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Laterally z-Extensed Nitrogen-Doped Molecular
Nanographenes — From Anti-Kasha Emission to Ping-Pong

Energy Transfer Events

Giovanni M. Beneventi, Kilian Schéll, Benedikt Platzer, Marcel Krug, Lukas A. Mai,
Fabrizia Negri, Alejandro Cadranel, Norbert Jux,* and Dirk M. Guldi*

Nanographenes, which feature at least one dimension smaller than 100 nm,
are drawing interdisciplinary attention. Understanding the interplay between
structure and properties is, however, still in its infancy. Molecular
nanographenes are much better suited to fill this knowledge gap than
graphene quantum dots or nanoribbons. Their bottom-up synthesis allows
atomic precision and, thereby, assists in handling structure and connecting it
with properties. Herein, the effects of nitrogen-doping and lateral z-extension
in molecular nanographenes and in their coordination complexes with
ruthenium porphyrins are investigated. The presence of just nitrogen resulted
in an increase of the fluorescence quantum yield, without, however, affecting
the energy levels. Lateral z-extension of the nanographenes, instead, resulted
in a modulation of the excited states energy, which leads to a
thermally-activated dual fluorescence with quantum yields as high as 61%. In
the corresponding coordination complexes, lateral z-extension resulted in a
ping-pong energy transfer cascade, that is, from the nanographene to the
metalloporphyrin and back to the nanographene. The results help to directly

1. Introduction

Nanographenes, namely sections of
graphene with at least one dimen-
sion smaller than 100 nm, are on the rise
in materials science.['3] Macroscopic
graphene lacks a band gap. However,
decreasing its lateral size to the nan-
odomain induces an opening of a gap in
the band structure.l*>] The latter aspect
is fundamental when considering appli-
cations in fields such as optoelectronics
and organic electronics.['¢7] Likewise,
nanographenes stand out thanks to the
ease, by which structural modifications
enable modulation of the bandgap and
beyond.[8-101

There are three different subcategories
in which nanographenes are generally
sorted, that is, quantum dots, nanorib-

rationalize properties observed in both graphene quantum dots and
nanoribbons. Moreover, they prove that molecular nanographenes are
appealing components for solar energy conversion schemes, where the
modulation of inter-component energy transfer is of utmost importance.

bons, and molecular nanographenes.!’
Quantum dots and nanoribbons gen-
erally lack exact and definable struc-
tures. As a matter of fact, quantum

dots feature irregular structures, contain
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defects, and/or are of undefined length and width.['l Concerning
nanoribbons, classic synthetic approaches generally allow con-
trol over edges and width, while attaining a defined length is
quite challenging.l'"13] The latter is likely to affect the proper-
ties of the resulting nanoribbons, even if this effect is gener-
ally overlooked.['"!*] In stark contrast, molecular nanographenes
feature a precisely determinable structure. They are synthe-
sized via bottom-up approaches, such as wet-chemical or on-
surface strategies, to allow atomic precision.[®>"17] Amongst all,
this subcategory is closest to the world of molecular materi-
als than the one of macroscopic graphene, and a more suit-
able denominator for molecular nanographene is arguably (ul-
tra)large polycyclic aromatic hydrocarbons (PAHs). To this end,
one of the best-studied molecular nanographenes is hexa-peri-
hexabenzocoronene (HBC). Its soluble derivatives have been
known for more than half a century.[18-21]

Albeit being more difficult and perhaps less prone to
high-throughput approaches, the synthesis of molecular
nanographene is invaluable in terms of controlling atomic
precision and essential in the context of understanding and
rationalizing materials’ properties. Undoubtedly, parameters
such as length, width, edge structure, heteroatom doping, de-
fects, functionality, etc. are likely to affect energy levels and edge
states.>1%1 Any of the aforementioned parameters are crucial
in impacting the optoelectronic, redox, as well as magnetic
properties of nanographenes. For example, several cutting-edge
effects have been showcased in applications with graphene
quantum dots, but the lack of insights into their structure ren-
ders a general understanding rather difficult.?>>! Concerning
nanoribbons, their length is generally uncontrollable by any
conventional synthetic protocols. This rationalizes the fact that
photophysical studies with a focus on length and/or width
dependence are scarce. Recent investigations demonstrated
that nanoribbons are best described as large solvated organic
molecules, rather than quantum-confined solids, as a result of
strongly-.bound exciton transitions.[?¢-28] This validates per se
the use of molecular nanographenes as a model for gathering
a sound understanding of graphene nanoribbons. Importantly,
a comprehensive approach to relating structure to the function
of nanographene is the grand challenge in the field, as it is a
necessity in meeting those requirements that are indispensable
for a broad palette of applications.

Recent advances in the synthesis of molecular nanographenes
are trendsetting, yet next to their chemical also their physical
properties are poorly understood. Among others, solubility im-
poses great challenges to their characterization, especially when
increasing the size of molecular nanographenes.?’! This calls for
the need to control aggregation, which starts with understanding
it. Photophysics, for example, is heavily impacted by any aggrega-
tion — static or dynamic. Overcoming and addressing such chal-
lenges is the true bottleneck in further advancing the fields.[3%-3%]

Nitrogen-doping of graphene and nanographene has attracted
a lot of attention.’*# A leading example is nitrogen-doped
graphene quantum dots.[*1*2] Tt has been shown that graphitic
nitrogen doping, at the core of aromatic domains, mainly in-
creases emission quantum yields. Instead, pyridinic nitrogen
doping, at the edge of aromatic domains, is photobasic and en-
ables charge separation and enhanced photocatalytic hydrogen
production from water, at the expense of emission.[*** Once
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again, a full understanding of the effect of nitrogen doping on
the photophysical properties of both quantum dots and nanorib-
bons has not been achieved yet.[*24546]

To study the effect of nitrogen-doping in molecular
nanographenes, we developed a series of nitrogen-doped
molecular nanographenes. Azananographene 1 differs from
HBC just by the presence of one nitrogen at one peripheral posi-
tion (Figure 1). Additionally, the synthesis of a lateral z-extended
diazananographene with two nitrogen atoms was achieved,
namely 2. Having the same edge structure and the same width
as HBC and 1, but a different length, 2 allowed us to investigate
the influence of lateral extension on general photophysics.
Additionally, the nitrogen presence at the peripheral positions
allowed for the coordination of ruthenium porphyrin, leading to
RuP-1 and RuP-2-RuP.

