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1. Computational investigation of compounds EE24, Ant-1 and DYAD2
1.1. Simulation of electronic and photophysical properties

The electronic and photophysical properties of the new compounds were investigated by means of Density
Functional Theory (DFT)*? and Time-Dependent DFT (TD-DFT)"** computational methods. Calculations were
carried out using Gaussian 16, Revision C.01 suite of programs,”® replacing long alkyl chains with methyl
groups to reduce the computational burden. The Se-optimized geometries were calculated at the B3LYP!®7)/6-
31G* level of theory in vacuum, while the S;-optimized geometries were obtained at the TD-CAM-B3LYP®!/6-
31G* level in THF as the chosen solvent, whose effect was considered using the polarizable continuum model
(PCM).B! The optimized geometry of DYAD2 is presented in Figure S1, while those of EE24 and Ant-1 are
shown in Figure S2.

Figure S1. Bond lengths (A) and dihedral angles (degrees) of So and Si (in brackets) optimized geometries of DYAD2.

Ant-1

1.47A

1.46 A

Figure S2. Bond lengths (A) and dihedral angles (degrees) of So and S1 (in brackets) optimized geometries of compounds
EE24 and Ant-1.

As can be seen from the figures, the minimum structure of DYAD2 almost perfectly resembles those of the
two isolated fragments. In particular, at the ground state, the section comprising the acceptor group and the
BTD-DTP unit of the sensitizer was found to be highly planar, and a larger dihedral angle of around 31° was
found only between the BTD ring and the indoline donor, as a result of the steric clash between two adjacent
C-H bonds. Concerning the antenna section, the benzene-triazole and BTD-thiophene units were once again
found to be almost perfectly planar. Carbon-carbon bond lengths along the conjugated scaffolds of all
compounds were found to be intermediate between those of typical single and double C-C bonds, testifying
to the high degree of electron delocalization along the molecules. Upon transition to the S; state (values in
brackets in the Figures), a tendency towards a decrease of the torsional angles was evidenced for all the
involved bonds, possibly leading to an even more pronounced electron delocalization and, consequently,
large Stokes’ shifts. The similarities in the optimized structures of the three compounds suggest that potential
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differences in their photophysical behavior should be preferentially attributed to differences in the
respective electronic structures or to charge/energy transfer processes.

Subsequently, the electron density distributions and ground state energies of the frontier molecular orbitals
(FMOs) of the three compounds were computed in THF at the B3LYP/6-31G* level of theory (Figure S3-S5).
The orbital plots (Figure S3-54) show that the HOMO and LUMO of compound DYAD2 resemble very closely
those of sensitizer EE24, with the HOMO being mostly localized on the donor indoline group, with a sizeable
contribution of the central BTD-DTP core, and the LUMO centered on the acceptor cyanoacrylic acid, again
with large coefficients appearing on the central chromophore. The evident overlap between the frontier
orbitals suggested that HOMO-LUMO transitions in DYAD2 and EE24 could be accompanied by intense light
absorption (see below).

LUMO LUMO+1

DYAD2

HOMO-1 HOMO

Figure S3. B3LYP/6-31G* FMOs ground-state electron density distributions of DYAD2 computed in THF (using PCM).

HOMO-1 HOMO LUMO LUMO+1

Ant-1
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Figure S4. B3LYP/6-31G* FMOs ground-state electron density distributions of compounds EE24 and Ant-1 computed
in THF (using PCM).

S3



In the case of the isolated antenna Ant-1, all orbitals, except for HOMO-1, were located on the conjugated
BTD-thiophene unit, hinting at a localized m—n* nature of the corresponding electronic transitions.
Interestingly, the LUMO+1 of DYAD2 was almost coincident with the LUMO of Ant-1: considering the shape
of the other FMOs, resembling those of EE24 (see above), this highlights how the orbitals of the molecular
dyad resulted from the sum of those of its constituents, but without appreciable combination, indicating that
the sensitizer and the antenna unit were electronically fully decoupled.

In Figure S5, the computed FMOs energies are plotted vs. vacuum. In agreement with the results of the
electron density distribution, it can be seen that the HOMO-1, HOMO and LUMO energies of compounds
DYAD2 and EE24 were almost identical, with a HOMO-LUMO gap of approximately 2.03 eV. Conversely, the
HOMO-LUMO gap for Ant-1 was much larger (approx. 3.18 eV), indicating a capability of absorbing higher
energy photons, as expected for the antenna unit of the dyad. The energy of the LUMO+1 orbital of DYAD2
was analogous to that of the LUMO of Ant-1, once again in good agreement with the respective electron
density distributions.
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Figure S5. B3LYP/6-31G* FMOs energies (in eV vs. vacuum) of the ground state of compounds DYAD2, EE24 and Ant-
1 computed in THF (using PCM).

The spectroscopic properties of the compounds were then computationally assessed in THF at the TD-CAM-
B3LYP/6-311+G(2d,p) and TD-MPW1K!'/6-311+G(2d,p) levels of theory, including the solvent effects by
PCM. Results are shown in Table S1, reporting the maximum absorption wavelength (1255 ), the vertical
excitation energy (Eex), the oscillator strength (f) and the percentage composition of the main singlet-singlet
transitions in terms of molecular orbitals.

Compounds DYAD2 and EE24 presented almost identical absorption maxima in the 539-574 nm range (Eexc
=2.16-2.30 eV), depending on the functional used, with high oscillator strengths. In both cases, the computed
absorptions stem mostly from HOMO—LUMO and (to a minor extent) HOMO-1—LUMO transitions,
highlighting their intramolecular charge transfer (ICT) character. As for compound Ant-1, the maximum
absorption was instead comprised in the 398-408 nm interval, with an E.. above 3.0 eV and an almost
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exclusive HOMO—LUMO character. Interestingly, in the case of DYAD2 a second relevant transition could be
identified, involving HOMO-3 and LUMO+1 orbitals, which was exclusively centered on the antenna unit, and
corresponding almost exactly to the main HOMO—LUMO transition of Ant-1. This confirmed that electronic
transitions in the two sub-units of the dyadic sensitizer were fully independent. In all cases, it should be
highlighted that the computational excitation energies obtained with both functionals were in very good
agreement with the experimental values (see main text for details), with a maximum difference within 0.16
eV in the worst case.

Table S1. TD-DFT absorption maxima (A?,f’cfx in nm), excitation energies (E.x in eV), oscillator strengths (f)
and contributions (%) to the main electronic transitions of compounds DYAD2, EE24, and Ant-1. Differences
relative to experimental absorption values in THF are also reported.

Ay [nm] Eexc[eV] f Contribution [%] BEexp-con’?
Cmpd.
p * * * *
$ $ $ S
69 (H—L) 82 (H—L) 0.03°
540° 574* 229 216 193 1.80
17 (H-1—L) 9 (H-1-1L) 0.16*
DYAD2
g 0.01°
398 4079 3.11 3.05 0.38 033 94 (H-3—L+1) 94 (H-3—L+1) 0.07*
68 (H—L) 81 (H—L) 0.03°
EE24 539® 573* 230 217 192 1.78
18 (H-1—L) 9 (H-1-1L) 0.10*
. ) 0.01°
Ant-1 398 408° 3.11 3.04 0.36 0.34 96 (H—L) 97 (H—L) 0.08*

$ TD-CAM-B3LYP/6-311+G(2d,p)

* TD-MPW1K/6-311+G(2d,p)

“ Difference between the computed and experimental values of excitation energies (experimental values are: DYAD2,
2.32eV; EE24, 2.27 eV; Ant-1, 3.12 eV, see below).

b §o—S;1 transition.
¢ So—*Sstransition.

4 So=Ss transition.
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To complete the computational investigation of the new compounds and evaluate their light emission
properties (especially of the antenna fragment), the behavior of their first singlet excited states was studied
as well. Accordingly, the corresponding FMOs electron density distributions and energies were calculated in
THF at the TD-CAM-B3LYP/6-31G* level (Figure S6-S8).

LUMO LUMO+1

HOMO-1 HOMO

Figure S6. TD-CAM-B3LYP/6-31G* electron density distributions of the first excited state of DYAD2 computed in THF
(using PCM).

HOMO-1 HOMO LUMO LUMO+1

EE24

Figure S7. TD-CAM-B3LYP/6-31G* electron density distributions of the first excited state of EE24 and Ant-1 computed
in THF (using PCM).
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Figure S8. TD-CAM-B3LYP/6-31G* FMOs energies (in eV vs. vacuum) of the first excited states of compounds DYAD2,
EE24 and Ant-1 computed in THF (using PCM).

Also in the case of the excited state, the frontier orbitals’ shapes of DYAD2 and EE24 appeared very similar
and widely delocalized on the sensitizer scaffold, with the exception of orbital LUMO+1 of the dyadic
compound, which was completely localized on the antenna subunit. For Ant-1, HOMO-1 was centered on
the triazole-benzene fragment, while all other orbitals were localized on the thiophene-BTD section,
confirming the localized nature of the high energy transitions in this compound. In agreement with these
observations, the HOMO-1, HOMO and LUMO energies of compounds DYAD2 and EE24 were practically
identical. However, conversely to what was observed before for the ground state, the LUMO+1 energy of
DYAD2 was significantly higher than the LUMO energy of Ant-1 despite the similar shape, reflecting the
different electronic properties of the excited state.

Finally, the emission maxima (A%™%), vertical emission energies (E.m), oscillator strengths (f), and
composition (%) of the S;—Sg emission in terms of molecular orbitals were computed in THF at the TD-CAM-
B3LYP/6-311+G(2d,p) and TD-MPW1K/6-311+G(2d,p) levels of theory (Table S2).
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Table S2. TD-DFT emission maxima (. %l"}ll;c in nm), emission energies (E.mi in eV), oscillator strengths (f),
contributions (%) to the S; =S, transitions and differences relative to experimental values in THF (using PCM)
of compounds DYAD2, EE24, and Ant-1.

ek [nm] Eemi[eV] f Contribution [%]

Cmpd. AEexp-coma
0.15*

DYAD2 677 710 1.83 1.75 1.94 1.95 89 (L—H) 94 (L—H) 0.07*
0.17°

EE24 677 710 1.83 1.75 1.93 1.94 88 (L—H) 94 (L—H) 0.09%
0.15*

Ant-1 489 500 2.54 2.48 0.35 0.34 98 (L—H) 99 (L—H) 0.09*

$ TD-CAM-B3LYP/6-311+G(2d,p)

* TD-MPW1K/6-311+G(2d,p)

@ Difference between the computed and experimental values of emission energies (experimental values are: DYAD2,
1.68eV; EE24, 1.66 eV; Ant-1, 2.39 eV, see below).

