fitting of the experimental curves using the
kinetic model reported by Maafi and Brown.®>®!

The computational strategy follows that already described in our
previous work®” on a related system and is described herein. DFT and
its time-dependent version (TD-DFT) were used to perform
calculations on the ground and excited states, respectively, of
BDHP and BDHPPy". Ground-state geomet?r optimizations were
carried out with the hybrid B3LYP functional,’® while excited states
were computed and optimized with the long-range corrected hybrid
@B97X-D functional®” within linear-response TD-DFT. Pople’s 6-
311G(d,p) basis set was used throughout.’® All calculations were
performed with the corresponding solvent used in the experiment
(i.e, cyclohexane for BDHP, and acetonitrile for BDHPPy") within
the integral equation formalism polarizable continuum model
(IEFPCM).69 Vertical absorption transition energies were computed
using linear-response nonequilibrium solvation. Note that within the
crude vertical approximation, deviations of about 0.25 eV are rather
common for valence excited states of organic molecules computed
with TD-DFT.”” NTOs”" for the S, — S, electronic transition were
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generated in order to compare the nature of the excited states
involved between BDHP and BDHPPy".

The transition state for the thermal BCPDPy" to BDHPPy*
conversion was located using broken-symmetry DFT due to the
biradical (open-shell singlet) nature of this species. To account for the
spin contamination, spin-projected energies were computed with the
approximate spin-correction procedure proposed by Yamaguchi and
coworkers.”””> Reduced species BDHPPy- and BCPDPy- and the
transition state connecting them were computed with unrestricted
DFT. All DFT and TD-DFT calculations were performed with
Gaussian 16.”*

The photoisomerization pathwax of BDHPPy" was computed with
spin-flip TD-DFT (SF-TD-DFT)” in the gas phase. This quantum
chemical method allows the correctﬁgb_?rsical description of Sy/S,
conical intersection, unlike TD-DFT.””"" It uses a triplet reference
state to generate the singlet ground state and electronic excited states
applying one-electron spin-flip excitations. Thus, ground and excited
states are described on an equal footing, in contrast to TD-DFT. SF-
TD-DFT calculations were performed within the Tamm—Dancoff
approximation using a spin-restricted triplet reference. For these
calculations, the recommended half-and-half BHHLYP functional”®
was used, and the tert-butyl groups were also replaced by hydrogen
atoms for simplicity. The approximate photoisomerization pathway
was constructed by computing the Sy and S; energies using linearly
interpolated structures in internal coordinates between the optimized
critical structures (minima and MECI). GAMESS was used to carry
out the SE-TD-DFT calculations.”” Note that because analytic hessian
is not implemented at the SE-TD-DFT in GAMESS, the excited-state
transition state was optimized with TD-DFT to evaluate the excited-
state barrier on S; along the BDHPPy" to BCPDPy" photo-
isomerization.

B3LYP/6-311G(d,p) was also used to evaluate the reaction energy
for the electronic energy transfer between DHP and dioxygen. All
calculations were performed with the corresponding solvent used in
the experiment (i.e., water, acetonitrile,...). Open-shell singlet biradical
and triplet structures were computed at the broken-symmetry
UB3LYP level. Spin contamination has been taken into account
using the previously mentioned procedure.””*

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00552.
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