We were able to substantiate that the nitrogen presence in-
fluences the optoelectronic features, in general, and the flu-
orescence quantum yields, in particular. Quite impactful was
the effect of the lateral z-extension on the energy of both sin-
glet and triplet excited states. Even if similar structures have
been already reported, with and without nitrogen, the lack
of knowledge on their state of aggregation hindered any in-
depth studies.[?#4748] We tackled this aspect via concentration-
dependent analyses down to nanomolar concentrations, where
the aggregation is largely suppressed. By supporting our exper-
imental findings with cutting-edge quantum mechanical calcu-
lations, we demonstrated an efficient anti-Kasha emission in
2. Lateral z-extension affected also the deactivation mechanism
in RuP-2-RuP, when compared to that of RuP-1 and other pre-
viously reported nanographene-porphyrin conjugates.[*4->* In
particular, RuP-2-RuP undergoes a ping-pong energy transfer
cascade upon photoexcitation, namely from 2 to RuP and back
to 2. Our results provide basic insights into the photophysics
of molecular nanographenes, which will aid in rationalizing the
features of much larger and structurally more diverse graphene
nanoribbons.!?”-?8] Additionally, our findings highlight the great
potential of nitrogen doping of nanographene.

The cascades of energy and electron transfer reactions are of
uttermost importance in, for example, the light-harvesting ma-
chinery and photosynthetic reaction center, respectively.>>>¢ It is
the synergy of capturing light, transferring excitation energy, and
dislocating charge carriers that assist in optimizing the conver-
sion into chemical energy. To this end, controlling and regulating
photochemical processes is at the forefront to maintain optimal
performance under limiting light and minimize photodamage
under excess light. We consider energy ping-pong processes as
one potential approach to (down)regulate excitation energy.!>’-]

2. Results

2.1. Synthesis and Characterization
2.1.1. Molecular Nanographenes

Even though the core structure of diazananographene 2 has
already been described,[®!] we developed an alternative synthesis
route (Scheme 1). n-Dodecyl chains were introduced in the
bay positions to enhance solubility. The synthetic approach
relies on the boron-masking strategy by Suginome, where
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Figure 1. Chemical structures of the compounds studied herein. Ar: 3,5-di-tert-butylphenyl.

one-sidedly protected diboronic acid 4 enables a sequential
Suzuki coupling.[®%63] The first coupling was carried out with
3,18 followed by an acid-catalyzed exchange of the diaminon-
aphthalene protection group with pinacol.l] 6 was then coupled
twice with 7(%¢] to afford 8. The second coupling reacted slowly,
which necessitated a temperature of 100 °C. Still, 10 days were
required to obtain 8 in a good yield of 73%. Planarization was
achieved in one final step via oxidative cyclodehydrogenation
under Scholl conditions. Polyphenylene 8 features pre-formed
bonds in the 3/3’-positions of the pyridine ring that would
otherwise be unreactive in the Scholl reaction, as demonstrated
in our previous work.¥l Diazananographene 2 turned out to
be quite insoluble at room temperature but readily dissolved in
hot organic solvents (toluene, 0-DCB, 1,1,2,2 tetrachloroethane).
This allowed a facile workup procedure by filtration and recrys-
tallization.

2.1.2. Coordination Compounds

Ruthenium carbonyl porphyrin 10 was prepared by metalation of
the free base porphyrin with Ru,(CO),, according to a modified
literature procedure.l®”] Meso 3,5-di-tert-butylphenyl substituents
were selected to provide excellent solubility. Notably, we were in-
terested in monomeric species, which renders our current ap-
proach different from a recently published diazananographene-
cobalt(II) porphyrin coordination polymer.(°®]

The corresponding pyridine coordination compounds were
formed by ligand exchange at room temperature. Solely RuP-2-
RuP had to be heated to solubilize 2. RuP-1 and RuP-2-RuP were
purified by silica chromatography, a fact which underlines the re-
markable strength of the ruthenium-pyridine coordination. Evi-
dence for the complex formation as well as its 3D structure came
from NMR, as exemplarily depicted for RuP-1 in Figure 2. When
coordinated to RuP, the ortho-pyridine proton (10) resonances ex-
perience a significant up-field shift of 6.6 ppm compared to 1. It
is due to the shielding ring current of RuP, which affects those
protons that are located close to the center of the macrocycle.
A similar up-field shift regarding the ortho-pyridine proton reso-
nances is observed for every porphyrin coordination compound;
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from 8.53 ppm for free pyridine to 2.02 ppm for RuP in C,D;
from 10.67 ppm for 2 in 0-DCB-d, to 4.11 ppm for RuP-2-RuP in
C¢D;. The close proximity is furthermore supported by nuclear
Overhauser effect (NOE) experiments, where NOE’s between 1
and the metalloporphyrin are measured.

2.2. Photophysical Characterization

2.2.1. Steady-State Absorption and Emission of Molecular
Nanographenes

HBC was used as a reference for the molecular nanographenes.
The absorption spectrum of 1 (Figure 3a) strongly resembles that
of HBC; only minor redshifts and slightly higher extinction co-
efficients are discernable. This confirms that all of the 1 transi-
tions are of z—z* nature. In agreement with previous reports,“!
n-7* transitions involving the nitrogen lone pair are expected to
appear at higher energies than those that we probed. The most
intense absorptions for 1 maximize at 344 and 361 nm. They cor-
respond to f’- and p-transitions, respectively, and are assigned
to (S,y) and (S,) transitions.['%l The p-band at 389 nm stems from
(S,) and the a-transitions at 450 nm are assigned to (S, ). Both p-
and a-electronic transitions are symmetry-forbidden in Dy, HBC,
but gain intensity in C,, 1 as a result of symmetry breaking. This
effect is more prominent for the a-transitions, which are char-
acterized by rather small extinction coefficients and a complex
vibronic progression (Figure 3a, inset). For 2, all of the afore-
mentioned transitions are shifted to lower energies due to an in-
crease in z-conjugation. Once again, all transitions are z-z* in
nature. f’- and f-transitions with their corresponding maxima at
418 and 442 nm are assigned to (S,) and (S,), respectively. They
retain a similar shape to that of 1, but the molar absorption co-
efficients are more than three times weaker in 2. Instead, the p-
and a-absorptions differ sharply from those of 1. They are more
symmetry-allowed in D,, 2, as a consequence of the lateral z-
extension. The p-band absorptions of (S,) at 545 and 507 nm cor-
respond to the 0-0* and 0-1* vibronic transitions, respectively.
The a-band assigned to (S;) appears in the form of a weak shoul-
der at 567 nm. Important is to note that the energetic difference
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Scheme 1. Synthesis of diazananographene 2. Reagents and conditions: a) Cs,COj3 (2 equiv.), 5 mol% Pd(PPh3),, THF/H,O (5:1), 3 d, 80 °C, Ar, 82%;
b) pinacol (10 equiv.), H,SOy4 (2 m in H,0, 12 equiv.), THF, 2 d, 50 °C, air, 87%; c) Cs,COj3 (6 equiv.), 40 mol% Pd(PPh;),, 1,4-dioxane/H,0O (8:1), 10 d,
100 °C, N,, 73%; d) DDQ (17 equiv.), TFOH (34 equiv.), CH,Cl,, 3 h, 0 °C to rt, N, 70%.

