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Photomodulation of two-photon excited fluorescence has been effectively controlled in 1-pyrene-based dithie-
nylethenes. The specific molecular design enables photocommutation of two-photon excited fluorescence during
sequential one- and two-photon excitations without interference nor destructive optical readout. Theoretical
studies have concluded that the internal functionalization of pyrene is responsible for the photoactivity in these
systems. Photophysical studies indicate that the presence of a second laterally introduced pyrene is crucial for

maintaining high photocommutation contrast and durability.

1. Introduction

Photo-activatable molecules that combine photochromic and fluo-
rescent properties within a single molecule, have garnered increasing
interest due to their potential applications in optical memories, molec-
ular switches, and fluorescent biological markers [1-8]. In pursuit of
accurately controlling the luminescence signal within a single-molecule,
many dithienylethene [9] (DTE)-based systems have relied on intra-
molecular energy transfer or electron transfer mechanisms [10-17].
These approaches have successfully demonstrated the photoswitching of
fluorescence, unfortunately, they encounter the challenge of competi-
tion between photo-cyclization and fluorescence emission upon UV light
irradiation, along with cycloreversion reactions induced by fluorescence
quenching [18-21]. These undesired photochemical processes lead to
the destruction of information, deleterious for optical applications. For
effective utilization, it is imperative to decouple the photo-switching
and luminescence readout processes, enabling independent control
over each. In this regard, relying on intramolecular geometrical changes
for effective luminescence quenching instead of electron or energy
transfer quenching mechanisms appears to be an attractive strategy.
Moreover, controlling molecular geometrical changes by light offers the
advantage of outstanding spatiotemporal control and has been
employed in molecular motors, for example [22,23].
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To control a luminescent event through a geometrical change, the
formation of an excimeric photo-excited state between two chromo-
phores appears to be an effective strategy. In our exploration of
employing dithienylethenes as geometric photo-actuators, we previ-
ously explored an innovative DTE compound bearing pyrenes (Chart 1)
[24]. With a rational design, this bis-(2-pyrenyl) DTE, can yield
photo-switchable excimeric emission. In this system, the photochromic
reaction alters the relative orientations of the chromophores, modu-
lating the eximer formation. Furthermore, for the development of
all-optical non-destructive readout systems, it is crucial to orthogonally
probe the luminescent state to fully utilize the potential of such mo-
lecular photo-actuators. This can be achieved by alternating between
one-photon excitation (OPE) and two-photon excitation (TPE), selec-
tively triggering the photochromic and luminescent behaviors without
interference.

Simultaneous[25-29] and sequential [30-32] two-photon excitation
of DTE has been investigated, particularly for enhancing the kinetics of
the cycloreversion reaction. This off-resonance TPE typically involves
near-infrared light excitation, which reduces photofatigue and has
garnered interest for super-resolution microscopy within the biological
window. Although this compound demonstrated the ability to switch
excimeric emission through photo-induced geometric alterations, its
photoluminescence quantum yield was relatively low (PLQY = 5 %),
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This work

Previous work [24]

Chart 1. Differences in pyrenyl functionalization between our previous work
[24] and this present article.

which diminishes its potential utility. These initial findings have moti-
vated us to delve further into the photo-reactivity of this molecular
design, with the aim of optimizing the luminescence output signal.
Specifically, we aim to explore functionalization of the pyrenes at their
1-position (Chart 1). It is expected that the enhanced electronic
communication through this 1-connection of the pyrene will have a
beneficial impact on the photoluminescence behavior. Two
mono-pyrenes DTE are also investigated in order to rationalized the
effects of the pyrene on their relative lateral or inner positions (Scheme
1, 2TMS and 3, respectively).
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2. Experimental
2.1. Materials

All reagents for synthesis were obtained from commercial sources
and were used as received. Solvents were dried and degassed by stan-
dard methods. Tetrahydrofuran was distilled from sodium/benzophe-
none in a nitrogen atmosphere.

2.2. Synthesis and characterization

2.2.1. Synthesis of 3-bromo-2,4-dimethyl-5-(pyren-1-yl)thiophene (5)

In a dry and argon flushed Schlenk, 2,4-dibromo-3,5-dimethylthio-
phene (1.81 g, 6.07 mmol) was introduced in dry THF (50 mL) and
the solution was cooled to —80 °C. n-BuLi 2.5 M (3.25 mL, 6.68 mmol)
was added dropwise and the mixture was stirred for 30 min at —80 °C. B
(OBu)3 (2.1 mL, 7.8 mmol) was added and the mixture was stirred
another 30 min at 0 °C before cannulation in a second Schlenk with an
aqueous solution of 1-bromopyrene (2 g, 7.1 mmol), (Pd(PPhs3),Cly
(0.45 g, 0.64 mmol) and NayCO3 (0.63 g, 5.08 mmol) in Hy0 (10 mL).
The mixture was stirred overnight at reflux. Water (50 mL) was added
and the mixture was extracted with dichloromethane and brine. The
organic layer was dried over Na,SO4 and evaporated. Purification of the
crude (SiOq, dichloromethane/dietylether — 98/2) gave the product as a
white solid (2.5 g, 60 % yield). 'H NMR (400 MHz, CD,Cly): 5 (ppm) =
8.29-8.20 (m, 3H), 8.19-8.10 (m, 3H), 8.06 (t, J = 7.7 Hz, 1H), 8.00 (dd,
J = 8.5, 6.9 Hz, 2H), 2.51 (s, 3H), 1.90 (s, 3H). Elemental analysis:
calculated for Cy2H;5BrS: C, 67.52; H, 3.86; N, 0.00; S, 8.19. Found: C,
66.90; H, 3.74; N, 0.00; S, 8.28.
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Scheme 1. Synthesis routes for 1, 2TMS and 3.
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2.2.2. Synthesis of 4-bromo-2-phenylthiophene (8)