For DYAD2 and EE24 emission maxima were computed in the 677-710 nm range (Eemi = 1.75-1.83 eV),
depending on the functional used, which resulted once again in good agreement with experimental values
(see below, Sect. 4). In terms of orbital contributions, the transitions were found to stem largely from
LUMO—HOMO transitions, confirming their ICT character. In the case of Ant-1, the emission was calculated
to have a maximum of around 500 nm, which suggested a good degree of overlap with the sensitizer
absorption, in agreement with expectations for an efficient FRET mechanism.

1.2. Antenna-sensitizer distance and orientation factor

After having evaluated the electronic and photophysical properties of the new compounds, DFT calculations
were also used to determine some useful parameters to calculate the main FRET properties, such as the so-
called FRET radius (Ro) and FRET efficiency (Erser). Details on the calculations of such parameters are provided
below (see Sect. 5), after the determination of spectroscopic properties.

First, the antenna-sensitizer distance of DYAD2 (r) has been computed starting from the minimized
structure at the B3LYP/6-31G* level of theory (Figure S1, see above) considering the geometric centers of
both antenna and sensitizer, yielding a value of r = 17.6 A.

Then, we calculated the orientation factor k% which takes into account the relative orientation of the
transition dipole moment vectors of the two attached units. k* can assume values between 0 and 4, with high
values usually related to a parallel relative orientation favoring FRET, and low values to a disadvantageous
perpendicular orientation.' According to the original definition,!*? k? is calculated using the following
equation:

k? = (cosy — 3 cosacos B)? (s1)

Where y is the angle between the transition dipole moment vectors of the antenna and sensitizer, while a
and B are the angles between these respective vectors and the direction of the connecting vector between
the antenna and the sensitizer (Figure S9).
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Figure S9. Angles a, 5, and y define the relative orientation between the transition dipole moment of a donor (D, in
this case the antenna) and an acceptor (A, in this case the sensitizer) in a FRET dyad (Reproduced with permission from
ref. [11], © Elsevier B. V.).

Here, the excited-to-ground state transition dipole moment of the antenna section of DYAD2 and the
ground-to-excited state transition dipole moment of the sensitizer portion were computed at the CAM-
B3LYP/6-311+G(2d,p) level of theory, and the k* parameter was calculated according to eq. (S1), giving a
value of 1.41. Since the orientation factor is generally assumed to be equal to 2/3 = 0.66 for randomly
oriented dipole moments, in this case there seems to be a more favorable orientation of the involved dipole
moments, enhancing the efficiency of the resulting FRET.

2. Full synthetic procedures and characterization of the new compounds
2.1. General synthetic remarks

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without
purification. Dimethyl(1-diazo-2-oxopropyl) phosphonate (13)™*%! and 4-(2’,6’-bis(octyloxy)-[1,1’-biphenyl]-4-
yl)-4H-dithieno[3,2-b:2’,3’-d]pyrrole-2-carbaldehyde (16),!**) were prepared according to literature
procedures. All air-sensitive reactions were performed under N; inert atmosphere using Schlenk techniques.
Degassed pure solvents were obtained using the “freeze-pump-thaw” method, while solutions were
degassed by bubbling N, for 15 min. Dry solvents were purchased as such and stored over 4 A molecular
sieves under N, or obtained as follows: toluene was dried on a resin exchange Solvent Purification System
(MBraun), tetrahydrofuran (THF) was purified by distillation over metallic sodium in the presence of
benzophenone as an indicator. Petroleum ether was the 40-60 °C boiling fraction. Reactions were monitored
via TLC using silica gel 60 F254 aluminum-supported plates (Merck) and detection was carried out by
exposure to UV light (A = 254 and 365 nm) and/or treatment with a KMnO, basic solution. Flash column
chromatography was performed using glass columns (10-50 mm wide) and Merck Kieselgel 60 (300—400
mesh) as the stationary phase. 'H- and 3C-NMR spectra were recorded at 400 and 100.6 MHz, respectively,
on Bruker Avance series instruments. Chemical shifts were referenced to the residual solvent peak (CDCls, &
7.26 ppm for *H-NMR and & 77.16 ppm for 3C-NMR; THF-d8, § 1.72 and 3.58 ppm for 'H-NMR, § 67.21 and
25.31 ppm for 13C-NMR). Coupling constants (J) are reported in Hz, and the used abbreviations are s (singlet),
d (doublet), t (triplet), dd (doublet of doublets), ddd (doublet of doublets of doublets), td (triplet of doublets)
and m (multiplet). Multiplets are indicated as chemical shift intervals. ESI-MS analyses were recorded with
an LCQ-Fleet lon-Trap Mass Spectrometer (Thermo Fisher Scientific). HR-MS analyses were performed at
CISM (Mass Spectrometry Center—University of Florence) using an LTQ Orbitrap FT-MS Spectrometer
(Thermo Fisher Scientific).
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2.2. Synthesis of intermediate 2

s
[}75”8“3
N/S\N (1.2eq.) N/S\N 1) CF,S0,Ag (10 mol%) N”S‘N
\ O Pd(PPh.), (6 mol%) \ o TMSN, (2.8 eq.) \ /
2la (5 MOTR CH,CI,, 0°C, 1h
Br 4 ‘ N / 2y | N
Toluene S 2) Et;SiH (2.0 eq.) s N,
110°C, 16 h e
7 95% 1 : )

63% (over two steps)

Scheme S1. Synthesis of intermediate 2.

7-(Thiophen-2-yl)benzo[c][1,2,5]thiadiazole-4-carbaldehyde (1):

In a Schlenk tube, 7-bromobenzolc][1,2,5]thiadiazole-4-carbaldehyde (7, 0.100 g; 0.41 mmol; 1.0 eq.), 2-
(tributylstannyl)thiophene (0.184 g; 0.49 mmol; 1.2 eq.) and Pd(PPhs), (0.023 g; 0.02 mmol; 6 mol%) were
dissolved in anhydrous toluene (8 mL) under inert nitrogen atmosphere. The resulting mixture was heated at
110 °C and stirred for 16 h. A saturated solution of potassium fluoride (10 mL) was added and the mixture
stirred for 30’. The organic phase was extracted with CH,Cl, (30 mL), washed with brine (2 x 20 mL) and dried
over Na,S0O,. Finally, the solvent was removed under reduced pressure. The crude product was purified by
flash column chromatography (SiO,, Petroleum Ether/CH,Cl, 1:1) to obtain compound 1 as an orange solid
(0.096 g; 0.39 mmol; 95% yield).

'H-NMR (400 MHz, CDCl5): & (ppm) 10.72 (s, 1H), 8.29 (d, J = 3.7 Hz, 1H), 8.22 (d, J = 7.5 Hz, 1H), 8.00 (d, J =
7.5 Hz, 1H), 7.59 (d, J = 5.0 Hz, 1H), 7.27 — 7.23 (m, 1H). *C-NMR (100.6 MHz, CDCls): & (ppm) 188.71, 153.80,
152.52, 138.58, 133.25, 132.83, 130.21, 129.70, 128.63, 125.75, 124.32. ESI-MS: m/z = 247.1 [M+H]".

4-(Azidomethyl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2):

S

N\ /N
‘ \>_< >_
S N;
2

In a Schlenk tube, aldehyde 1 (0.150 g; 0.61 mmol; 1.0 eq.) and silver (1) triflate (0.015 g; 0.06 mmol; 10
mol%) were mixed with anhydrous CH,Cl, (10 mL) under inert atmosphere. The resulting mixture was cooled
to 0 °C, then trimethylsilylazide (0.196 g; 1.70 mmol; 2.8 eq.) was added and the reaction mixture was stirred
for 1 h at 0 °C. Triethylsilane (0.142 g; 1.22 mmol; 2.0 eq.) was subsequently added to the reaction mixture,
and the latter was allowed to warm up to room temperature and stirred for 16 h. The reaction mixture was
extracted with CH,Cl, (30 mL) and the organic phase was washed with H,O (30 mL), then it was dried over
Na,S0, before removing the solvent under reduced pressure. The crude was purified by flash column
chromatography (SiO,, Petroleum Ether/CH.Cl, 4:1), providing pure azide 2 as a yellow solid (0.105 g; 0.38
mmol; 63% yield).

H-NMR (400 MHz, CDCls): 6 (ppm) 8.13 (dd, J =3.7 Hz, 1.0 Hz, 1H), 7.85 (d, J =7.2 Hz, 1H), 7.59 (d, J =7.3 Hz,
1H), 7.47 (dd, J =5.1 Hz, 1.0 Hz, 1H), 7.22 (dd, J =5.1 Hz, 3.8 Hz, 1H), 4.89 (s, 2H). 3*C-NMR (100.6 MHz, CDCls)
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& (ppm) 154.42, 152.49, 139.11, 128.67, 128.21, 128.12, 127.82, 127.32, 127.24, 125.36, 51.32. ESI-MS: m/z
=273.0 [M]".

2.3. Synthesis of intermediate 3

O,

10 (1.0 eq.)

,(dba),* CHCI, (3 mol%) Br
NaBH,CN rBu P- HBF (6 mol%) N
308q) Cs,CO, (2.0 eq.) NBS (1.0 eq.)
R
acetic amd Toluene CHCI,
15°C, 16 h rt, 1 h, then reflux. 16 h 0°Ctort, 16 h
81% 81% 63% 12

o7

"R
P—OMe
OMe Br \
N
13 (5.0 eq.) N 15 (2.0 eq.)

12 —————————— == —_— -
K,CO, (5.0 eq.) BuLi 1.7M (3.5 eq.)
THF/MeCH (2:3) THF
16 h 78°Ctort, 16 h
42% / 14 289, /

Scheme S2. Synthesis of intermediate 3.