between (S,) and (S,) is 3500 cm™ (0.43 V) for 1 and 700 cm ™
(0.09 eV) for 2. TD-DFT excited state calculations, using a double-
hybrid functional (TD-B2PLYP/def2TZVP) to provide a balanced
description of the lowest-lying excited states(®®! predict, for 2, an
energy difference of 726 cm™' (0.09 eV) between (S;) and (S,).
Hereby, the lowest energy transition is much weaker than the
next higher one, which is in excellent agreement with the exper-
imental results (Figure 4b). For 1, the (S,)-(S,) energy difference
is predicted to be 3065 cm™! (0.38 eV, Table S1, Supporting In-
formation). This is also in very good agreement with the experi-
mental data.

At concentrations exceeding 5 X 107% m, 2 aggregates notice-
ably in solution resulting in the formation of dimers or higher-
order aggregates. In toluene the absorption spectrum of 2 broad-
ens and shifts to lower energies as the concentration is in-
creased (Figure S49, Supporting Information). 1 lacks any of
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these changes due to its smaller z-core size in comparison to 2,
which, together with the tert-butyl substituents, avoids aggrega-
tion in the concentration range employed for our spectroscopic
studies.

The fluorescence spectrum of 1 mirror images the a-
absorptions, much like what is seen for HBC (Figure S50, Sup-
porting Information). It is dominated by a vibronic progression
including features at 465, 493, and 529 nm, (Figure 3b). This sug-
gests Franck—Condon (FC) vibronic activity for the vibrational fre-
quencies in the 1200 to 1400 cm™! range. The computed FC activ-
ities (see the Supporting Information for details) are significant
for the three modes at 1281, 1349, and 1380 cm™'. The resulting
vibronic structure for the (S;) emission matches rather well the
observed progression (Figure S42, Supporting Information). The
fluorescence of 2 is, like its absorption, red-shifted with respect
to 1. As a matter of fact, for 2 the highest energy fluorescence is
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Figure 2. a) "H NMR of 1 (C¢Dg, 400 MHz, rt). b) "H NMR of RuP-1 (C¢Dg, 600 MHz, rt). c) NOE of RuP-1 (C¢Dg, 600 MHz, rt) selected for the

resonance of proton 1.

recorded at 553 nm, while the most intense fluorescence evolves
at 568 nm. Interesting is the fact that the highest-energy fluo-
rescence evolves at higher energies than the lowest-energy ab-
sorption (Figure 4b). Moreover, the fluorescence spectrum shape
mismatches the absorption spectrum one (Figure S50, Support-
ing Information). These results point strongly toward a violation
of Kasha’s rule for 2 (vide infra). Fluorescence quantum yields
in argon-purged toluene are 12% for 1 and 61% for 2. Both are
higher than the 6.7% for HBC and indicate that both nitrogen
doping and lateral z-extension boost the emission of molecu-

a)

n
B

Extinction Coefficient x 105 (M"'cm™)

0.0 T T
300 400 500 600

Wavelength (nm)

lar nanographenes. In line with this trend are the radiative rate
constants, which are 1.2 x 10° s7! for HBC, 5.7 x 10° s7! for
1, and 2.2 x 107 s7! for 2 (Table 1). Aggregation of 2 is evident
in the fluorescence spectra upon increasing the overall concen-
tration, as also observed in the absorption spectra (Figure S49,
Supporting Information). From a broad and unstructured fluo-
rescence, which maximizes at 590 nm, we infer aggregates with
an eximeric nature. Phosphorescence for 1 was observed in a Me-
THF glass matrix at 80 K (Figure S51, Supporting Information).
Itis structured and dominated by 565 and 621 nm maxima. In the

b)
o 1.0 . = = HBC
Q N —
S . —
@ 0.8
o
)
E]
= 06
3 1
N v
= 0.4 - * .
£ ny "
‘6 L
Z 0.2 - T
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0.0 == . e ;
500 600 700

Wavelength (nm)

Figure 3. a) Absorption spectra of HBC (dashed black line), 1 (solid green line), and 2 (solid blue line) in toluene at room temperature. Inset: zoom
in on the alpha absorption band of HBC and 1. The absorption of 2 was multiplied by two for clarity reasons. b) Fluorescence spectra of HBC upon
photo-excitation at 360 nm (dashed black line), 1 upon photo-excitation at 360 nm (solid green line), and 2 upon photo-excitation at 440 nm (solid blue
line) in toluene at room temperature. The absorption and fluorescence of 2 were recorded at concentrations of 1 x 1078 and 3 x 10~° m, respectively, to

avoid the formation of aggregates.
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Figure 4. a) Schematic illustration of the dual fluorescence by thermal activation (T. A.) taking place only in 2 as a result of the lateral z-extension. The
energy difference between (S;) and (S,) and their corresponding oscillator strength is reported. b) Absorption (black) and fluorescence (blue) of 2 at
room temperature and simulated absorption (grey bar) and Franck—-Condon vibronic structure (light blue) in the (S;) fluorescence of 2. Absorption
spectra simulated from TD-B2-PLYP/def2TZVP calculations. Please note that the vibronic structure is not included. Franck—Condon vibronic structure
simulated from CAM-B3LYP/def2SVP and TD-CAM-B3LYP/def2SVP calculations. c) Fluorescence of 2 at different temperatures, that is, from 305 K (red)
to 250 K (black). d) Observed fractional fluorescence of the p-transition at different temperatures (yellow), given by the fluorescence intensity of the
p-band at 553 nm divided by the sum of the intensity of both the p- and a-bands at 553 and 565 nm, respectively. The ocher line is the fit of the fractional
fluorescence intensity of the (S,) emission via Equation S1 (Supporting Information). The blue line is the fractional fluorescence intensity associated
with the (S;) fluorescence, given simply by one minus the fitted value of fractional fluorescence intensity for the (S,) emission.

case of 2, aggregation at low temperatures hampered the record-
ing of phosphorescence spectra.