In a dry and argon flushed Schlenk 2,4-dibromothiophene (3.45 g,
14.26 mmol) and phenylboronic acid (1.74 g, 14.26 mmol) were
introduced in dry THF (70 mL) and water (20 mL) and the mixture was
degassed with argon bubbling for 30 min. Pd(PPh3),Cl, (0.60 g, 0.85
mmol) and NapCO3 (1.33 g, 12.55 mmol) were added and the media was
heated at 90 °C overnight. Water (50 mL) was added and the mixture
was extracted with dichloromethane and brine. The organic layer was
dried over NaySO4 and evaporated. Purification of the crude (SiO, pe-
troleum ether) gave the product as a white solid (2.70 g, 79 % yield). 'H
NMR (300 MHz, CDCl3) 6 (ppm) = 7.59-7.53 (m, 2H), 7.43-7.29 (m,
3H), 7.21 (d, J = 1.4 Hz, 1H), 7.17 (d, J = 1.4 Hz, 1H). '3C NMR (101
MHz, CDCl3) § (ppm) = 145.6, 133.4, 125.9, 125.8, 122.08, 110.7.
Elemental analysis: calculated for C;oHyBrS: C, 50.23; H, 2.95; N, 0.00;
S, 13.41. Found: C, 50.11; H, 3.04; N, 0.00; S, 13.34.

2.2.3. Synthesis of 2,3-dibromo-5-phenylthiophene (7)

In a dry and argon flushed Schlenk compound 8 (2.06 g, 8.63 mmol)
was introduced in dry THF (150 mL) and the solution was cooled at 0 °C.
NBS (1.54 g, 8.63 mmol) was added portionwise and the media was
stirred overnight. An aqueous saturated solution of NayS;03 (60 mL)
was added and the mixture was extracted with dichloromethane and
brine. The organic layer was dried over NapSO4 and evaporated. Puri-
fication of the crude (SiOg, petroleum ether) gave the product as a yel-
low oil (2.06 g, 75 % yield). 'H NMR (300 MHz, CDCls) § (ppm) =
7.53-7.45 (m, 2H), 7.43-7.32 (m, 3H), 7.10 (s, 1H). '3C NMR (101 MHz,
CDCl3) 6§ (ppm) = 122.2, 109.6, 106.0, 105.4, 102.4, 91.4, 86.9.
Elemental analysis: calculated for C1oHgBr2S: C, 37.77; H, 1.90; N, 0.00;
S, 10.08. Found: C, 37.31; H, 1.76; N, 0.00; S, 11.71.

2.2.4. Synthesis of ((3-bromo-5-phenylthiophen-2-yl)ethynyl)
trimethylsilane (6)

In a dry and argon flushed Schlenk compound 7 (1.99 g, 6.25 mmol)
was introduced in dry THF (55 mL) and dry NEt3 (40 mL). Trimethylsilyl
acetylene (1.54 mL, 6.88 mmol) was added and the mixture was
degassed with argon bubbling for 30 min. Pd(PPh3),Cl, (0.22 g, 0.31
mmol) and Cul (0.06 g, 0.31 mmol) were added and the media was
heated at 90 °C overnight. An aqueous saturated solution of NH4CI (50
mL) was added and the mixture was extracted with dichloromethane
and brine. The organic layer was dried over Na;SO4 and evaporated.
Purification of the crude (SiOj, petroleum ether) gave the product as a
yellow oil (1.73 g, 66 % yield). 'H NMR (400 MHz, CDCls) & (ppm) =
7.54-7.51 (m, 2H), 7.41-7.32 (m, 3H), 7.15 (s, 1H), 0.29 (s, 9H). '3C
NMR (101 MHz, CDCl3) 6 (ppm) = 145.2, 132.8, 129.3, 128.9, 125.9,
125.8),119.8,117.4, 104.4, 95.9, —0.03. Elemental analysis: calculated
for C15H15BrSiS: C, 53.73; H, 4.51; N, 0.00; S, 9.56. Found: C, 53.69; H,
4.49; N, 0.00; S, 9.13.

2.2.5. Synthesis of trimethyl((3-(perfluorocyclopent-1-en-1-yl)-5-
phenylthiophen-2-yDethynyDsilane (4)

In a dry argon flushed Schlenk, compound 6 (1.42 g, 4.24 mmol) was
introduced in THF (40 mL). The solution was cooled to - 80 °C and n-
BuLi 2.5 M (1.94 mL, 4.67 mmol) was added dropwise. The solution was
stirred for 30 min at - 80 °C. In another dry argon flushed Schlenk, THF
(10 mL) was cooled to - 80 °C before introducing CsFg (1.69 mL, 12.73
mmol). The lithiated solution of compound 6 was cannulated dropwise
onto a CsFg solution (THF) and the mixture was stirred overnight with
the temperature slowly rising to room temperature. Water (50 mL) was
added and the mixture was extracted with dichloromethane and brine.
The organic layer was dried over Na;SO4 and evaporated. Purification of
the crude (SiO», petroleum ether) afforded the product as a yellow solid
(0.79 g, 41 % yield). 'H NMR (400 MHz, CD,Cl,): & (ppm) = 7.64-7.55
(m, 2H), 7.50-7.36 (m, 3H), 7.34 (s, 1H), 0.26 (s, 9H). 19F NMR (396
MHz, CD2Cly): § (ppm) = —108.21 (dd, J = 12.0, 3.4 Hz, 2F), —118.52
(dt, J=16.7, 3.3 Hz, 2F), —120.37 to —121.78 (m, 1F), —130.23 (p, J =
4.0 Hz, 2F) '3C NMR (75 MHz, CD4Cl,): § (ppm) = 146.7, 132.9, 129.7,
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129.4, 126.5, 122.1, 104.9, 96.8, 18.7, 11.6.