1,2,3,3a,4,8b-hexahydrocyclopenta[b]indole (9):1**

<

9

1,2,3,4-Tetrahydrocyclopenta[b]indole (8, 2.50 g; 15.9 mmol; 1.0 eq.) was dissolved in CH;COOH (60 mL);
NaBH3CN (3.00 g; 47.7 mmol; 3.0 eq.) was added slowly at 15 °C and the resulting mixture was stirred at room
temperature for 16 h. After adding H>O (20 mL), the solution was stirred for 1 h, and the solvent volume was
reduced under vacuum. A saturated solution of NaHCO3 (130 mL) and EtOAc (70 mL) were then added and
the solution was stirred for 2 h. The organic phase was separated and dried over Na,SO,, then the solvent
was removed under reduced pressure, giving the desired product 9 as a yellow liquid (2.06 g; 12.96 mmol;
81% yield), which was used for the following reaction without further purification.

'H-NMR (400 MHz, CDCls): 6 (ppm) 7.04 (d, J = 7.2 Hz, 1H), 6.99 (t, J = 7.6 Hz, 1H), 6.68 (t, J = 7.4 Hz, 1H),
6.53 (d, J = 7.8 Hz, 1H), 4.36 (ddd, J = 8.4 Hz, 6.0 Hz, 2.1 Hz, 1H), 3.81 — 3.74 (m, 1H), 2.02 — 1.50 (m, 6H). 13C-
NMR (100.6 MHz, CDCls): & (ppm)= 151.31, 133.61, 127.50, 124.69, 118.62, 108.77, 63.51, 47.36, 37.01,
35.04, 24.56.

Analytical data are in agreement with those reported in the literature.!*”!



4-(1,3,3a,8b-Tetrahydrocyclopenta[blindol-4(2H)-yl)benzaldehyde (11):
~<0

N
0

In a Schlenk tube, under an inert nitrogen atmosphere, Pd,(dba)s:CHCl; (0.218 g; 0.210 mmol; 3.0 mol%)
and tBusP-HBF, (0.122 g; 0.421 mmol; 6.0 mol%) were dissolved in degassed toluene (35 mL) and the resulting
mixture was stirred at room temperature for 1 h. p-Bromobenzaldehyde (10, 1.30 g; 7.03 mmol; 1.0 eq.),
indoline 9 (1.34 g; 8.43 mmol; 1.2 eq) and Cs,COs (4.580 g; 14.06 mmol; 2.0 eq.) were then added and the
reaction mixture was heated at 110 °C and kept for 16 h under magnetic stirring. After filtration on Celite®,
the solution was diluted with H,0 (30 mL) and extracted with EtOAc (2 x 30 mL); the combined organic phases
were dried over Na,;SO, and the solvent was removed under reduced pressure. The crude was purified by
flash column chromatography (SiO>; Petroleum ether/CH,Cl; 30:1 to 1:1) to yield the desired product 11 as a
colorless oil (1.50 g; 5.69 mmol; 81% yield).

'H-NMR (400 MHz, CDCls): & (ppm) 9.83 (s, 1H), 7.82 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 7.27 (d, J =
8.1 Hz, 1H), 7.19 (d, J = 7.4 Hz, 1H), 7.15 (t, J = 7.8 Hz, 1H), 6.90 (t, J = 7.4 Hz, 1H), 4.77 — 4.68 (m, 1H), 3.93 —
3.89 (m, 1H), 2.13 — 1.88 (m, 4H), 1.80 — 1.63 (m, 1H), 1.52 — 1.39 (m, 1H). 3C-NMR (100.6 MHz, CDCls): §
(ppm) 190.47, 148.36, 144.19, 138.49, 131.69, 130.06, 126.02, 128.17, 116.45, 112.78, 111.87, 69.06, 45.50,
34.28,34.22, 24.52. ESI-MS: m/z = 263.13 [M]*.

4-(7-Bromo-1,3,3a,8b-tetrahydrocyclopenta[blindol-4(2H)-yl)benzaldehyde (12):
S
N

N
o

In a Schlenk tube under an inert nitrogen atmosphere, compound 11 (1.40 g; 5.32 mmol; 1.0 eq.) was
dissolved in CHCI; (25 mL) and cooled down to 0 °C. N-bromosuccinimide (0.946 g; 5.32 mmol; 1.0 eq.) was
added at 0 °C and the resulting mixture was stirred at room temperature in the dark for 16 h. A saturated
aqueous solution of NaHCO; (25 mL) was then added and stirring was continued for 1 h. The mixture was
extracted with CH,Cl, (40 mL), the organic phase was dried over Na,SO4 and the solvent was removed under
vacuum. The crude was recrystallized from petroleum ether providing the desired product 12 as a yellow
solid (1.15 g; 3.36 mmol; 63% vyield).

1H-NMR (400 MHz, CDCls): & (ppm) 9.84 (s, 1H), 7.83 (d, J = 8.8 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H), 7.26 (d, J =
1.4 Hz, 1H), 7.22 (dd, J = 8.5 Hz, 1.7 Hz, 1H), 7.11 (d, J = 8.5 Hz, 1H), 4.80 — 4.70 (m, 1H), 3.89 (td, J=8.7, 1.9
Hz, 1H), 2.13 — 1.98 (m, 2H), 1.98 — 1.86 (m, 2H), 1.77 — 1.64 (m, 1H), 1.54 — 1.40 (m, 1H). *C-NMR (100.6
MHz, CDCl5): & (ppm) 190.47, 148.36, 144.19, 138.49, 131.69, 130.06, 129.05, 128.17,116.45,112.78,111.87,
69.06, 45.50, 34.28, 34.22, 24.52. ESI-MS: m/z = 341.0, 343.0 [M]*.

S12



7-Bromo-4-(4-ethynylphenyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[blindole (14):

Seoh
N

W

In a Schlenk tube under an inert nitrogen atmosphere, aldehyde 12 (0.152 g; 0.445 mmol; 1.0 eq.) was
dissolved in a mixture of anhydrous THF (1.0 mL) and anhydrous MeOH (3.0 mL). Compound 133! (0.428 g;
2.22 mmol; 5.0 eq.), dissolved in anhydrous THF (1.0 mL), and K>COs (0.308 g; 2.22 mmol; 5.0 eq.) were then
added to the aldehyde solution at room temperature and the resulting mixture was stirred for 16 h. A
saturated aqueous solution of NH4Cl (3 mL) was added to the reaction mixture and the organic phase was
extracted in diethyl ether (2 x 5 mL). The combined organic phases were dried over Na,SO, and the solvent
was removed under reduced pressure. The crude was purified by flash column chromatography (SiO,,
Petroleum Ether/EtOAc 100:1), yielding alkyne 14 as an off-white solid (0.063 g; 0.19 mmol; 42% yield).

1H-NMR (400 MHz, CDCls): § (ppm) 7.44 (d, J = 8.7 Hz, 2H), 7.21 (s, 1H), 7.19 — 7.13 (m, 3H), 6.95 — 6.90 (m,
1H), 4.75-4.70 (m, 1H), 3.85—-3.80 (m, 1H), 3.04 (s, 1H), 2.08 = 1.99 (m, 1H), 1.91-1.84 (m, 3H), 1.71-1.63
(m, 1H), 1.52 — 1.44 (m, 1H). **C-NMR (100.6 MHz, CDCls): § (ppm) 145.46, 143.36, 137.84, 133.35, 133.29,
129.91,127.92,117.85, 110.98, 110.28, 84.02, 76.20, 68.97, 45.43, 34.66, 34.07, 24.52. ESI-MS: m/z = 337.0,
339.1 [M]".

4-(4-Ethynylphenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2,3,3a,4,8b-hexahydrocyclopenta[b]

indole (3):
°J§<
1
N
3
i/

In a Schlenk tube under an inert nitrogen atmosphere, alkyne 14 (0.030 g; 0.089 mmol; 1.0 eq.) was
dissolved in anhydrous THF (3 mL). After cooling down to -78 °C, tBuli (1.7 M solution in pentane, 183 pL,
0.31 mmol; 3.5 eq.) was added and the reaction mixture was stirred for 1 h at the same temperature. Pinacol
borane (15, 25 uL; 0.17 mmol; 2.0 eq.) was added, and the reaction mixture was stirred while slowly warming
up to room temperature over 16 h. The reaction was quenched by adding H,O (5 mL), and the resulting
mixture extracted with CH,Cl, (10 mL). The organic phase was dried over Na,SO, and the solvent was
removed under reduced pressure. The crude was purified by flash column chromatography (SiO,, petroleum
ether/EtOAc 50:1), to obtain boronic ester 3 as a light yellow oil (0.013 g; 0.034 mmol; 38%).

1H-NMR (400 MHz, CDCls): 6 (ppm) 7.58 (s, 1H), 7.56 (d, J = 8.6 Hz, 1H), 7.45 (d, J = 8.7 Hz, 2H), 7.22 (d, J =
8.7 Hz, 2H), 7.03 (d, J = 8.0 Hz, 1H), 4.82 —4.71 (m, 1H), 3.83 (td, J = 8.7 Hz, 2.7 Hz, 1H), 3.04 (s, 1H), 2.13 -
1.79 (m, 4H), 1.69 — 1.60 (m, 1H), 1.54 — 1.41 (m, 1H), 1.34 (s, 12H). 3C-NMR (100.6 MHz, CDCls): & (ppm)
149.17, 143.25, 135.08, 134.77, 133.26, 131.37, 118.59, 114.36, 108.16, 84.12, 83.52, 76.23, 68.81, 45.34,
34.81, 33.98, 29.85, 25.08, 24.93, 24.55. ESI-MS: m/z = 385.22 [M]*.
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2.4. Synthesis of intermediate 5

S

N7 N

\R/

H47C0O OCgH47 H47C0 OCgH47

Br Br
O 17 (3.0 eq.) O

N Pd(OAc), (7.5 mol%) Sy N
cataCXium A (15 mol%) N~ |
/A oo o ma N A/
v mol%
s s \ Cs,CO,(1.5eq.) S N !
@] 273 Br e]
16 Toluene, reflux, 24 h 5

65%

Scheme S3. Synthesis of intermediate 5.