In light of the observed anti-Kasha behavior of 2, we further in-
vestigated its fluorescence to understand its origin. As a matter
of fact, the thermal population of the higher lying (S,) from (S,)
seems feasible already at room temperature, given the energetic

Table 1. Fluorescence quantum yields, (S;) lifetimes, and radiative rate
constants in inert atmosphere and air-equilibrated toluene.

FQY FQY (Air) 7 S, [ns] 7 S, (Air) [ns] k, x 108 [s~P)
HBC 0.07 0.04%) 54.7 20.3 1.2
1 0.12 0.09 21.7 12.2 5.7
2 0.61 0.38 313 16.5 22

? Reported from ref. [73]; ®) Determined as k. =FQY x 7 (S;).

Adv. Energy Mater. 2024, 14, 2401529 2401529 (6 0f15)

proximity between the p- and a-transitions. TDDFT calculations
are well in line with this postulate (Figure 4). In addition, the os-
cillator strength of (S,), which is much higher than that of (S,),
prompts radiative processes starting from (S,). In other words,
2 satisfies all those requirements for a thermally-activated dual
fluorescence. Considering the complexities of fulfilling such con-
ditions, thermally activated dual fluorescence is quite rare.l”%”!l
To further support this hypothesis, we simulated the vibronic
progression of 2 for the emission from the lowest electronic ex-
cited state. The resulting computed fluorescence spectra clearly
account for one of the series of sharp peaks, which is symmet-
ric to the a-absorption (Figure 4b). FC vibronic activity calcu-
lations show that these bands are due to CC stretching modes
with computed frequencies of 1321 and 1331 cm™! (Table S2,
Supporting Information). This confirms that any other features
must originate from higher-lying excited states, namely (S,), that
are linked to the p-transition. To prove that thermally-activated
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fluorescence is taking place, temperature-dependent fluores-
cence measurements were performed. Lowering the tempera-
ture led to a decrease of the (S,) fluorescence (p-band) relative
to the (S;) fluorescence (a-band), in accordance with the Boltz-
mann equation (Figure 4c). The relative fluorescence intensity of
(S,) versus (S,), namely the fractional fluorescence intensity,”?!
nicely matches our theoretical predictions across a large temper-
ature range (Figure 4d, see Supporting Information for details).
Important is to notice that for 1 no prominent variations of the
fluorescence were observed with temperature, even when cooled
down to 80 K (Figure S51, Supporting Information). Recently,
thermal equilibrium between a dark (S,) and a bright (S,) was
postulated in graphene nanoribbons that bear structural resem-
blance with 2.128] No direct insights into the nature of the dark
state were, however, given.[26:27]

2.2.2. Time-Resolved Emission of Molecular Nanographenes

Fluorescence lifetimes were determined via time-correlated sin-
gle photon counting (TCSPC) in argon-purged toluene at room
temperature. Large polycyclic aromatic hydrocarbons are gener-
ally characterized by long-lived singlet excited states, as a result of
the symmetry-forbidden nature of the lowest energy transition. A
lifetime of 21.7 ns was, for example, recorded for 1 (Figure S59,
Supporting Information). For monomeric 2, a lifetime of 27.1 ns
is noted (Figure S60, Supporting Information). These two life-
times, together with that of 54.7 ns for HBC,[”?! follow the gen-
eral trend given by the oscillator strengths of the respective low-
est energy transitions in HBC, 1, and 2.74] In reference to the
relationship between the Einstein coefficients of absorption and
fluorescence, a smaller molar absorption coefficient of the lowest-
lying transition leads to smaller radiative rate constants, and, in
turn, to longer fluorescence lifetimes. Owing to the long-lived na-
ture of the singlet excited state, it is quenched by dioxygen via a
diffusion-controlled mechanism.”* This is supported by shorter
singlet excited state lifetimes and lower fluorescence quantum
yields when going from argon-purged to air-equilibrated solu-
tions (Figures S59 and S60, Supporting Information); 12.2 ns and
8.6% for 1 as well as 15.1 ns and 38% for 2 (Table 1). To bet-
ter investigate the emission of aggregated 2, time-resolved fluo-
rescence spectra were also recorded in argon-purged toluene at
concentrations where monomers and aggregates coexist (Figure
S61, Supporting Information). Fitting the raw data with a paral-
lel two-species model allowed the deconvolution of the fluores-
cence spectra of the aggregate and of the monomers. Besides
the fluorescence of monomeric 2, a broad and red-shifted fluo-
rescence at ~580 nm with a lifetime of 5.3 ns is associated to 2
aggregates.

2.2.3. Steady-State Characterization Upon RuP Coordination

RuP was used as a reference. In the absorption spectrum of RuP-
1 (Figure 5), all transitions are centered on either the metallo-
porphyrin or 1, while no evidence for a charge-transfer band is
discernable. Those centered on the metalloporphyrin are, how-
ever, weaker in RuP-1 than in RuP, albeit their energies are not
affected at all. Instead, all absorptions associated with 1 are red-
shifted and intensified in RuP-1, as a result of coordination.
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For example, the p-transition shifts from 360 to 364 nm with
an increase of its molar extinction coefficient from 1.8 x 10°
to 2.3 X 10° m~'cml. Importantly, the lowest energy transi-
tion is the porphyrin-centered Q-band absorption at 565 nm.
RuP-2-RuP is just like RuP-1, with the lowest energy transi-
tion corresponding to the Q-band absorption of the metallopor-
phyrin, which is, in turn, nearly isoenergetic to the a-band of
2. TDDFT calculations were employed to gather insights into
the electronic structure of RuP-1 and RuP-2-RuP. For both of
them, the calculated electronic transitions match well the experi-
mental absorption spectra (Figure S44, Supporting Information).
Most importantly, analyses of the TDDFT data support the no-
tion that the low energy transitions in both RuP-1 and RuP-2-RuP
are metalloporphyrin-centered, while transitions with charge-
transfer nature are not discernable (Figures S45 and S46, Sup-
porting Information).