2.2.6. Synthesis of dithienylethene 2TMS

In a dry and argon flushed Schlenk, 5 (0.34 g, 0.86 mmol) was
introduced in dry THF (30 mL). The solution was cooled to —80 °C, n-
BuLi 2.5 M (0.38 mL, 0.96 mmol) was added dropwise and the media
was stirred for 30 min. A solution of 4 (0.39 g, 0.86 mmol) in dry THF
(20 mL) previously cooled to —80 °C was cannulated in the reactive
media and the solution was stirred overnight with the temperature
slowly rising to room temperature. Water (30 mL) was added and the
mixture was extracted with dichloromethane and brine. The organic
layer was dried over Na;SO4 and evaporated. Purification of the crude
(SiOo, hexane — dichloromethane — 80/20) gave the product as a light-
yellow solid (0.21 g, 32 % yield). 'H NMR (400 MHz, CD.Cly): &
(ppm) = 8.20 (dd, J = 8.5, 7.2 Hz, 2H), 8.14-8.05 (m, 3H), 8.05-7.92
(m, 2H), 7.70 (q, J = 11.8, 9.1 Hz, 1H), 7.60-7.54 (m, 2H), 7.50-7.35
(m, 3H), 7.06 (s, 1H), 2.56 (s, 3H), 1.84 (s, 3H), 0.27 (s, 9H). 19F NMR
(376 MHz, CD2Clp): 6 (ppm) = —104.34 to —114.02 (m, 4F), —130.99 to
—136.95 (m, 2F). Elemental analysis: calculated for C42H30FsSiSa: C,
68.09; H, 4.08; N, 0.00; S, 8.66. Found: C, 67.07; H, 4.14; N, 0.00; S,
8.08. HRMS (m/z): [M+Na]" caled for C4oHsoFgNaSiSs, 763.1360;
Found [M+Na]* 763.1358.

2.2.7. Synthesis of dithienylethene 2H

In a dry and argon flushed Schlenk, 2TMS (0.20 g, 0.27 mmol), was
dissolved in 20 mL of THF. The solution was cooled at 0 °C and TBAF
(0.30 mL, 0.30 mmol) was added dropwise. After 30 min, the reaction
was quenched with water and extracted (dichloromethane). The organic
layer was dried over NaySO4 and evaporated. Purification of the crude
(SiOo, hexane) gave the product as a light-yellow solid (0.15 g, 81 %
yield). 'H NMR (400 MHz, CD2Cly): § (ppm) = 8.22 (dd, J = 8.5, 7.2 Hz,
2H), 8.10 (m, 3H), 8.04-7.95 (m, 2H), 7.85 (m, 1H), 7.74 (m, 1H),
7.63-7.61 (m, 2H), 7.45-7.38 (m, 3H), 7.28 (s, 1H), 3.69 (s, 1H), 2.48 (s,
3H), 1.77 (s, 3H). 1°F NMR (376 MHz, CD,Cl,): 6 (ppm) = —107 to —114
(m, 4F), —131 to —137 (m, 2F).

2.2.8. Synthesis of dithienylethene 1

In a dry and argon flushed Schlenk, 2H (0.15 g, 0.23 mmol) and 1-
bromopyrene (0.77 g, 0.28 mmol) were introduced in dry THF/NEt;3
(50/30 mL). The mixture was degassed for 20 min before Pd(PPhs),Cly
(0.008 g, 0.01 mmol) and Cul (0.002 g, 0.01 mmol) were added and the
mixture was heated to reflux overnight. Water was added and the
mixture was extracted with dichloromethane and brine. The organic
layer was dried over Nap,SO4 and evaporated. Purification of the crude
(SiO9, hexane/dichloromethane — 80/20) gave the product as a yellow
solid (0.04 g, 21 % yield). '"H NMR (400 MHz, CD»Cl,): 6 (ppm) = 8.56
(d, J=9.1Hz, 1H), 8.29-7.97 (m, 14H), 7.89 (d, J = 7.8 Hz, 1H), 7.75 (s,
2H), 7.71-7.63 (m, 2H), 7.53-7.39 (m, 3H), 7.27 (s, 1H), 2.41 (s, 3H),
1.78 (s, 3H). 1°F NMR (376 MHz, CD2Cl,, 300 K): § (ppm) = —108.08 (d,
J = 261.5 Hz, 1F), —109.05 (d, J = 158.1 Hz, 1F), —109.75 (d, J = 166
Hz, 1F), —110.90 (d, J = 261 Hz, 1F), —131.54 (d, J = 240.0 Hz, 1F),
—132.56 (d, J = 239.5 Hz, 1F). Elemental analysis: calculated for
CssH3FeSo: C, 76.02; H, 3.48; S, 7.38. Found: C, 73.98; H, 3.71; S, 6.88.
HRMS (m/z): [M+Na]t caled for CssHzgFgNaS,, 891.1585; Found
[M+Na]* 891.1589.