4-(2',6"-Bis(octyloxy)-[1,1'-biphenyl]-4-yl)-6-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)-4H-dithieno[3,2-
b:2' 3"-d]pyrrole-2-carbaldehyde (5): In a Schlenk tube, under an inert nitrogen atmosphere, compound 16!*
(0.300 g; 0.49 mmol; 1.0 eq.), 4,7-dibromo-2,1,3-benzothiadiazole (17, 0.432 g; 1.47 mmol; 3.0 eq.), Pd(OAc),
(0.008 g; 0.036 mmol; 7.5 mol%), cataCXium A® (0.026 g; 0.073 mmol; 15 mol%), pivalic acid (0.015 g; 0.146
mmol; 30 mol%), Cs2COs (0.240 g, 0.74 mmol; 1.5 eq.) were added in anhydrous toluene (20 mL), and the
reaction mixture was heated at 110 °C and stirred for 24 h. After filtration on Celite®, water was added (20
mL) and the resulting mixture was extracted in CH,Cl, (20 mL) and dried over Na;SQ4, and the solvent was
removed under reduced pressure. The crude product was purified by flash column chromatography (SiO,,
Petroleum ether/CH,Cl, 10:1) to afford desired product 5 as a red solid (0.261 g; 0.316 mmol; 65% vyield).

'H-NMR (400 MHz, CDCls): & (ppm) 9.90 (s, 1H), 8.43 (s, 1H), 7.88 (d, J = 7.8 Hz, 1H), 7.86 (s, 1H), 7.78 (d, J
= 7.7 Hz, 1H), 7.65 — 7.64 (m, 4H), 7.31 — 7.27 (m, 1H), 6.68 (d, J = 8.4 Hz, 2H), 3.97 (t, J = 6.4 Hz, 4H), 1.75 —
1.64 (m, 4H), 1.41 —1.06 (m, 20H), 0.80 — 0.71 (m, 6H). **C-NMR (100.6 MHz, CDCl;): § (ppm) 183.18, 157.28,
151.68, 148.50, 144.27, 141.78, 141.27, 136.81, 133.53, 133.23, 132.43, 129.23, 127.59, 125.87, 124.69,
121.89, 121.03, 118.75, 117.52, 113.72, 113.19, 105.46, 68.79, 31.90, 29.42, 29.32, 29.24, 26.15, 22.74,
14.16. ESI-MS: m/z = 827.1, 829.2 [M]*.

2.5. Synthesis of Ant-1

5~
S
N Ny |
N /N AN CuSO, -5 H,0 (5 mol%) N
S Sodium L-Ascorbate (10 mol%) S N
| * > 4 - Br
N3 Br THF/H,O (1:1) <N
16 h, rt
2 18 (1.0eq.) 80% Ant-1

Scheme S4. Synthesis of compound Ant-1.

4-(4-Bromobenzyl)-7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (Ant-1): Azide 2 (0.022 g; 0.08 mmol; 1.0
eq.) and 4-bromophenyl acetylene 18 (0.014 g; 0.08 mmol; 1.0 eq.) were dissolved in a mixture of THF (1.0
mL) and H,0 (1.0 mL). CuSO4-5H,0 (0.6 mg; 0.004 mmol; 5 mol%) and sodium L-ascorbate (1.6 mg; 0.008
mmol; 10 mol%) were then added, and the reaction mixture was stirred for 16 h at room temperature. The
resulting precipitate was filtered on a Blichner funnel obtaining the desired product Ant-1 as an orange solid
(0.029 g; 0.064 mmol; 80% vyield).

'H-NMR (400 MHz, CDCl;): & (ppm) 8.10 (dd, J = 3.7, 1.1 Hz, 1H), 8.00 (s, 1H), 7.83 (d, J = 7.3 Hz, 1H), 7.70 -
7.64 (m, 2H), 7.59 (d, J = 7.3 Hz, 1H), 7.54 — 7.49 (m, 2H), 7.47 (dd, J = 5.1, 1.1 Hz, 1H), 7.20 (dd, J = 5.1, 3.7
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Hz, 1H), 6.07 (s, 2H). 3C NMR (100.6 MHz, CDCls): & (ppm) 154.04, 152.24, 147.01, 138.60, 132.12, 131.93,
129.70, 129.39, 128.37, 128.12, 127.50, 127.22, 125.67, 125.20, 122.05, 120.49, 110.49, 50.45. HRMS: m/z
calculated for Ci9H12BrNaS: 475.9615, Found: 475.9594 [M+Na]*.

2.6. Synthesis of EE24

O
E‘ 5(0.9eq.)
~0 Pd(PPh,), (4 mol%)
CuS0,-5H,0 (5 mol%) Bu,NBr (0.8 eq.)
3 Sodium L-Ascorbate
(10 mol%) KoCO4 (203“)
—
// THF/H,0 (1:1) TOIuSHS/H (]
16 h, rt 95 °C, 16h
58% 61%
NaN, (2.0 eq.) N
Br ————— = Ny—™—

NC. COOH 23 (5.0eq.
80°C. 16 h ~ (50eq)

19 99% 20

AcONH, (1.5eq.)
Toluene/AcOH
110°C, 16 h
91%

H47C0 OCgHy7

Scheme S5. Synthesis of compound EE24.

1-Azidotetradecane (20)

TN,

12
20

In a Schlenk tube, under an inert nitrogen atmosphere, bromide 19 (0.050 g; 0.18 mmol; 49 pL; 1.0 eq.) was
dissolved in DMF (2.0 mL) and sodium azide (0.025 g; 0.36 mmol; 2.0 eq.) was added. The reaction mixture
was kept for 10 h at 90 °C under magnetic stirring. After cooling to room temperature, the crude reaction
mixture was diluted with CH,Cl> (25 mL) and washed with water (4 x 20 mL). The organic phase was dried
over Na,S0O,, filtered and the solvent was removed under reduced pressure to give the pure product 20 (0.42
mg; 0.17 mmol; 99% vyield).

1H-NMR (400 MHz, CDCls): & (ppm) 3.25 (t, J = 7.0 Hz, 2H), 1.65 — 1.55 (m, 2H), 1.39 — 1.22 (m, 22H), 0.88
(t,J=6.9 Hz, 3H). 3C-NMR (100.6 MHz, CDCl3): 6 (ppm) 51.47,31.91, 29.68, 29.66, 29.64, 29.63, 29.61, 29.53,
29.47,29.34, 29.14, 28.83, 26.70, 22.67, 14.08.
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4-(4-(1-Tetradecyl-1H-1,2,3-triazol-4-yl)phenyl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1,2,3,30,4,8b-hexahydrocyclopenta[blindole (21):

21
—

S
13

Alkyne 3 (0.027 g; 0.071 mmol; 1.0 eq.) and azide 20 (0.017 g; 0.071 mmol; 1.0 eq.), were dissolved in a
mixture of THF (1.0 mL) and H,0 (1.0 mL). CuSO4-5H,0 (0.9 mg; 3.5 umol; 5 mol%), sodium-L ascorbate (1.4
mg; 7.1 pumol; 10 mol%) were added and the reaction mixture was stirred for 16 h at room temperature. The
solution was diluted with H,0 (3 mL) and extracted with CH,Cl, (3 mL). The organic phase was dried over
Na,S0, and the solvent was removed under reduced pressure. The crude was purified by flash column
chromatography (SiO,, Petroleum Ether/EtOAc 50:1 to 5:1), providing pure compound 21 as a pale-yellow
solid (0.023 g; 0.037 mmol; 58% yield).

'H-NMR (400 MHz, CDCls): & (ppm) 7.80 (d, J = 8.6 Hz, 2H), 7.69 (s, 1H), 7.56 (d, J = 9.1 Hz, 2H), 7.33 (d, J =
8.6 Hz, 2H), 7.00 (d, J = 7.9 Hz, 1H), 4.81 (t, J = 6.7 Hz, 1H), 4.38 (t, J = 7.2 Hz, 2H), 3.82 (t, J = 8.0 Hz, 1H), 2.09
—1.99 (m, 1H), 1.97 - 1.88 (m, 4H), 1.87 - 1.77 (m, 1H), 1.69 — 1.59 (m, 1H), 1.56 — 1.45 (m, 1H), 1.39-1.31
(m, 12H), 1.30-1.19 (m, 22H), 0.87 (t, J = 6.7 Hz, 3H). 3C-NMR (100.6 MHz, CDCl3): & (ppm) 149.69, 147.44,
142.52, 135.00, 134.42, 131.13, 126.58, 123.84, 119.66, 118.74, 107.51, 83.28, 68.79, 50.49, 45.18, 34.82,
33.77,31.90, 30.32, 29.66, 29.62, 29.58, 29.50, 29.38, 29.33, 29.01, 26.49, 24.92, 24.76, 24.58, 24.39, 22.67,
14.11. ESI-MS m/z = 625.6 [M+H]"*

4-(2' 6"-Bis(octyloxy)-[1,1'-biphenyl]-4-yl)-6-(7-(4-(4-(1-tetradecyl-1H-1,2,3-triazol-4-yl)phenyl)-1,2,3,3a,4, 8b-
hexahydrocyclopenta[blindol-7-yl)benzo[c][1,2,5]thiadiazol-4-yl)-4H-dithieno[3,2-b:2" 3'-d]pyrrole-2-
carbaldehyde (22):

In a Schlenk tube under an inert atmosphere of nitrogen, bromide 5 (0.028 g; 0.034 mmol; 1.0 eq.), boronic
ester 21 (0.023 g; 0.037 mmol; 1.1 eq.), Pd(PPhs)4 (1.5 mg; 0.0014 mmol; 4 mol%), K2CO3 (9.0 mg; 0.068 mmol;
2.0 eq.) and BusNBr (9.0 mg; 0.027 mmol; 0.8 eq.) were dissolved in a mixture of toluene (0.8 mL) and H,0
(0.25 mL). The reaction mixture was heated at 95 °C and stirred for 24 h under nitrogen atmosphere. The
mixture was diluted with H,O (20 mL) and extracted with CH,Cl, (2 x 30 mL). The organic phase was dried
over Na;SO4 and the solvent was removed under reduced pressure. The crude was purified by flash column
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chromatography (SiO», petroleum ether/CHCl,/EtOAc 20:80:1) giving compound 22 as a purple solid (0.023
g; 0.021 mmol; 61% yield).