By virtue of the heavy atom effect,!”>) phosphorescence rather
than fluorescence was detected for RuP.’%77) It shows a maxi-
mum at 735 nm with a shoulder at ~820 nm (Figure S52, Sup-
porting Information). Similarly, RuP-1 is dominated by the RuP
phosphorescence, regardless of selective photo-excitation of RuP
or 1 at either 415 or 362 nm, respectively (Figure 5b). The latter
implies an energy transfer from 1 to RuP, as observed in cova-
lently linked HBC-porphyrin conjugates.[*’! Independent confir-
mation comes from the fact that the absorption spectrum of RuP-
1 matches the excitation spectrum when monitoring the phos-
phorescence at 750 nm (Figure S53, Supporting Information).
RuP-2-RuP behaves similarly. Selective photo-excitation of RuP
or 2 at either 420 or 442 nm, respectively, leads to RuP phospho-
rescence (Figure 5d). In contrast, the phosphorescence intensity
in RuP-2-RuP is substantially weaker than either in RuP or in
RuP-1 (Figure S52, Supporting Information). Implicit is an addi-
tional deactivation pathway that impacts the triplet excited state of
the metalloporphyrin in RuP-2-RuP and that is absent in RuP and
RuP-1. The corresponding phosphorescence quantum yields are
less than 0.01% for all of them, which were too low to draw any
meaningful comparisons. Photodegradation, as already reported
to occur for RuP,!7##2 is also operative for RuP-1 and RuP-2-RuP
(see details in the SI). But, to a much lesser extent, which stresses
the higher photostability of these latest (Figure S58, Supporting
Information).

2.2.4. Excited State Dynamics of Molecular Nanographenes

Transient absorption spectroscopy (TAS) with femto-to-
nanosecond resolution was further employed to investigate the
excited state decay in argon-purged toluene at room temperature.
Upon photo-excitation at 387 nm, two excited state absorptions
(ESA) are discernable in the fs-TAS of 1 at 460 and 550 nm
(Figure S63, Supporting Information). Global fitting of the data
revealed two exponential processes with lifetimes of 150 ps and
longer than 10 ns. Therefore, a two-species sequential model
was applied, by which we obtained two evolution-associated
differential spectra (EAS) that are quite similar to each other.
The first species should be associated to (S,), which is populated
by the 387 nm photo-excitation (p-band at 389 nm), and, which
converts in 150 ps to (S;) as the second species. Similar lifetimes
were previously reported for other molecular nanographene and
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Figure 5. a) Absorption spectra of 1 (green), RuP (black), and RuP-1 (red) in toluene at ambient conditions. b) Phosphorescence spectra of RuP-1 in
argon-purged toluene. The porphyrin-centered phosphorescence is observed both when photo-exciting selectively either RuP at 415 nm (black) or 1 at
362 nm (green), proving the occurrence of an energy transfer from 1 to RuP. c) Absorption spectra of 2 (light blue), RuP (black), and RuP-2-RuP (orange)
in toluene at ambient conditions. Inset: magnification of the lowest energy absorption bands, normalized with respect to their relative maxima. The
RuP Qo band appears to be the lowest energy transition, being, however, really close in energy with the a-band of 2. b) Phosphorescence spectra of
RuP-2-RuP in argon-purged toluene. The porphyrin-centered phosphorescence is observed when photo-exciting selectively RuP at 415 nm (black) or 2 at
442 nm in light blue, proving the energy transfer from 2 to RuP. All the emission spectra were corrected for the absorbance at the excitation wavelength.

graphene nanoribbons.[”>#384] They are, however, too long-lived
to stem from vibrational relaxation in a rigid scaffold such as
1. ns-TAS allowed to follow the complete decay of the excited
state (Figure 6). Upon photo-excitation at 400 nm, other than
the two ESAs at 460 and 550 nm, ground state bleachings
(GSBs) at 365, 390, and 465 nm are discernable at early time
delays. With increasing time, the feature linked to the singlet
decreases in intensity, while a new species is formed. The latter
is characterized by an ESA at 500 nm. It is attributed to the triplet
excited state (T,), which fully decays to the ground state in tens
of microseconds. Global fitting is achieved with a biexponential
sequential model, leading to lifetimes of 20.9 ns for (S;) and
39.9 ps for (T;). The deconvoluted EAS and the excited state
dynamics via both fs-TAS and ns-TAS strongly resemble those
observed for HBC.”?!

Adv. Energy Mater. 2024, 14, 2401529 2401529 (8 of 15)

Upon photo-excitation at 420 nm, intense GSBs are noted at
444, 520, and 560 nm (Figure S64, Supporting Information) in
the fs-TAS of 2. ESAs evolve at 485, 600, 800, and 900 nm. It
is only the latter, which fades with increasing time delays, while
the remaining GSBs and ESAs are subject to subtle intensity de-
creases. It should be pointed out that the poor solubility of 2 re-
sulted in spectra with a low signal-to-noise ratio, which prevented
us from gathering any additional kinetic insight into the ther-
mal equilibration between (S,) and (S,). Global fitting of the data
revealed three exponential processes. Therefore, a three-species
sequential target model was applied. The first species is an up-
per singlet excited (S,) state, populated upon 420 nm photo-
excitation into the f#’-band at 418 nm. Vibrational relaxation and
internal conversion take place within 1 ps to afford (S;). The
remaining two species relate to (S;) of either monomeric 2 or
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Figure 6. Nanosecond transient absorption raw data and corresponding fits for 1 (a, ¢, and e) and 2 (b, d, and f) in argon-purged toluene at room
temperature upon photo-excitation at 400 and 420 nm, respectively. a) Heat map of ns-TAS raw data of 1 obtained from pump-probe experiments with
time delays up to 200 ps. b) Heat map of ns-TAS raw data of 2 obtained from pump-probe experiments with time delays up to 200 ps. c) Normalized
evolution-associated spectra (EAS), resulting from the global fit of the raw data with a sequential two-species model. The first species in blue is (S;) of
1 and the second species in ochre is (T;) of 1. d) Normalized evolution-associated spectra (EAS), resulting from the global fit of the raw data with a
sequential three-species model. The first species in cyan is (S;) of aggregated 2, the second species in blue is (S;) of monomeric 2, and the third species
in ochre is (T;) of monomeric 2. e) Single wavelength kinetics of 1 (top) at 550 nm (grey dots) with its relative fit (black line), and populations dynamic
(bottom) of the respective species with colors correlating with the species-associated spectra (SAS) shown in c). f) Single wavelength kinetic of 2 (top)
at 444 nm (grey circles) with its respective fit (black line), and population dynamics (bottom) of the respective species with colors correlating with the
species-associated spectra (SAS) shown in d).
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aggregated 2. Both of them decay on the nanosecond timescale.
The shorter-lived one is linked to an aggregated form of 2, as the
broad GSB between 430 and 460 nm resembles the broad absorp-
tion spectrum observed upon aggregation (Figure S49, Support-
ing Information). The other one relates to monomeric 2, given
the sharper GSB at 444 nm. To follow their complete decays,
we employed ns-TAS under 420 nm photo-excitation (Figure 6).
On the sub-microsecond timescale, the intensity of the differen-
tial spectra is subject to a major decrease. Nevertheless, it takes
several hundreds of microseconds to fully decay to the ground
state. Global fitting of the data revealed three exponential pro-
cesses, with lifetimes of 3.6 ns, 26.3 ns, and 61.6 us. A rather poor
signal-to-noise ratio hampered the use of a target model. In accor-
dance with fs-TAS and TCSPC measurements, the first two are
assigned to (S;) of aggregated 2 and monomeric 2, respectively.
(S;) of aggregated 2 decays directly to the ground state, while (S,)
of monomeric 2 feeds (T,), which has a lifetime of 61.6 ps. Com-
paring the EAS of (S,) and (T,) the latter lacks the 485 nm ESA,
while the 800 nm ESA appears more intense.