2.2.9. Synthesis of ((3-(2-(2,5-dimethylthiophen-3-yD)-3,3,4,4,5,5-
hexafluorocyclopent-1-en-1-yl)-5-methylthiophen-2-ylethynyl)
trimethylsilane (11TMS)

In a dry and argon flushed Schlenk, 4 (2.16 g, 5.6 mmol) was
introduced in dry THF (70 mL). The solution was cooled to —80 °C, n-
BuLi 2.5 M (2.6 mL, 5.9 mmol) was added dropwise and the media was
stirred for 30 min. A solution of 2-bromo-1,5-dimethylthiophene (1.07
g, 5.6 mmol) in dry THF (30 mL) previously cooled to —80 °C was
cannulated in the reactive media and the solution was stirred overnight
with the temperature slowly rising to room temperature. Water was
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added and the mixture was extracted with dichloromethane and brine.
The organic layer was dried over Na;SO4 and evaporated. Purification of
the crude (SiO,, hexane) gave the product as a light-yellow solid (0.66 g,
25 % yield). 1 NMR (400 MHz, CD2Cly): § (ppm) = 6.75 (m, 1H), 6.72
(m, 1H), 2.43 (d, J = 1.2 Hz, 3H), 2.42 (m, 3H), 1.83 (s, 3H), 0.16 (s,
9H). '°F NMR (376 MHz, CD,Cly, 300 K): & (ppm) = —109.77 (m, 2F),
—110.76 (m, 2F), —132.20 (m, 2F).

2.2.10. Synthesis of 3-(2-(2,5-dimethylthiophen-3-yD-3,3,4,4,5,5-
hexafluorocyclopent-1-en-1-yl)-2-ethynyl-5-methylthiophene (11H)

In a dry and argon flushed Schlenk, 11TMS (0.50 g, 1.04 mmol), was
dissolved in 50 mL of THF. The solution was cooled at 0 °C and TBAF
(1.04 mL, 1.04 mmol) was added dropwise. After 30 min, the reaction
was quenched with water and extracted (dichloromethane). The organic
layer was dried over NapsSO4 and evaporated. Purification of the crude
(SiOg, hexane) gave the product as a light-yellow solid (0.21 g, 48 %
yield). 'H NMR (400 MHz, CD,Cly): 6 (ppm) = 6.78 (m, 1H), 6.68 (m,
1H), 3.35 (s, 1H), 2.46 (d, J = 1.4 Hz, 3H), 1.88 (m, 3H). 19F NMR (376
MHz, CD4Cly, 300 K): § (ppm) = —109.79 (m, 2F), —110.74 (m, 2F),
—132.20 (m, 2F).

2.2.11. Synthesis of dithienylethene 3

In a dry and argon flushed Schlenk, 11H (0.202 g, 0.490 mmol) and
1-bromopyrene (0.152 g, 0.540 mmol) were introduced in dry THF/
NEt3 (120/50 mL). The mixture was degassed for 20 min before Pd
(PPh3)2Cl;, (0.017 g, 0.025 mmol) and Cul (0.025 g, 0.005 mmol) were
added and the mixture was heated to reflux overnight. Water was added
and the mixture was extracted with dichloromethane and brine. The
organic layer was dried over Na;SO4 and evaporated. Purification of the
crude (SiO2, hexane) gave the product as a yellow solid (0.07 g, 23 %
yield).

'H NMR (400 MHz, CD,Cl,): § (ppm) = 8.34-7.96 (m, 9H), 6.95 (m,
1H), 6.45 (m, 1H), 2.56 (d, J = 1.2 Hz, 3H), 1.87 (s, 3H), 1.51 (s, 3H). I°F
NMR (376 MHz, CD,Cly, 300 K): 6 (ppm) = —109.59 (m, 2F), —110.75
(m, 2F), —132.06 (m, 2F). Elemental analysis: calculated for C34H20F6S2:
C, 67.32; H, 3.32; S, 10.57. Found: C, 62.32; H, 4.06; S, 10.88. HRMS
(m/%): [M+Na]™ calcd for C34HooFgNaS,, 629.0803; Found [M+Na]™
629.0805.

2.3. Measurements

lH, 13C{IH}, 91} NMR spectra were recorded either on a Bruker
Avance III 400 MHz spectrometer equipped with a tunable BBFO probe,
or Bruker Avance III HD 500 MHz spectrometers fitted with BBFO or
BBO probe (CRMPO or PRISM platforms — Université de Rennes I).
Chemical shifts 5 are given in ppm and coupling constants J in Hz. 'H
and '3C NMR chemical shifts were determined using residual signals of
the deuterated solvents, either deuterated dichloromethane (H s =
5.32 ppm, '3C 5 = 54.0 ppm) or deuterated chloroform (*H § = 7.26
ppm, 13C 5 = 77.16 ppm). The terms s, d, t, q, m indicate respectively
singlet, doublet, triplet, quartet, multiplet; b is for broad; dd is doublet of
doublets, dt — doublet of triplets, td — triplet of doublets, hept — heptu-
plet. Assignments of proton carbon signals are based on COSY, NOESY,
edited-HSQC, and HMBC experiments. 'H dipolar couplings were stud-
ied using NOESY sequence, with 800 ms mixing time. Assignments of
fluorine signals are based on '°F COSY, '°F-3C HMQC experiments.
'H-19F through space interactions were studied using 1D-selective or 2D
1H-19F-HOESY experiments, with 500 or 800 ms mixing time, or
HXCOSY experiments.

High-resolution mass spectra (HRMS) and Elemental Analysis were
performed at the CRMPO (Centre de Mesures Physiques de I’Ouest) in
Rennes.

UV/vis absorption spectra were recorded with a Jasco V-770
UV-Vis-NIR spectrophotometer using quartz cuvettes of 1 cm
pathlength.