'H-NMR (400 MHz, CDCl;): 6 (ppm) 9.89 (s, 1H), 8.56 (s, 1H), 8.07 (t, J = 3.8 Hz, 2H), 8.02 (s, 1H), 7.97 (bs,
1H), 7.89 — 7.84 (m, 3H), 7.79 (d, J = 7.7 Hz, 1H), 7.76 (d, J = 8.6 Hz, 2H), 7.65 (d, J = 8.6 Hz, 2H), 7.40 (d, J =
8.7 Hz, 2H), 7.23 (d, J = 8.4 Hz, 1H), 7.14 (d, J = 8.5 Hz, 1H), 6.72 (d, J = 8.4 Hz, 2H), 4.99 — 4.92 (m, 1H), 4.38
(t, J=7.1 Hz, 2H), 4.00 — 3.93 (m, 5H), 2.20 — 2.08 (m, 1H), 2.03 — 1.88 (m, 6H), 1.71 — 1.65 (m, 4H), 1.63 —
1.56 (m, 2H), 1.40 — 1.36 (m, 9H), 1.34 — 1.22 (m, 22H), 1.21 — 1.13 (m, 10H), 0.89 (t, J = 6.8 Hz, 3H), 0.75 (t, J
= 7.0 Hz, 6H). 3C-NMR (101 MHz, CDCl3): & (ppm) 181.88, 157.18, 153.95, 152.68, 147.97, 147.47, 146.81,
143.66, 142.31, 142.02, 141.99, 141.89, 136.81, 135.39, 134.76, 133.43, 133.41, 132.91, 130.92, 128.70,
127.72, 126.78, 126.05, 125.97, 125.83, 125.72, 125.49, 125.24, 124.88, 123.77, 121.25, 120.83, 119.43,
119.18, 118.84, 118.72, 118.41, 116.93, 112.17, 107.77, 106.91, 105.15, 82.70, 68.91, 68.62, 68.46, 68.26,
49.58, 45.38, 45.15, 34.91, 34.78, 33.66, 31.85, 31.73, 30.27, 29.63, 29.61, 29.59, 29.53, 29.43, 29.29, 29.23,
29.17,29.11, 29.05, 26.45, 25.98, 22.54, 22.45, 13.42, 13.33. ESI-MS m/z = 1246.5 [M+H]".

(E)-3-(4-(2',6'-Bis(octyloxy)-[1,1'-biphenyl]-4-yl)-6-(7-(4-(4-(1-tetradecyl-1H-1,2,3-triazol-4-yl)phenyl)-
1,2,3,3a,4,8b-hexahydrocyclopenta[b]indol-7-yl)benzo[c][1,2,5]thiadiazol-4-yl)-4H-dithieno[3,2-b:2" 3'-
d]pyrrol-2-yl)-2-cyanoacrylic acid (EE24):

In a Schlenk tube under an inert nitrogen atmosphere, aldehyde 22 (0.016 g; 0.015 mmol; 1.0 eq.) was
dissolved in toluene (3 mL). Then, ammonium acetate (2 mg; 0.022 mmol; 1.5 eq.), cyanoacetic acid (23, 6
mg; 0.075 mmol; 5.0 eq.) and acetic acid (1 mL) were added, and the reaction mixture was stirred for 24 h at
110°C. After that, a 0.03 M aqueous solution of HCl was added, the organic phase was extracted with CH,Cl,
(10 mL), dried over Na,SO,4 and the solvent was removed under reduced pressure. The crude was filtered on
a silica pad with EtOAc to remove the starting aldehyde and then eluted with THF to obtain the pure product
as a purple solid (0.018 g; 0.013 mmol; 91% vyield).

'H-NMR (400 MHz, THF-d8): 6 (ppm) 8.60 (s, 1H), 8.42 (s, 1H), 8.10 — 8.06 (m, 3H), 7.98 (s, 1H), 7.89 — 7.85
(m, 3H),7.81(d,J=7.7 Hz, 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 7.24
(t, J = 8.3 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H), 6.71 (d, J = 8.4 Hz, 2H), 5.00 — 4.93 (m, 1H), 4.38 (t, J = 7.1 Hz, 2H),
3.98 —3.95 (m, 5H), 2.39 - 2.32 (m, 2H), 2.09 — 1.89 (m, 6H), 1.71 — 1.64 (m, 6H), 1.61 — 1.51 (m, 6H), 1.43 —
1.35 (m, 16H), 1.21 — 1.10 (m, 18H), 0.76 — 0.73 (m, 9H). 3C-NMR (100.6 MHz, THF-d8): 6 (ppm) 173.73,
158.15, 154.83, 153.54, 149.68, 149.41, 148.40, 147.77, 144.90, 144.28, 142.87, 137.72, 136.30, 135.69,
134.47, 133.89, 130.54, 129.70, 129.64, 129.56, 128.74, 128.68, 127.01, 126.66, 126.48, 126.38, 126.20,
125.80, 122.42,122.14,122.03, 120.13, 119.78, 119.70, 118.09, 113.14, 108.74, 106.09, 71.46, 69.86, 69.23,
61.65, 61.12, 52.35, 50.57, 46.33, 38.38, 37.99, 35.88, 34.62, 34.31, 34.19, 33.64, 32.82, 32.70, 31.25, 31.03,
30.92, 30.59, 30.40, 30.26, 30.21, 30.13, 30.05, 29.86, 27.97, 27.57, 27.41, 27.28, 26.94, 26.05, 23.51, 23.43,
14.39, 14.31. HRMS: m/z calculated for C;9H92Ng04Ss: 1313.6476, Found: 1313.6460 [M+H]".
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2.7. Synthesis of compound DYAD2

|
3 By,
CuS0, - 5H,0 (5 mol%)
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(10 mol%)

70%
NN K,CO, (2.0 eq.)
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Scheme S6. Synthesis of compound DYAD2.

4-((4-(4-(7-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2,3,3a,8b-tetrahydrocyclopenta[blindol-4(1H)-
yl)phenyl)-1H-1,2,3-triazol-1-yl)methyl)-7-(thiophen-2 yl)benzo[c][1,2,5]thiadiazole (4):

Azide 2 (0.015 mg; 0.054 mmol; 1.0 eq.) and alkyne 3 (0.021 g; 0.054 mmol; 1.0 eq.) were dissolved in a
mixture of THF (1.0 mL) and H,0 (1.0 mL). CuSO4-5H,0 (0.7 mg; 0.0027 mmol; 5 mol%), sodium-L ascorbate
(1.1 mg; 0.0054 mmol; 10 mol%) were then added and the reaction mixture was stirred for 16 h at room
temperature. The solution was diluted with H,0 (3 mL) and extracted with CH,Cl, (3 mL). The organic phase
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was dried over Na;SO, and the solvent was removed under reduced pressure. The crude was purified by flash
column chromatography (SiO,, Petroleum Ether/EtOAc 8:1), to give compound 4 as an orange oil (0.032 g;
0.048 mmol; 90% vyield).

1H-NMR (400 MHz, CDCl3): & (ppm) 8.10 (dd, J = 3.7 Hz, 0.9 Hz, 1H), 7.97 (s, 1H), 7.82 (d, J = 7.3 Hz, 1H), 7.78
(d, J = 8.4Hz, 2H), 7.60 — 7.53 (m, 3H), 7.47 (dd, J = 5.0 Hz, 0.8 Hz, 1H), 7.31 (d, J = 8.5 Hz, 2H), 7.20 (dd, J = 5.0
Hz, 3.8 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.08 (s, 2H), 4.80 — 4.76 (m, 1H), 3.81 (t, J/ = 7.6 Hz, 1H), 2.03 — 1.97
(m, 1H), 1.96 — 1.74 (m, 3H), 1.70 — 1.56 (m, 1H), 1.56 — 1.40 (m, 1H), 1.33 (s, 12H). 3C-NMR (100.6 MHz,
CDCl3): 6 (ppm) 154.19, 152.40, 149.72, 147.91, 142.86, 138.82, 135.15, 134.63, 131.31, 129.72, 128.44,
128.38, 128.26, 127.61, 126.86, 126.01, 125.39, 120.05, 119.67, 118.57, 108.87, 107.75, 83.47, 68.90, 68.71,
50.70, 45.65, 45.32, 34.95, 33.92, 29.86, 25.09, 24.93, 24.55. ESI-MS: m/z = 659.1 [M+H]*.

4-(2' 6"-Bis(octyloxy)-[1,1'-biphenyl]-4-yl)-6-(7-(4-(4-(1-((7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-
yl)methyl)-1H-1,2,3-triazol-4-yl)phenyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[blindol-7-
yl)benzo[c][1,2,5]thiadiazol-4-yl)-4H-dithieno[3,2-b:2",3' d]pyrrole-2-carbaldehyde (6):

//
S N
S
v/ |
—N

In a Schlenk tube, bromide 4 (0.061 g; 0.074 mmol; 1.0 eq.), boronic ester 5 (0.058 g; 0.088 mmol; 1.2 eq.),
Pd(PPhs)s (4 mg; 0.0029 mmol; 4.0 mol%), K,CO3 (0.025 g; 0.15 mmol; 2.0 eq.) and BusNBr (0.023 g; 0.059
mmol; 0.8 eq.) were dissolved in a mixture of toluene (1.5 mL) and H,0 (0.5 mL). The reaction mixture was
heated at 95 °C and stirred for 16 h under nitrogen atmosphere. The mixture was diluted with H,O (20 mL)
and extracted with CH,Cl; (2 x 30 mL). The organic phase was dried over Na,SO4 and the solvent was removed
under reduced pressure. The crude was purified by flash chromatography (SiO,, petroleum
ether/CH,Cl,/EtOAc 2:1:1) giving product 6 as a purple solid (0.067 g; 0.052 mmol; 70% yield).