2.2.5. Excited State Dynamics of Coordination Compounds

Energy transfer as observed for RuP-1 and RuP-2-RuP in the
steady-state emission experiments was studied using fs- and ns-
TAS. fs-TAS of RuP upon photo-excitation at 420 nm affords
characteristic ESAs for (T;) of metalloporphyrins, which is per-
sistent during the fs-TAS time-window (Figure S65, Support-
ing Information). Its differential spectrum is characterized by
a strong 485 nm ESA, followed by three less intense ESAs ap-
pearing at 555, 585, and 860 nm. Weak GSBs are observed
at 430 and 535 nm. Indeed, by virtue of the heavy atom ef-
fect, the intersystem crossing from (S,)-to-(T;) is faster than
our instrumental resolution. As such (S;) of RuP was unob-
servable to us. In the ns-TAS, we followed the complete de-
cay of (T;) (Figure S66, Supporting Information). Global fitting
with a mono-exponential decay function afforded a 28.9 ps (T;)
lifetime.

For RuP-1, a 387 nm pump was utilized in fs-TAS to ensure the
prevalent photo-excitation of 1 (Figure 7). Spectral fingerprints
for (S;) of 1, that is, ESAs at 455 and 550 nm, are appreciated
at early time delays. Most importantly, their decay is linked to the
rise of a series of novel features. For example, a newly developing
ESA at 484 nm matches perfectly the fingerprint of (T,) in RuP
(Figure S65, Supporting Information). Global fitting of the data
revealed a mono-exponential process with a lifetime of 7.0 ps next
to a long-lived component. A two-state sequential model (Figure
8) was employed, which considers that 1 and RuP are populated
upon photo-excitation in a 3:1 ratio, based on their molar absorp-
tion coefficients at 387 nm. The first species is (S;) of 1, while the
second species corresponds to (T,) of RuP. As a consequence, the
picosecond lifetime is associated with an inter-component energy
transfer process. The decrease of the (S,) lifetime from 21.7 ns in
1 to 7.0 ps in RuP-1 is linked to a rate constant of 1.4 x 10'! g~
for the underlying energy transfer that is unit efficient. Rather
than a spin-forbidden (S,)-to-(T;) energy transfer, we postulate a
spin-allowed (S,)-to-(S;) energy transfer followed by a rapid (S,)-
to-(T,) intersystem crossing. The latter process is spectroscopi-
cally invisible as (S;) of RuP decays faster than it is populated.
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In the case of RuP-2-RuP, pumping at 550 nm ensured the
almost selective photo-excitation of 2. In fs-TAS, already visual
inspection of the kinetic trace at 444 nm revealed the occurrence
of two processes, in contrast to RuP-1 (Figure 7e,f). For example,
the transient absorption spectra at early time delays are a good
match of the differential spectrum of (S;) of monomeric 2. In
particular, GSBs at 445 and 515 nm as well as ESAs at 800 and
900 nm are noted (Figure S67, Supporting Information). With
increasing time delays, these transients disappear with the con-
comitant rise of the characteristic (T;) of RuP, namely ESAs at
475 and 850 nm next to a GSB at 850 nm, as observed for RuP-1.
However, in stark contrast to the latter, (T,) of RuP decays almost
completely on the fs-TAS timescale. This goes hand-in-hand with
the evolution of GSBs at 445 and 515 nm and an intense ESA at
800 nm. All the aforementioned correspond to (T;) of 2. Global
fitting of the data revealed the presence of three exponential pro-
cesses next to an infinite component. Accordingly, a four-species
target model was applied (Figure 8). The first two species are the
vibrationally hot and relaxed singlet excited state of 2 — (*S;) (2)
and (S;) (2) — with 1 and 22 ps lifetimes, respectively. For RuP-
2-RuP, the (S,) lifetime of 2 is three orders of magnitude shorter
than for uncoordinated 2. This corroborates a quantitative energy
transfer to yield (T,) of RuP, with an underlying rate constant of
45x 10571,

We postulate also here a spin-allowed (S, )-to-(S,) energy trans-
fer followed by a rapid (S,)-to-(T;) intersystem crossing.”*l The
(T,) lifetime of RuP is 2.7 ns and (T,) of 2 evolves as a prod-
uct. In other words, a “ping-pong” energy transfer from 2 to
RuP and back to 2 is evidenced. The rate constant of a quanti-
tative back energy transfer is 3.5 x 108 s71. In fs-TAS upon preva-
lent photo-excitation of RuP at 420 nm the exact same deactiva-
tion scheme was concluded (Figure S68, Supporting Informa-
tion). Only the relative population of the respective species dif-
fered. ns-TAS was employed to follow the deactivation of the fi-
nal product of the energy transfer cascade. Upon selective photo-
excitation of RuP in RuP-2-RuP at 420 nm, the transients asso-
ciated with (T;) of RuP are observed to feed the population of
(T,) in 2 (Figure S69, Supporting Information). Global fitting re-
vealed three exponential processes and target analysis based on a
three-species model was applied. The first two species are those
involved in the spin-allowed (T,)-to-(T,) energy transfer, which
takes 2.9 ns. Energy transfer is eventually followed by the (T,)
decay to the ground state with a lifetime of 27.8 ps. The latter
is less than half of that derived for monomeric 2, most likely
the heavy atom effect causes the underlying acceleration. In the
presence of dioxygen, (T,) of 2 is strongly quenched. This con-
firms the overall (T,) nature and excludes any charge transfer
or charge separation channels (Figures S71 and S72, Support-
ing Information). The third species that was used for the fit-
ting is attributed to (S;) of some monomeric 2 in solution,’®! re-
sulting from photodegradation (See Supporting Information for
details).