Photoisomerization experiments in solution have been made using a
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LS series Light Source of ABET technologies, Inc (150 W xenon lamp),
with single wavelength light filters “350FS 10-25” or “450FS 40-25" for
ring-closure and “650FS 10-25" for cycloreversion. Irradiations for 'H
NMR experiments have been made using a Rayonet® with 350 nm light
emitting lamps.

Photokinetic time-profiles were recorded using a home-made spec-
troscopy set-up, which collects absorption spectra at high rates under
continuous irradiation of a solution sample, placedina 1 x 1 cm quartz
cuvette under strong stirring, with thermostat control at 20 °C (sample
holder LUMA40 from Quantum Northwest). A Hg-Xe lamp from
Hamamatsu (Lightningcure LC8, 200 W), equipped with appropriate
interferential filters (Semrock) to precisely select the desired wavelength
at either 365 nm or 500 nm Hg-lines, was used to photoisomerize the
sample. The incident lamp power was measured by means of an Ophir
PD300-UV photodiode, subtracting the NIR contribution from the total
value. A UV-visible Xenon lamp (75 W) was employed as the probe
beam. The transmitted light through the sample was collected by a
spectrograph equipped with a CCD camera (Roper Scientific and
Princeton Instruments, respectively), the absorption time-profiles at the
band maximum of the closed DTE (580 nm) were plotted and fitted using
a numerical iterative fitting method, providing the &,.. and &._,
quantum yields.

All solvent used for photophysical measurements were of spectro-
metric grade. The absolute quantum yields were measured with a
C9920-03 Hamamatsu system. Emission spectra by one- or two-photon
absorption were recorded using a femtosecond laser chain (Ti-Sapphire
Chameleon ultra II Coherent + pulse picker + SHG module when
needed, pulse duration: 100-130 fs; pulse frequency: 5 MHz) and an
Ocean optics QEPro CCD detector with integrating times ranging from 6
to 60s. The excitation beam crossed a lens before arriving on the sample
and a short-pass filter (FESHO700 from thorlabs) after the sample to
remove the excitation signal and prevent damages on the CCD detector.
Such filter acts as a band pass filter with a transmission higher than 96 %
between 395 nm and 695 nm. The power of the beam was measured
with a PMD100 console and a S142C integrating sphere sensor from
Thorlabs. For emission intensity vs excitation power measurements, a
A/2 waveplate and a polarizer were used to vary the laser power. The 2
PE was recorded in solution, perpendicularly to the beam using an op-
tical fiber connected to a CCD detector (QE Pro Ocean Optics). To
validate the experimental set-up, the quadraticity (I vs P?) was first
verified on a Coumarin-540a solution at 8.49 10~> M in toluene. Two-
photon absorption cross-section values were evaluated using
Coumarin-540a as standard with an absolute quantum yield value
calculated with the same set-up as the one used for 1 ([Coumarin-540a]
=8.4910"°Min toluene; [1] = 1.6 10°° M in DCM; using o5 reference
values from Rebane et al. [33].

2.4. Computational methods

All (TD-)DFT calculations have been conducted with the Gaussian 16
software [34], using the global hybrid PBEO functional [35] and a
6-311+G(d,p) basis set. Ground-state geometry optimizations were
followed by frequency calculations to verify the nature of the minimum.
Emission energies were obtained by relaxing the geometry of the first
excited state, also followed by frequencies calculations. Solvent effects
(dichloromethane) were included in all steps through a Polarizable
Continuum Model (PCM) [36]. For a discussion of the impact of
empirical dispersion model in these calculations, see the dedicated
section in the ESI.

3. Results and discussion
3.1. Synthesis and structure

The asymmetrical bis-pyrene DTE 1 is obtained through a converging
synthesis (Scheme 1). The strategy is to synthesize the two thiophenic
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parts (compounds 4 and 5) of the DTE separately, allowing their early
functionalization at will. The two parts are then combined by sequential
nucleophilic substitution to obtain the corresponding mono-pyrene
substituted DTE 2TMS. The deprotection of the acetylenic arm will
result in the obtention of the acetylene terminated DTE 2H, thus
allowing a final Sonogashira cross-coupling with the 1-bromopyrene to
obtain the targeted bis-pyrene DTE 1(0).2% Following similar synthesis
route, the reference compound 3 was prepared.

Complete NMR studies were performed on the DTE-based pyrene
compounds 1-3. Particularly, sets of 2D NMR experiments were con-
ducted on 1, in order to assign characteristic protons and fluorine atoms
(see ESI). Proton signals assigned to protons H2, H3 and H10 are
broadened (Fig. 1). One can notice that these broadened signals are also
present for compounds 2TMS and 2H, but are absent in 3 (see ESI). Such
broadening is due to the steric hindrance arising from a rotational
constraint with the methyl Mel1. This phenomenon is also visible in the
198 NMR spectra which are anomalously broadened. This observation is
in line with the computed energy profile along the pyrene/thiophene
torsion on the lateral arm (Fig. S10), which shows that the pyrene at the
lateral position undergoes clear rotational constrains for torsion angles
outside of the 40-140° range, though the energy profile is very flat in
this region. For 1(0), the computed ground-state geometry exhibits a
tilted orientation of the two pyrene moieties by ca. 65° (Fig. S8). This is
in clear contrast to the conformation computed on our previous system
[24], where the two pyrene units had more space to rearrange and
achieve stabilization when oriented towards each other. In 1(0), this
tilted orientation of the two pyrene units arises from the twisting of the
pyrene of the lateral arm compared to the thiophene group by 70°,
whereas in the interior arm the more efficient n-conjugation through the
acetylene and the absence of steric hindrance induces a pyrene orien-
tation only twisted by ca 20° compared to the thiophene unit. This leads
to delocalization of the frontier molecular orbitals of 1(0) either on the
interior arm of the DTE and the attached pyrene (see HOMO and LUMO
in Fig. 2) or more on the pyrene of the lateral arm (see HOMO-1 and
LUMO+1).