1H-NMR (400 MHz, THF-d8): 5 (ppm) 9.89 (s, 1H), 8.57 (s, 1H), 8.24 (s, 1H), 8.19 (d, J = 3.1 Hz, 1H), 8.08 (d,
J=17.6 Hz, 1H), 8.04 (s, 1H), 7.98 — 7.93 (m, 2H), 7.88 — 7.83 (m, 3H), 7.79 (d, /= 7.9 Hz, 1H), 7.76 (d, J = 8.5
Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 4.7 Hz, 1H), 7.53 (d, J = 7.4 Hz, 1H), 7.39 (d, J = 8.5 Hz, 2H), 7.24 (t,
J=83Hz, 1H), 7.19 = 7.17 (m, 1H), 7.14 (d, J = 8.4 Hz, 1H), 6.72 (d, J = 8.4 Hz, 2H), 6.12 (s, 2H), 5.01 — 4.88
(m, 1H), 4.01 —3.91 (m, 5H), 2.19 — 1.85 (m, 6H), 1.62 — 1.47 (m, 4H), 1.26 — 1.08 (m, 20H), 0.74 (t, J = 6.8 Hz,
6H). 3C-NMR (100.6 MHz, THF-d8): & (ppm) 183.14, 158.35, 155.27, 155.13, 153.86, 153.22, 149.14, 148.56,
148.31, 144.85, 143.50, 143.30, 143.08, 139.98, 137.99, 136.62, 134.61, 134.58, 134.10, 130.01, 129.90,
128.99, 128.78, 128.64, 128.49, 128.36, 127.32, 127.02, 126.94, 126.70, 126.20, 126.07, 126.00, 124.95,
122.44,122.09, 121.05, 120.98, 120.25, 120.17,119.96, 118.12, 113.36, 108.99, 106.29, 70.04, 69.41, 50.74,
46.54, 36.08, 34.82, 32.92, 30.81, 30.42, 30.36, 30.29, 27.16, 23.65, 14.52. ESI-MS: m/z = 1280.1 [M+H]".
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4-(2' 6"-bis(octyloxy)-[1,1'-biphenyl]-4-yl)-6-(7-(4-(4-(1-((7-(thiophen-2-yl)benzo[c][1,2,5]thiadiazol-4-
yl)methyl)-1H-1,2,3-triazol-4-yl)phenyl)-1,2,3,3a,4,8b-hexahydrocyclopenta[blindol-7-
yl)benzo[c][1,2,5]thiadiazol-4-yl)-4H-dithieno[3,2-b:2', 3" d]pyrrol-2-yl)-2-cyanoacrylic acid (DYAD2):

” )
S N
S
/ |
—N
N\
P

In a Schlenk tube under an inert nitrogen atmosphere, aldehyde 6 (0.014 g; 0.011 mmol; 1.0 eq.) was
dissolved in toluene (2 mL). Ammonium acetate (1.2 mg; 0.016 mmol; 1.5 eq.), cyanoacetic acid (4.6 mg;
0.054 mmol; 5.0 eq.) and acetic acid (0.5 mL) were then added. The reaction mixture was stirred for 24 h at
115°C. After that, a 0.03 M aqueous solution of HCl was added, the organic phase was extracted with CH,Cl,
(10 mL), dried over Na,SO,4 and the solvent was removed under reduced pressure. The crude was filtered on
a silica pad with EtOAc to remove the starting aldehyde and then eluted with THF to obtain the pure product
DYAD?2 as a purple solid (0.013 g; 0.0096 mmol; 87% yield).

'H-NMR (400 MHz, THF-d8): 6 (ppm) 8.60 (s, 1H), 8.42 (s, 1H), 8.25 (s, 1H), 8.20 (d, J = 3.7 Hz, 1H), 8.11 (d,
J=7.7 Hz, 1H), 8.07 (s, 1H), 7.99 — 7.94 (m, 2H), 7.88 — 7.84 (m, 3H), 7.80 (d, J = 7.7 Hz, 1H), 7.76 (d, / = 8.3
Hz, 2H), 7.65 (d, /= 8.4 Hz, 2H), 7.57 (d, J=5.0 Hz, 1H), 7.53 (d, J = 7.3 Hz, 1H), 7.39 (d, /= 8.7 Hz, 2H), 7.24 (t,
J=8.4Hz, 1H), 7.18 (dd, J = 5.0, 3.7 Hz, 1H), 7.14 (d, J = 8.4 Hz, 1H), 6.71 (d, J = 8.4 Hz, 2H), 6.13 (s, 2H), 4.95
(t, /=7.9 Hz, 1H), 3.98 — 3.95 (m, 5H), 2.24 — 2.18 (m, 2H), 2.00 — 1.89 (m, 4H), 1.60 — 1.49 (m, 4H), 1.23 —
1.13 (m, 20H), 0.92 — 0.85 (m, 6H). 3C-NMR (100.6 MHz, THF-d8): 5 (ppm) 164.39, 158.00, 154.92, 154.78,
153.51, 152.88, 149.34, 148.25, 148.01, 147.95, 147.65, 144.83, 144.13, 142.94, 139.62, 137.56, 136.27,
134.36, 134.30, 133.75, 129.68, 129.54, 128.63, 128.42, 128.29, 128.13, 128.01, 126.97, 126.84, 126.58,
126.36, 125.85, 125.68, 124.48, 122.39, 122.02, 120.64, 119.95, 119.94, 119.65, 117.89, 117.05, 113.00,
108.63, 105.98, 69.70, 69.10, 50.38, 46.18, 35.72, 34.46, 32.55, 30.44, 30.06, 29.98, 29.91, 26.79, 23.28,
14.15. HRMS: m/z calculated for C76H71N1004Ss: 1347.4258, Found: 1347.4191 [M+H]".
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3. Copies of the *H-NMR, 3C-NMR and HRMS spectra of compounds Ant-1, EE24 and DYAD?2
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Relative Abundance
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4. Spectroscopic and electrochemical characterization

UV-Vis spectra of the final compounds were recorded on diluted solutions of the analyte in THF
(approximately in the 2 x 10 M to 1 x 10™* M range) with a UV-2600 spectrometer (Shimadzu). UV-Vis
absorption or transmittance spectra of compounds EE24 and DYAD2 adsorbed on TiO, were recorded with
the same instrument in transmission mode after the sensitization of thin, transparent semiconductor films
(thickness approximately 5 um). Fluorescence and excitation spectra in THF solution were measured at room
temperature with an FP-8300 spectrofluorometer (Jasco) equipped with a 150 W Xenon arc lamp. For
fluorescence spectra, the samples were irradiated close to their maximum absorption wavelength and
emissions were recorded starting approx. 10 nm past the excitation wavelength; for excitation spectra,
samples were excited along their entire absorption range and emissions were recorded close to their
maximum fluorescence wavelength.

Time-resolved lifetime measurements were acquired on a FLS 1000 spectrometer (Edinburgh Instruments)
using a picosecond laser diode at 402.3 nm as the excitation source. Fluorescence decays were recorded
using the Time Correlated Single Photon Counting (TCSPC) Technique. Decay curves were analyzed with the
Fluoracle Software using the IRF (Instrumental Response Function) convolution fitting.

Cyclic voltammetry traces were recorded on a B2901A source-meter unit (Agilent), using a glassy carbon
electrode as the working electrode, a Pt wire as the counter electrode, and an Ag/AgNO; (0.01 M in CH3CN)
pseudo-reference electrode. The sample concentration was approximately 10 M in a 0.25 M TBAPFs
solution in CH,Cl,, acting as the supporting electrolyte. The voltammograms are reported together with a
dotted curve in the background corresponding to the measurement carried out with ferrocene as the internal
standard. Ferrocene was used to set the potential scale assuming its redox potential to be equal to 0.72 V vs.
NHE in CH,Cl,.[*>

Table S3. Main spectroscopic and electrochemical properties of compounds DYAD2, EE24, and Ant-1.

Cmpd,  Amax  €x10° Anks, A Eoo @1 Eoxvs.  E*ous.
[nm]e  [Mtecm™]® (TiO;)[nm] [nm]® [eV]? [%] NHE [V]° NHE [V]?
Ant-1 397 0.38 - 518 2.81 62.4 - -
EE24 547 0.68 535 746 2.03 21.7 +1.00 -1.03
DYAD2 535 1.09 544 737¢ 2.06 45.1¢ +1.01 -1.05
729 19.6/

@ Measured in THF solution; ® Estimated from the corresponding Tauc plots (Fig. S11); ¢ Measured in CH2Cl; solution,
with the Fc*/Fc couple as internal standard; the value vs. NHE was calculated starting from the value vs. Fc*/Fc by
adding +0.72 V;1*81 9 Calculated from the Eox and Eo.o values according to the formula: E*ox = Eox — (Eo-o/€); € Excitation
at 535 nm; f Excitation at 397 nm.
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Figure $10. Normalized UV-vis absorption and fluorescence emission spectra of (a) Ant-1, (b) EE24 and (c) DYAD2 in THF

solution.
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Figure S11. Tauc plots of (a) Ant-1, (b) EE24 and (c) DYAD2 in THF solution.
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S29



1.24 Ant-1 Abs === Emi

{ EE24 ———Abs ==~ Emi

Norm. Absorbance (a. u.)

0.0

400 500 600 700 800
Wavelength (nm)

Figure $13. Normalized UV-vis absorption and fluorescence emission spectra of Ant-1 and EE24 in THF solution,
highlighting the large overlap between the antenna emission and the sensitizer absorption.
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nm) of (a) EE24 and (b) DYAD2 in THF solution.
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Figure S15. Cyclic voltammetry of (a) EE24 and (b) DYAD2 in CH:Cl solution, recorded both in the absence and in the
presence of ferrocene as an internal standard.
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5. Estimation of FRET properties

Based on the results of the above-mentioned computational studies and of the spectroscopic
measurements carried out in solution, the main quantitative parameters describing FRET in our antenna-
sensitizer system have been estimated. First, the Forster radius (Ry), defined as the distance at which the
resonance energy transfer has 50% efficiency, was calculated according to the classic eq. S2:*"!

) 6
9000(In10)k2d 4,

RO N 1281‘[5NAn4’ f FAnt(}l)gSen(}l)/l4d/1 (SZ)
0

where k? is the so-called orientation factor expressing the relative orientation of the transition dipole
moment vectors of the two attached units (see above, Sect. 1.2), @ is the fluorescence quantum vyield of
the model antenna Ant-1 (the FRET donor) in the absence of the sensitizer (the FRET acceptor), Na is
Avogadro’s number, n is the refractive index of the medium in which the compound is dissolved, Fan(A) is the
normalized emission spectrum of the model antenna, €s.n(A) is the absorption spectrum of the model
sensitizer EE24 in molar absorptivity scale, and A is the wavelength.