We attribute the modulation of excited state deactivation when
going from RuP-1 to RuP-2-RuP to an increase of z-conjugation
in the latter case, which affected the energy of (S,) and (T;) to a
similar extent (Figure 8a; Table S3, Supporting Information). As a
matter of fact, the energy decreases of (S;) when comparing 1 and
2 is very close to that seen for (T;). Overall, AE (S;-T,) remains
unchanged, which is in agreement with the similar nature of the
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Figure 7. Femtosecond transient absorption raw data and corresponding fits for RuP-1 (a, ¢, and e) and RuP-2-RuP (b, d, and f) in argon-purged toluene
at room temperature upon photo-excitation at 387 and 550 nm, respectively. a) Heat map of fs-TAS raw data of RuP-1 obtained from pump-probe
experiments with time delays up to 5500 ps. b) Heat map of fs-TAS raw data of RuP-2-RuP obtained from pump-probe experiments with time delays
up to 5500 ps. c) Normalized species associated spectra (SAS) of RuP-1 resulting from the global fit of the raw data with a target two-species model.
The first species in blue is (S;) of 1 (z = 7 ps), while the second one in green is (T;) of RuP (z = >10 ns). d) Normalized species-associated spectra
(SAS) resulting from the global fit of the raw data with a target four-species model. The first species in violet is (S;*) centered on 2 (r = 1 ps); the
second species in blue is (S;) of 2 (r = 22 ps); the third species in green is (T;) of RuP (z = 2.9 ns); the last state in ochre is (T;) of 2 (z =>10 ns).
e) Single wavelength kinetics of RuP-1 (top) at 484 nm (grey dots) with its relative fit (black line), and relative populations dynamics (bottom) of the
respective species with colors correlating with the species-associated spectra (SAS) shown in (c). f) Single wavelength kinetic of RuP-2-RuP (top) at
444 nm (grey circles) with its respective fit (black line) and relative population dynamics (bottom) of the respective species with colors correlating with
the species-associated spectra (SAS) shown in (d).
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Figure 8. a) Proposed deactivation scheme and lifetimes for 1 upon photo-excitation at 387 nm, on the left, for 2, in the center, and RuP, on the right,
upon photo-excitation at 420 nm. b) Proposed deactivation scheme and lifetimes for RuP-1 upon photo-excitation at 387 nm, on the left, and for RuP-2-
RuP upon photo-excitation at 550 and 420 nm, on the right. The dashed states for S, (1), S, (RuP), and S; (RuP) point out that they cannot be observed
being either their lifetime shorter than our instrumental resolution, for the first two, or because it is spectroscopically invisible, for the last one, being its
deactivation faster than its population. The red arrows indicate the deactivation via energy transfer. The number on each arrow indicates the lifetime of
the starting state as determined in transient absorption spectroscopy experiments. The energies were obtained from the absorption, fluorescence, and
phosphorescence spectra and are supported by TDDFT calculations as well at B3LYP-D3B)/ def2-TZVP level of theory (Table S3, Supporting Information).

lowest excited state for both 1 and 2, as shown by calculations
(Figure S40, Supporting Information).

For both RuP-1 and RuP-2-RuP, 1 and 2 are perpendicular to
the plane of RuP, as observed via both NMR analysis and quan-
tum chemical calculations. Furthermore, the latter supports the
fact that the transition dipole moments associated with the ex-
cited states involved in the energy transfer are also in a perpen-
dicular orientation to each other (Figure 2; Figures S14, S47, and
S48, Supporting Information). Therefore, a coulombic mecha-
nism based on dipole interactions should be excluded.”* In light
of this, we postulate an exchange mechanism to be operative in
the transfer of energy. Forward energy transfer rate constant (kgy)
in RuP-1 (1.4 x 10" s7') and RuP-2-RuP (4.5 x 10'° s71) differ by a
factor of three. A reasonable rationale is based on the differences
related to the Franck-Condon factors associated with the two pro-

Adv. Energy Mater. 2024, 14, 2401529 2401529 (12 of 1 5)

cesses. In the case of RuP-2-RuP, the FC factor is small due to
the nearly isoenergetic (S;) for 2 and of RuP. In other words, the
overlap between 2 emissions and RuP absorption is small. On
the contrary, the overlap is significantly larger for RuP-1, that is,
between 1 emission and RuP absorption. The (T,)-to-(T;) energy
transfer rate constant (3.5 X 10® s71) in RuP-2-RuP, which is based
on an exchange mechanism, is two orders of magnitude smaller
than the ones involving the singlet excited states.

2.3. Electrochemical Characterization
Electrochemical characterization was performed by both cyclic

voltammetry and differential pulse voltammetry (DPV) in
dichloromethane (Figures S73-S78, Supporting Information).
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Table 2. Electrochemical redox potentials (V vs Fc/Fc+) for 1, RuP, RuP-1,
and RuP-2-RuP. The values were determined via DPV in CH,Cl, with 0.1 m
TBAPF,.

Beas V] Eewr VI Eeat VI Eon VI Eoe V] Eog V]

12 -2.17 +0.78 +1.0 +1.13
RuP -2.23 -2.07 +0.33 +0.95
RuP-1 -2.29 -2.07 +0.33 +0.95
RuP-2-RuP -2.18 -1.99 -1.82 +0.35 +0.61 +0.92

2 Reported from ref. [64].

The results are summarized in Table 2. Overall, they are help-
ful in rationalizing the lack of any charge separation upon pho-
toexcitation. 1 was already studied by some of us!® and we con-
cluded three oxidations at +0.78, 4+1.0, and 4+1.13 V versus Fc/Fc*
next to one reduction at —2.17 V versus Fc/Fc*. The low solubil-
ity of 2 precluded its electrochemical characterization when un-
coordinated. RuP showed two reversible oxidations at +0.31 and
+0.89 versus Fc/Fc*, in agreement with previous reports. The re-
ductions are irreversible and are better studied via DPV, appear-
ing at —2.07 and —2.23 V versus Fc/Fc*. RuP-1 shows similarities
to RuP, with the first oxidation and the first reduction both cen-
tered on the metalloporphyrin. The reductions are, nevertheless,
quasi-reversible in this case. Notable, in DPV the second oxida-
tion at +0.95 versus Fc/Fc* is two times stronger than the first
one, suggesting an overlap with the oxidation of 1. RuP-2-RuP
differs from RuP and RuP-1. For example, the first reduction at
—1.82 V versus Fc/Fc* is attributed to 2. This is based on the
comparison of its DPVs with those of RuP (Figures S76 and S78,
Supporting Information). The second oxidation at +0.61 V versus
Fc/Fc* is also centered on 2. We conclude that the two metallo-
porphyrins are electronically isolated from each other. Indeed,
all the redox processes centered on the metalloporphyrins are
comparable to the reference, and no splitting is observed. Based
on these results, charge separation is thermodynamically allowed
when considering higher lying (S,) of either 1 or 2, but not from
the lower lying (T,) of either RuP or 2. However, ultrafast energy
transfer to afford the lower lying (T, ) rules out any charge separa-
tion upon photo-excitation, as also observed for other porphyrin-
nanographene derivatives.*)