To overcome this rotational barrier, a variable temperature (VT)
NMR experiment was performed, recording 'H and '°F NMR spectra of 1
(o) from 300 to 363 K (Fig. 1). The signal of hydrogens H2 and H3 at 6 =
7.77 ppm and H10 at 5§ = 7.92 ppm gained resolution upon increasing
the temperature, meaning the rotational barrier was overcome. How-
ever, as no coalescence is observed neither in the proton nor the fluorine
NMR spectra, the rotational barrier cannot be experimentally estimated.
At high temperature, the better resolution allows the characteristic
coupling pattern between the non-equivalent fluorine atoms to be
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observed. The non-equivalence of '°F nuclei is due to the hindered
rotation of methyl bearing thiophene group.

One of the prerequisites for designing these molecular switches is
that the two pyrenes must be positioned facing each other, in an anti-
parallel conformation of the DTE. Unfortunately, the crystallographic
analysis of yellow single crystals, obtained by slow evaporation of a
concentrated dichloromethane solution of 1, shows that in the crystal
packing the parallel conformation of the DTE is the most stable, as it is
forced by an intermolecular packing between pyrenes (Fig. S7 and
Table S1).

To analyze the conformation of 1(0) in solution, both 'H-H and
19¢.1H through-space correlations have been studied through 2D-NMR
experiments (NOESY and HXCOSY) (Fig. S1). 'H-'H NOESY spectrum
at room temperature allows the clear assignment of Mell, showing
dipolar coupling to the pyrene linked to the same thiophene. Both Mel1
and Mel2 show dipolar coupling to H1, since thiophene group on the
left is rapidly rotating. At low temperature, this rotation is much slower
and two distinct conformations can be seen on '°F and 'H spectra
(Fig. S2). Scalar couplings arising from spatial proximities between H
and F atoms can be investigated using the HXCOSY sequence. For 1(0) at
low temperature, distinctive through-space correlation spots between
Mej1/F; and Mej,/F5 confirm the inhibition of rotation in the "right" arm
around the thiophene-bridge bond during the NMR timescale.

3.2. Photophysical properties

The electronic absorption spectra of compounds 1, 2TMS, and 3,
recorded in dichloromethane, are given in Fig. 3, and pertinent data are
summarized in Table 1. A noteworthy observation is that both the
number and position (inner or lateral) of the pyrene units significantly
influence the ground state absorption spectroscopy. Compound 2TMS,
displays two prominent bands at 360 and 280 nm, lacking vibrational
spacing structuration typically observed for 1-substituted pyrenes [37].
The absence of structuration in electronic transitions is ascribed to
conformational strain induced by the adjacent methyl group. The other
mono-pyrene compound 3, exhibits an absorption band at 290 nm, akin
to the one observed for 2TMS (at 280 nm). However, it shows a mark-
edly different absorbance in the first transitions, featuring a large and
weakly structured band tailing up to 470 nm. This contrast in
lower-lying transition, compared to 2TMS, is attributed to the electronic
delocalization along the “arm” from the pyrene to the thiophene [38,
39]. Compound 1(0) exhibits an absorption spectrum that is essentially
a superimposition of the spectra of 2TMS and 3, with a notable shift in
the lower-lying absorbance band, which appears 25 nm lower in energy.
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Fig. 1. left: Variable temperature 'H NMR (500 MHz) and right: 19F (376 MHz) spectra of 1 (TCE, from 300 to 363 K).
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Fig. 2. Frontier molecular orbitals of the ground-state of open forms (isovalue of 0.02 au), and electronic density difference corresponding to the de-excitation

(isovalue of 5.10™* au).

This shift is likely attributed to an additional transition, potentially
caused by supramolecular n-n interactions between pyrene units. How-
ever, the first computed excitation in 1(0) corresponds to a n-n* tran-
sition from the HOMO to the LUMO, which is strongly delocalized along
the interior DTE-acetylene-pyrene pathway, similar to that observed in 3
(0) (see Table S2). In 2TMS(0) the first HOMO-LUMO excitation is found
to be a charge transfer transition from the pyrene to the DTE core, with a
low oscillator strength due to the less efficient delocalization between
those two moieties. In this system the intense absorption band recorded
in the 350-375 nm range is thus attributed to the So- > Sy excitation
computed at 359 nm (see Table S2) and corresponding to a HOMO to
LUMO+1 transition mostly involving the pyrene moiety.

Compounds 1, 2TMS, and 3 display a photochromic behavior upon
exposure to 365 nm light in a dichloromethane solution (Fig. 3). Upon
irradiation, the solutions undergo a color change to blue, for 1 and
2TMS, or pink, for 3, accompanied by the appearance of a distinctive
broad absorption band in the visible spectrum. This band is attributed to
the Sp—S; transition, which is centered on the closed DTE core (HOMO-