The integral shown in eq. S2 is often referred to as the “overlap integral”, and abbreviated with the
expression J(A). As can be inferred from the above description of the terms, we chose to calculate J(A) from
the overlap of the spectra of the isolated Ant-1 and EE24 model compounds (see Figure S13), to avoid
considering the contribution to absorbance by the antenna in DYAD2. In addition, it is important to note that,
to correctly calculate J(A), the corrected emission spectrum of Ant-1, Fa,(A), with its area normalized to unity,
had to be employed. After substituting all the constants in eq. S2, it can be simplified to the expression

Ro = 0211 (K2n~4d,,,,] ()5 (83)

In our computational study, k* was calculated to be 1.41 for DYAD2, reflecting the better alignment of
dipole moments in the dyadic compound compared to the situation with a detached donor and acceptor
molecules, for which a random orientation factor of 2/3 should be considered. The refractive index of THF is
reported at 1.407, and the fluorescence quantum yield of Ant-1 was measured to be 0.624 as shown above
(Table S3).

The calculation yielded a value of Ry = 44.99 A. The latter was confirmed also using the online calculator
tool available at https://nanocalc.org/fretcalc,*® which provided an essentially identical result.

With the Rovalue in hand, we then calculated the resonance energy transfer efficiency, which can be simply
obtained from eq. S4:

ke() RS
Tk + ke(r) 16+ RS

Epper = (S4)

where k¢(r) is the rate of energy transfer, tan: is the excited state lifetime of the antenna in the absence of
the sensitizer (see below), and r is the distance between the antenna and sensitizer units. On the basis of the
computational results for the structure of DYAD2, the latter variable was set to 17.6 A (see above, Sect. 1.2),
which is much smaller than the computed Forster radius. As a consequence, an essentially quantitative
efficiency Emer = 99.6% was estimated for DYAD2, once again consistent with the value obtained with the
FRET-calc online calculator.

Although the above estimates were obtained according to well-established computational procedures, we
thought that it would be necessary to compare them with an independent experimental assessment of FRET
efficiency. To this end, the excited state lifetimes of Ant-1 in the absence of the sensitizer (tan) and of the
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antenna unit in the presence of the sensitizer in DYAD2 (Tant-sen) Were measured by means of time-correlated
single photon counting (TCSPC) experiments in solution (Figure S16), according to the procedure described
at the beginning of Sect. 4.

104_ ( 104—.
a) ] b
IRF 11 - (b)
. 4 . .
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Figure $16. (a) Normalized decay profiles of Ant-1 and DYAD2 in THF solution excited at 402.3 nm with a picosecond
laser diode. For DYAD2 two decay curves were recorded monitoring the emission at 516 and 700 nm, corresponding to
the maximum of the fluorescence bands of the antenna and sensitizer units, respectively. (b) Results of the
multiexponential fitting of the DYAD2 decay curve monitored on the emission of the donor.

Decay profiles were fitted according to exponential functions as shown in eq. S5:

n t
=1, Zaie_f_i (S5)

In the case of Ant-1 alone, the sample was excited at 402.3 nm and the decay was observed at 516 nm,
according to the results of steady-state measurements. The decay was found to follow a monoexponential
law (n = 1in eq. S5), giving a value of tan: = 15.9 ns (green curve in Figure S16a): such relatively long lifetime
was in good agreement with the high fluorescence quantum yield observed for Ant-1 (62.4%, Table S3). For
DYAD?2, after excitation at 402.3 nm, a different behavior was observed depending on the wavelength at
which the excited state decay was monitored. When following the fluorescence from the sensitizer unit at
700 nm, a monoexponential decay was once again found with a much shorter ts., = 2.4 ns (red curve in Figure
S16a), which corresponded to the significantly lower quantum yield of the sensitizer emission in the dyad
following excitation of the antenna (19.6%, Table S3). When the excited state evolution was monitored at
516 nm (around the antenna emission wavelength), fitting was successful with a tri-exponential function (n
=3ineq. S5), reflecting a more complicated decay scenario, with the three components showing lifetimes of
0.4, 3.0 and 14.9 ns, respectively (orange curve in Figure S16a, see panel (b) for fitting). The corresponding
amplitude-averaged lifetime of the antenna in the presence of the sensitizer unit (. ¢.,) was thus calculated
to be 2.0 ns.

Based on the results of the TCSPC experiments and on the relevant literature prescriptions,*’*% the energy
transfer efficiency within DYAD2 in solution was then calculated according to eq. S6:

Tavg
_ Ant—Sen
Epppr =1 — === (S6)
Ant
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By applying eq. S6, we found a value of Egrer = 88%. Although this experimental value is slightly smaller than
the essentially quantitative efficiency calculated on the basis of the computational analysis and the overlap
integral, it can still be considered in very good agreement with it, corroborating the finding of a high energy
transfer efficiency occurring within the dyadic system.

6. Photovoltaic characterization

10x10 cm? FTO-coated conducting glass sheets (Pilkington NSG TEC™ A7, 2.2 mm thick, sheet resistance of
7 Ohms/sq) were cleaned in an ultrasonic bath by consecutive immersion in soapy water, distilled water and
acetone for 15 min each, followed by immersion in boiling iPrOH for 30’ and drying. The glass substrates
were heated at 450 °C on a hot plate and a TiO, compact layer was deposited on them in 1.5 cm-large band-
patterns by spray pyrolysis of a freshly prepared 0.2 M Ti(iPrO),(acac), solution in absolute EtOH. After
sintering the compact layer at 450 °C for 1 h and letting it cool down slowly, a first layer of a commercially
available nanocrystalline TiO; paste (18NR-T Titania Paste, Greatcell Solar Materials) was screen-printed with
a C-920 automatic screen printer (Aurel). The slurry was deposited through an 80 mesh grid endowed with
0.5x0.5 cm? spots. The print gap was set at 0.8 mm and the blades were run a single time at 50 mm/s with
2.5 Kg/cm pressure. The printed plates were briefly stored in an EtOH fumes-filled chamber for 30” before
drying at 120 °C for 30 min, then a second layer of a commercially available nanocrystalline scattering TiO;
paste (WER2-0 Titania Paste, Greatcell Solar Materials) was screen-printed onto the same 0.5x0.5 cm? spots
using the same setup of the first layer. Once again, the plates were stored in the EtOH-fumes-filled chamber
for 30", dried at 120 °C for 30 min, and finally the TiO, layer was sintered according to the following
programmed ramp: 15 min at 350 °C, 30 min at 375 °C, 1 h at 450 °C, and 1 h at 500 °C. The active area of the
resulting mesoporous semi-transparent TiO; films was 0.25 cm? and the sheet was then cut into 25 2x2 cm?
slides (the photoanodes). The coated glass slides were heated to 120 °C for 1h, cooled down to 80 °C and
immersed in a 1x10™* M solution of the appropriate sensitizer in THF for at least 10 h. The electrodes were
rinsed with ethanol and dried under airflow. For the preparation of the counter electrodes, a commercial
platinum-based paint (PT1 Platinum Paste, Greatcell Solar Materials) was screen printed in 1x1 cm? spots on
an FTO conducting glass sheet cleaned as described above. The same screen printing setup described for TiO,
slurries, was applied also for the counter electrode, but with a larger print gap of 1.0 mm. The printed plate
was dried at 120 °C for 15 min, followed by sintering at 450 °C for 1 h. The cooled-down plate was cut into
2x2 cm? counter-electrode slides. The two electrodes were held into a sandwich-type cell with small spring
clamps gluing the edges of the slides together with a commercially available UV curing resin (ThreeBond
3035B). A drop of the appropriate electrolyte solution (EL-HPE High Performance Electrolyte, Greatcell Solar
Materials, with or without 0.01 M Ant-1 dissolved in it) was placed on a few-millimeters-long gap in the
sealing frame and generally would intercalate into the cell by itself or else it was driven into the cell by back-
vacuum filling. The hole was finally sealed by using additional UV-curing resin.

The photoelectrochemical characterization of the solar cells was performed by irradiation with a Sun 2000
class AAA solar simulator (Abet Technologies) under global AM 1.5G sunlight. The power of the incoming
radiation was calibrated to 100 mW cm™2 using a reference c-Si solar cell. J/V curves were obtained with a
B2901A source-meter unit (Agilent). Samples were stored in the dark and measured under the simulated
light for approximately 5 minutes.

Incident photon-to-current efficiency (IPCE) spectra were acquired on a custom test bench built around a
research-grade spectrofluorometer (Horiba JobinYvon Fluorolog-3), equipped with a 450 W Xe arc lamp as
light source. The fluorometer was coupled to a quartz transmitting optical fiber bundle and a collimating lens
doublet. Monochromatic, focused light was shone over the probed DSSC from the photoanode side; the
bundle’s illumination spot had a collective diameter of 7 mm, sufficient to cover the whole DSSC active area.
The focusing optics were mounted on a XYZ linear stage, allowing easy alignment of the illumination spot
over the cell’s photosensitive area. IPCE spectra were acquired over the 300-900 nm spectral range. Incident
power readings were acquired through a power meter (Thorlabs PM103A) equipped with a Si photodiode
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with UV-extended sensing range (Thorlabs S130VC). Current readings were collected with a Keithley 2450
Graphical SourceMeter SMU. Both power meter and SMU were synchronized with the spectrofluorometer.

Given the different illumination setup applied in the two measurement procedures (simulated solar light
for the photovoltaic measurement, and monochromatic light for recording the IPCE), we believe that a direct
comparison between the Js. values resulting from J/V characterization and the currents obtained by
integration of the IPCE spectra over the entire wavelength range would be unreliable, and therefore it has
not been discussed in this work.

Results of DSSC characterization

The main photovoltaic parameters of the DSSCs built with sensitizers EE24 (with and without detached
antenna Ant-1) and DYAD?2 are reported in Table S5

Table S4. Photovoltaic characterization of dye-sensitized solar cells built with sensitizers EE24 and DYAD2.°

Cmpd Jse Voc ff n
) [mA cm™?] V] [%] [%]
cE2a 7.63+1.13 0.650+0.14 65.144.3 3.24+0.60
(9.12) (0.654) (64.2) (3.82)
7.7040.61 0.651+0.10 65.144.2 3.26+0.24
_1b
EE24+Ant-1 (8.35) (0.637) (65.7) (3.49)
10.36£0.55  0.670+0.007 63.243.3 4.38+0.28
DYAD2
(10.91) (0.668) (65.2) (4.75)

@ Average values of four devices with standard deviations. In parentheses: best cell values. © Cells
with EE24-sensitized photoanodes, with addition of 0.01 M Ant-1 in the electrolyte.