LUMO computed transition, see Table S2 and Fig. S9). The anticipated
So—S2 transition is faintly discernible for compounds 1(c) and 2TMS
(PSS) at around 400-430 nm but is hidden by lower-lying transitions in
the case of 3. The absorption spectrum of the isolated pure closed form 1
(c) evidenced that upon the photocylisation reaction the lower-lying
transitions of the open form, assigned to electronic delocalization
along the inner thiophen-alkyne-pyrene arm, disappear with the for-
mation of a sp3 carbon (reactive carbon). As a consequence: i) the
HOMO-1 and LUMO+1 of all three closed isomers (Fig. S9) are found to
be located solely on the (acetylene-)pyrene unit and the corresponding
n-n* electronic transition is found higher in energy and intense in all
case, ii) several excitations are computed in between the low energy DTE
centered band and this high energy pyrene-centered one, corresponding
to DTE/pyrene CT excitations (Table S2 and Fig. S9). One can notice that
all compounds undergo a quantitative regeneration of the initial spectra
by irradiating with visible light (A = 580 nm for 1 and 2, A = 500 nm for
3), as hinted by the DTE-centered nature of the corresponding computed
first excited state. Fatigability tests on compound 1 reveal a slight
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Fig. 3. Absorption spectra recorded in CH,Cl, at 298 K with C ~ 107° M of: A) 1(0) (red line), 2TMS(o0) (blue line) and 3(o) (green line); B) 1(0) (red line) and
isolated 1(c) (dark line); C) and D) 2TMS and 3 upon 365 nm light irradiation, respectively.

Table 1
Absorption and emission data for 1, 2TMS and 3.

Open form PSS (Airr = 365 nm)
Cpd Jabs [nm] (e x Aem™” Jabs [nm] (& x Conversion® Do
10° [nm] 10° [%] @65
M~ tem™']) (PLQY M 'em™']) m)
[%]) Do
(580
nm)
1 279 (60.3), 515 279 (37.3), 35 0.012
331 (40.2), 25) 345 (30.0), +
348 (46.6), 368sh (22.7), 0.001
403 (33.2), 426 (5.0), 577 0.015
422 (32.8) (5.5) +
0.002
2TMS 280 (41.3), / 276, 331, 347, 65 0.047
333sh (23.0), 404sh, 587 +
350 (34.4) 0.005
0.104
+
0.010
3 286 (34.5), 517 276, 285, 350, 42 0.010
353 (21.3), (13) 369, 386, 406, +
372 (26.2), 516 0.001
387 (28.5), 0.008
405 (26.7) +
0.001

4 Photochromic quantum yields determined under irradiation at 365 and 580 nm
(error intervals estimated from 10 % uncertainty on power and epsilon
measurements).

2 In dichloromethane solution (C ~ 10~> M) at 298 K.

b Jex = 365 nm.

¢ Estimated from 'H NMR experiments.

decrease in reversibility over ten photochromic cycles (Fig. S12).

Photochromic conversion yields were assessed by monitoring 'H
NMR spectroscopic signals during light irradiation (Figs. S3-S6). The
stacked 'H NMR spectra of 1 exhibit that at the PSS, the signal of
hydrogen Hj in 1(c) is distinctly visible at § = 6.95 ppm. Additionally,
the modification of the signals of the methyl groups Me;; (6 = 2.44 ppm)
and Mejs (6 = 1.86 ppm) are noteworthy. Based on the relative in-
tegrations of these signals, the photocyclization reaction resulted in a 35
% conversion yield for 1. Upon exposure to visible light at A = 580 nm,
the 'H NMR spectrum of the open form 1(o) was fully restored, indi-
cating good reversibility and no degradation during UV light irradiation.
While compound 3 exhibits a similar conversion yield (42 %), a signif-
icantly higher percentage of closed isomer is obtained for 2TMS (65 %),
reflecting the detrimental impact of the presence of the alkyne-pyrene at
the inner position on the photochromic reactivity.

The ring-closure and ring-opening photokinetics were recorded
under continuous irradiation at 365 nm and 575 nm, respectively
(Fig. S14). The resulting time-profiles were analyzed numerically,
providing the photochromic quantum yield &, and &._,, (Table 1).
The low photocyclization quantum yields of 1, in line with the moderate
conversion yield, can be impeded to high electronic delocalization along
the inner thiophene-alkyne-pyrene “arm” which introduces a strong
perturbation of the expected DTE-centered LUMO (see Fig. 2), in addi-
tion to the steric hindrance resulting from the high thiophene-pyrene
torsion in the lateral position. The quantum yield corresponding to the
cycloreversion reaction, induced at 580 nm is in the range of the
commonly observed @._,, for DTE derivatives. A 4-fold increase of &,
is observed for 2TMS, while DTE 3 presents similar photokinetic value
as for 1, demonstrating once again that the presence of inner alkyne-
pyrene drives the photo-activity of these systems.

The emission spectra of 1 and 3 were measured under excitation at
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365 nm in solutions sufficiently diluted (<107° M) to exclude inter-
molecular excimer emission (Fig. 4 A and Fig. S13). One can notice that
2TMS does not show significant emission, due to the substantial
competition of the process with photochromism. 1 emits efficiently in
the green area with an emission maximum centered around 515 nm and
an absolute quantum yield of 0.25 which is 4-5 times higher than that
the one reported by some of us [24] and Hashimoto et al. [18] for similar
pyrene-based DAEs. The emission spectrum of compound 3 is very
similar to that of compound 1. However, it exhibits a lower photo-
luminescence quantum yield (PLQY) of 13 %. This reduced PLQY can
reasonably be attributed to the absence of the second appended pyrene
unit. In compound 1, the presence of two pyrene units likely minimizes
non-radiative deactivation pathways through rotational constraint and
energy stabilization. Interestingly, based on the similar emission fea-
tures observed between compounds 1 and 3, it can be concluded that an
excimer state is not likely to be present in compound 1. Instead, the
thienyl-acetylene-pyrene fragment in both compounds is more likely
responsible for the observed luminescence. Functionalization of the
pyrene at the 1-position provides intense electronic delocalization
throughout the entire internal arm, thereby establishing a pathway for
radiative deactivation. 1(0) and 3(0) possess very similar computed
emission energy (see Table S2), in agreement with the recorded spectra,
with an intense de-excitation from the lowest excited state delocalized
on the DTE arm and the acetylene-pyrene unit (see Fig. 2 for a repre-
sentation of the S;- > Sy de-excitation as an electronic density differ-
ence). In parallel, the non-emissive character of 2TMS(0) and the
preponderance of the ring closure form the first excited state can thus
also be linked to the charge transfer (DTE to pyrene) nature of the lowest
computed electronic transition, with a near-zero oscillator strength (see
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Fig. 2 and Table S2), impeding the radiative de-excitation.

As expected, the emission intensity of 1 decreases upon continuous
irradiation at 365 nm, due to the concomitant photocyclization process
(Fig. 4 B). A weak structured emission band from 375 to 450 nm
emerges, with a vibrational spacing of 1283 cm™! (of the $;—S tran-
sition), typical of the monomeric emission of pyrene. This higher-energy
emission is reasonably attributed to the small amount of the parallel
conformer in the solution. The impact of the photo-switching process on
the emission is also observed for 3. For both systems 1 and 3, the
decrease in emission intensity upon the photocyclization reaction is
attributed to changes in electronic factors centered on the internal arm.
Specifically, the cyclization reaction generates hybridized sp® carbons
that, in the case of the alkyne-substituted pyrene arm, disrupt electronic
delocalization.

Two-photon excitation (TPE) measurements of compounds 1 and 3
were conducted to investigate the potential for non-destructive readout
applications (Fig. 4C, S15 and S18-19). The nonlinear process of two-
photon absorption can selectively produce luminescence without trig-
gering photochromism [24]. The TPE emission was recorded under 730
nm light excitation with an incident power of 90 mW, over a 5-s
acquisition period. In Fig. 4C, 1 shows a broad TPE emission, with
identical shape and A;;qx as one-photon emission (515 nm). Such emis-
sion remained stable throughout the 20 min measurement duration,
without evidence of the formation of the closed isomer, thus demon-
strating the selective radiative deactivation pathway upon nonlinear
excitation.

For both compounds 1 and 3, the two-photon absorption (TPA) cross-
sections are relatively low, ranging from 62 = 50-60 GM at 700-730 nm
(Figs. S18 and S19). This is typical for mono-functionalized pyrene

25000 -
20000 -
15000

10000 -

PL intensity / counts

5000 |

0

T T T T T T 1
350 400 450 500 550 600 650 700
A/nm

7000 -

6000

PL area/ a.u.

5000 -

10 15 20 25

4000 - Cycles

3000 -

PL intensity / counts

2000

1000

400 450 500 550 600 650 700

Fig. 4. A) Emission (solid line) and excitation (dashed line) spectra of 1(0) (red line) and 3(0) (green line). Evolution of the emission of 1(0) upon: B) continuous one
photon excitation at 365 nm and C) two-photon excitation at 730 nm. D) Cyclic of one- and two-photon excitations, with alternation of 365 nm and 580 nm for

triggering the photochromic reaction in one-photon excitation.
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motifs [40,41]. However, these low cross-sections do not pose a chal-
lenge for this study, as the focus is on the potential modulation of the
TPA signal with high contrast, rather than on achieving high absolute
TPA values.

As expected, orthogonal OPE excitation at 365 nm on the same so-
lution triggered the photocyclization reaction. The TPE signal recorded
in the solution at the PSS was found to be diminished by a factor of 1.6
(Fig. 4D). Orthogonal white light irradiation fully recovered the initial
open form, restoring the initial TPE signal intensity of the open isomer.
Perfect fatigue resistance was observed over 25 cycles, with a stable
"on"/"off" TPE contrast of 46 % (Fig. 4D, inset). One can notice that no
evidence of a TPE-activated cycloreversion reaction was observed dur-
ing 730 nm excitation of the solution at the PSS.

Compound 3(0) exhibits TPE emission at a similar energy level to
that of 1(0), with slight changes in the emission shape (Fig. S15),
consequently to the similarities of their electronic structure and OPE
emission. Interestingly, 3(o) undergoes a photocyclization reaction
under TPE excitation (Fig. S16). At high excitation power, the photo-
cyclization process induces a deviation from the quadratic response
(Fig. S18). This behavior highlights the beneficial effect of the second
pyrene in compound 1, which facilitates the radiative deactivation
pathway prior to the photocyclization reaction. Similar to 1(o0), the
photoisomerization reaction of 3(0) upon OPE (365 nm) to the PSS state
led to a decrease in the TPE signal. The "on"/"off" TPE contrast of 3 drops
to 17 % compared to 1(0) (Fig. S17), demonstrating the beneficial effect
of the two pyrene units on the combined OPE/TPE photophysical
processes.

4. Conclusion

We report herein an effective photo-switchable all-optical non-
destructive molecular system. This system features an innovative
design in which two pyrenes are asymmetrically attached to a dithie-
nylethene core, extensively characterized using NMR spectroscopy. The
two-photon excitation (TPE) output signal is photo-modulated with a
contrast of 46 % and exhibits excellent fatigability when exposed to one-
photon excitation (OPE) light at either 365 nm or 580 nm. Theoretical
studies indicate that the internal functionalization of pyrene is respon-
sible for the observed photoactivity in these systems through the
extended n-conjugated pathway brought by an excellent electronic
communication with the DTE arm, while the external pyrene is con-
strained in a twisted orientation and is more isolated electronically.
However, these constraints in the structure, where intramolecular in-
teractions between the pyrene moieties reduce degrees of freedom and
limit non-radiative deactivation pathways, ultimately results in the su-
perior photophysical properties observed for 1.
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