As expected, the improvement in the light-harvesting efficiency of the photosensitizer resulted in an
average photocurrent increase of 37% going from the simple isolated D-A-nt-A dye EE24 (7.63 mA cm™) to
DYAD2 (10.36 mA cm™), which is capable of FRET. Indeed, the close proximity of the antenna and the
sensitizer provided by the triazole linkage in DYAD2 was crucial in promoting FRET, as the average short-
circuit current of the DSSCs sensitized with EE24 did not improve significantly when an electrolyte containing
the detached antenna Ant-1 was used (7.70 mA cm™). The average open circuit voltage appeared to be
primarily influenced by the properties of the sensitizer, remaining consistent for the EE24 sample (0.650 V)
and the EE24+Ant-1 sample (0.651 V), with a slight increase observed for DYAD2 (0.670 V). Once again, this
was attributable to the superior light-harvesting ability of this sensitizer, which was able to inject more
electrons into the conduction band of TiO,, thus causing a larger negative shift of its energy level under
illumination. Lastly, given the similarities in fill factors, the trend observed for the PCEs closely resembles that
of the photocurrents: therefore, the efficiency of cells built with EE24 (average PCE = 3.24%) was not
significantly increased due to addition of the detached antenna in the electrolyte (EE24+Ant-1, average
PCE=3.26%). On the other hand, the direct connection of the antenna to the sensitizer enabled FRET and thus
resulted in a 35% increase in photovoltaic efficiency of DYAD2 (average PCE = 4.38%).
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Figure $17. IPCE spectra of the best dye-sensitized solar cells built with EE24 (blue circles), EE24+Ant-1 (orange triangles)
and DYAD2 (red squares).
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Figure S18. IPCE difference between the best dye-sensitized solar cells built with EE24 and DYAD2.
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7. Comparison with literature results

Table S5. Comparison of the properties of selected, previously reported antenna-sensitizer (Ant-Sen) dyads and triads for DSSC application with those of the
system described in this work.

Type of A5 Ae™ ax ET efficiency Ji variation° PCE variation?
a b
Cmpd. Type of Ant/Sen attachment [nm] [nm] [%] [mA cm™] [%] Ref.
[Ru(bpy)2(CN)2]. / Ru-complex/ o 415, 526 760
t -e o S 2
Ru(bpy(C00):),> Ru complex coordination (H,0) (H20) [20]
Naphthalimide / 439, 525 532 49—-50 23—25
I g 21
> Ru-complex covalent (MeOH) (EtOH) 85 (+2%) (+9%) [21]
Triphenylamine / 383, 485 432,584 47— 4.8 20— 23
2TPA-R | - 22
D-1t-A organic dye covalent (CH,Cl2) (CHaCl,)" (+2%) (+15%) [22]
3 BODIPY / covalent ggg' 22:' 650 21— 34 0.84 — 1.55 [23]
_ i ’ - o o
Zn-Porphyrin - (toluene) (+62%) (+85%)
42
D Zn-Porphyrin / covalent 66451' 258, ~675 i 6.6 = 8.0 3.0— 36 [24]
Squaraine (THF) (THF)' (+21%) (+20%)
BODIPY 427,52
T Zr?—Porpﬁyrin/ covalent 558, 26? =90 (>98Y 6.6 = 8.7 3.0=3.9 [24]
7 i [s) 0,
Squaraine (THF) (R 2, hee
BODIPY
D+A1 Zr?—Por ﬁ fin / coordination 425, 525, 541, 675 i 9.3—-11.0 3.64 - 4.64 [25,26]
phy + covalent 664 (THF)  (THF) (+15%)* (+27%)* ’
Squaraine
Den2 ZDr'\'f‘;f)Orp‘r’]"r‘?Lo/pym'e/ coordination 425,484, 553,675 93116  364-443
. + covalent 664 (THF)  (THF) (+25%)* (+22%)*
Squaraine
425, 505
Ru-complex / L ’ ’ / 0.81 — 4.6 0.17—1.2
Zn-MCTPyPRu3 Zn-Porphyrin coordination 557, 610 n.r. (+468%) (+606%) [27]
(DMF)
Carbazole / 312, 350, 626 10.8—+ 105 6.3 —5.8
CSORGL D-A organic dye covalent 435 (THF)  (THF) ] (-3%) (~8%) !
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Table S5-continued. Comparison of the properties of selected, previously reported antenna-sensitizer (Ant-Sen) dyads and triads for DSSC application with those
of the system described in this work.

Type of A5 o AE™ ax ET efficiency  Ji variation°  PCE variation?

a b

Cmpd. Type of Ant/Sen attachment [nm] [nm] [%] [mA cm?] [%] Ref.
Carbazole / 298, 352, 673 6.7 = 12.7 25—56

CSORG4 D-A organic dye covalent 460 (THF)  (THF) ; (+90%) (+123%) [28]
D-1t-A organic dye / L 500, 570, 637 ~1.5"—>10.4 0.24 — 2.06

1K-107 Ru-Porphyrin LI 626 (THF)  (THF)" (+593%) (+758%) el
D-1t-A organic dye / N 474, 567, 562 ~15"—>34 0.24 = 0.56

109 Ru-Porphyrin coordination 655 (THE)  (THFY° (+126%) (+133%) (29]
Zn-Porphyrin / ; 142—+163 65—75

PBut-SC12-T Squaraine covalent 713 n.r. (+15%) (+15%) [30]

. Zn-Porphyrin / | 19.1—-160 89—76
PSil-SC12-DTS Squaraine covalent 722 n.r. (-16%) (-15%) [30]
425, 550

Organic dye / ¢ ’ ~610, 660 10.8 — 13.8 4.44 — 6.23

CZP1 (PorY) Aoy covalent 590 (DMF)? - (+28%) (+40%) [31,32]

(CH2Cly)

Organic dye / 430, 562, ~615, 658 6.0— 93 2.58 =+ 4.73

8b (Por0) Zn-Porphyrin covalent 606 (DMF)  (DMF) (+55%) (+83%) [33,32]
Organic dye / 427, 560, ~675 5.0~ 3.2 2.39 —+1.43

et Zn-Porphyrin L 602 (THF)  (DMF)? (-36%) (-40%) [34,32]
Zn-Porphyrin / 426, 698 ~705 . .

1 (ZnPor-ZnPc) Zn-Phthalocyanine covalent (THF) (THF)? 6.4 2.7 [35]
D-mt-A organic dye / - ~420, 510 / os 4.8—49 2.18 — 2.28

pN3-Zr-p1M s T coordination (on TiOy) n.r. (>95) (+2%) (+5%) [36]

FF-H,P-COOH + Zn-Porphyrin / 420, 515, 298, 646, 14— 1.9 0.11 — 0.19¢

FF-ZnP Metal-free porphyrin supramolecular 550 654, 716 i (+35%) (+73%) 371

porphy (CHaCL):  (CHACL)! ° °
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Table S5-continued. Comparison of the properties of selected, previously reported antenna-sensitizer (Ant-Sen) dyads and triads for DSSC application with those
of the system described in this work.

Type of A5 o A o ET efficiency  J. variation®  PCE variation?
K T fA b Ref.
Cmpd ype of Ant/Sen attachment [nm] [nm] [%] [mA cm?] [%] e
320, 338,
Zn-Porphyrin / o 400, 520, i 6.5 — 8.2 2.46 — 3.68
JH1+P1 AT coordination 620 n.r. (+25%) (+50%) [38]
(on TiO,)"
320, 338,
Zn-Porphyrin / . 438,512, / 6.5—94 2.46 — 4.39
JH1+P2 D-n-A organic dye coordination 630 n.r. (+44%) (+78%) [38]
(on TiO,)"
D-1t-A organic dye / 450, 660 701 40— 8.7 15— 3.8
D1-Dsq Squaraine SRELED S (CHCI3) (CHCI3) (+118%) (+153%) [39]
Sub-phthalocyanine / S 578, 688 | w 124 —+11.6 5.8—5.0
PcS18-1 Zn-phthalocyanine coordination (on TiOy) n.r. 41 (~6%) (~14%) [40]
Organicdye / Zn / L 500 596 , ,
A2-Zn-S1 Sl coordination (DMF/H:0)  (DMF/H,0) 9.5 4.25 [41]
Thiophene-BTD / 424,535 737 " 7.6 2 10.4 3.24 —+ 4.38 this
DYAD2 D-A-i-A organic dye LTS (THF) (THF) 88 (+37%) (+35%) work

9 Name/numbering used in the original article.
b Chemical nature of the antenna and the sensitizer, respectively.
¢ Variation of Jsc of DSSCs built with the antenna-sensitizer dyad (triad) in comparison with cells built with the acceptor sensitizer alone .
9 Variation of PCE of DSSCs built with the antenna-sensitizer dyad (triad) in comparison with cells built with the acceptor sensitizer alone.
€ On the basis of emission/excitation spectroscopy experiments, the energy transfer rate was estimated to be 210° s™2.
fNo measurement on full DSSCs was described, but the authors report an increase in the IPCE provided by photoelectrodes stained with the dyad in comparison with
the acceptor sensitizer alone.
9 Calculated from the light-harvesting efficiency and external quantum efficiency of the corresponding DSSCs.
h Emission recorded after irradiation at 380 nm.
Estimated from Figure 2 (T) and Figure S5 (D) of the referred article.
J Estimated on the basis of the matching between the absorption and excitation spectra of T.
kVariation from the performances of dyad D.
Not reported.
™ Emission recorded after irradiation at 510 nm.
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Table S5-continued. Comparison of the properties of selected, previously reported antenna-sensitizer (Ant-Sen) dyads and triads for DSSC application with those
of the system described in this work.

" Estimated from Figure 4a of the referred article.

° Emission recorded after irradiation at 474 nm.

P Estimated from Figure 4b of reference [32].

9 Estimated from Figure 2 of the referred article.

"Values for DSSCs built with the isolated acceptor sensitizers were not reported.

$ Estimated based on the quenching of the fluorescence emission of p1M in the dyad.

tSum of the individual contributions of both components.

Y Solid-state DSSCs.

v Estimated from Figure 2 of the referred article.

“ Calculated from the ratio of the Q band intensities of the absorption and excitation spectra of sub-phthalocyanine 1 [original numbering] in toluene solution, in
the presence of a Zn-phthalocyanine model compound analogous to PcS18, but lacking the anchoring group.
¥ Calculated from the data of excited state lifetime measurements.
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