3. Conclusion

To conclude, the presence of a nitrogen atom in the peripheric po-
sition of molecular nanographene opens the door to coordinate,
for example, metalloporphyrins and, thereby, increases the po-
tential applicability of such molecular architectures. It was also
shown to boost the fluorescence quantum yields of molecular
nanographene via the increase of radiative rate constant, due to
symmetry reduction, but unaltering at the same time the energy
of excited states. The lateral z-extension from 1 to 2 led to a mod-
ulation of the excited state energies that resulted in several in-
teresting phenomena. First, the fluorescence quantum yield is
as high as 61% for 2. Second, a thermally-activated dual fluores-
cence, a process of which not many examples are reported in the
literature, was corroborated. In fact, 2 is, to the best of our knowl-
edge, the largest-sized molecule showing this behavior. Third, z-
extension was useful to tune the excited state deactivation of RuP-
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1 and RuP-2-RuP. A ping-pong energy transfer, meaning from 2
to RuP and back to 2, was observed in the case of RuP-2-RuP, in
contrast to the simpler energy transfer from 1 to RuP, which was
recorded for RuP-1. Modulation of the excited state deactivation
was attributed to the mere increase of z-conjugation when com-
paring 2 and 1, which results in an energy decrease of both (S;)
and (T,).

The results reported herein demonstrate that molecular
nanographenes are attractive components for solar energy con-
version schemes, where inter-component energy transfer can be
modulated. Furthermore, our studies start to shed light on the
relationship between the structure and photophysical properties
of molecular nanographenes, which is essential for their use in
practical applications; and prove the great potential of molecu-
lar nanographene as models for an in-depth understanding of
graphene nanoribbons and quantum dots. Studies with molecu-
lar nanographenes of different sizes are currently ongoing in our
laboratories.

4. Experimental Section

Photophysical Characterization: ~Steady-state absorption experiments
of solutions were performed using a Shimadzu UV-1900i UV-vis spec-
trophotometer double beam spectrometer (190-1100 nm). All spectra
were acquired at room temperature using 10 X 10 mm or 100 X 10 mm
quartz glass cuvettes. Steady-state emission spectra were recorded on
an FS5 spectrofluorometer from Edinburgh Instruments. The data were
recorded by using standard 10 X 10 mm quartz cuvettes within optical
densities ranging from 0 to 0.1. Fluorescence quantum yields were deter-
mined by using 9-phenyl anthracene in cyclohexane for 1 and a perilene
diimide in toluene for 2. To avoid aggregation of the latter, the measure-
ments were performed at concentrations lower than 1078 m, employing
100 x 10 mm quartz glass cuvettes for determining the absorbance and
10 x 10 mm quartz glass cuvettes for recording the emission. Emission
lifetimes and time-resolved emission spectroscopy (TRES) were measured
using a Fluorolog 3 time-correlated photon counting (TCSPC) instrument
from Horiba Jovin Yvon, a SuperK Fianium FIU6PP supercontinuum laser
from NKT Photonics as the excitation source, and an R3809U-50 MCP pho-
tomultiplier from Hammamatsu, or with an Edinburgh FS5 spectrofluo-
rimeter equipped with a VisUV picosecond laser system from PicoQuant
(pulse duration <85 ps). Femtosecond transient absorption (fsTA) was
conducted using an Astrella-F-1K amplified Ti:sapphire femtosecond laser
system from Coherent, operating at a repetition rate 1 kHz, 5.5 W power
(5 mJ pulse energy), pulse duration of 80 fs, with TA pump/probe He-
lios detection system from Ultrafast Systems. White light was generated
focusing a fraction of the fundamental 800 nm output onto a 2 mm CaF,
mounted on a translating crystal holder. A 1.2 m] fraction of the fundamen-
tal is used for pump beam generation by a TOPAS Prime from Light Con-
version with standard NIRUVIS extension. An optical delay line allowed
for time delays up to 7.2 ns. A depolarizer was placed in the pump beam
to avoid rotational dynamics. Bandpass filters with +£5 or 10 nm were
used to ensure low spectral width and to exclude 800 nm photons. Addi-
tionally, some (fsTA) experiments were conducted employing an amplified
Ti:sapphire CPA-2101 laser system from Clark:MXR Inc. as the excitation
source. The generated laser pulses were characterized by an initial wave-
length of 775 nm, a pulse width of 150 fs, and a frequency of 1050 Hz. The
detection of the data was realized using a HELIOS “transient absorption
pump-probe system” (TAPPS) detection unit from ultrafast systems. The
excitation wavelengths, with energies of roughly 400 nj, were generated
by a noncolinear optical parametric amplifier (NOPA, Clark:MXR Inc.),
whereas the white light (probe pulse) was generated by a sapphire crys-
tal. The experiments were carried out using fused quartz glass cuvettes
with a width of 2 mm. All of the samples were deoxygenated for 215 min
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using argon gas and measured at an absorbance of roughly 0.2 at the re-
spective excitation wavelength. For data recording, the HELIOS system
from Newport/Ultrafast systems was utilized. Nanosecond transient ab-
sorption (nsTA) experiments were recorded with the EOS TAPPS detection
unit from Ultrafast systems using two independent pulsed laser sources.
While the pump pulse was also generated by an amplified Ti:sapphire CPA-
2101 laser system from Clark:MXR Inc., the probe pulse was generated by
a pulsed supercontinuum laser (output 350-2200 nm, repetition rate of
2100 Hz, and 1 ns pulse width). The electronic setup allows for time de-
lays of up to 400 ps between the pump and probe pulse. The excitation
wavelengths were generated by a noncolinear optical parametric amplifier
(NOPA, Clark:MXR Inc.). For the fsTA and nsTA measurements, global
as well as target analysis and fitting of the transient data was carried out
utilizing the open-source software GloTarAn, which is a free, Java-based
graphical user interface to the R-package TIMP.[36-88] The instrument re-
sponse function (IRF) and dispersion (chirp of the white light pulse) were
modeled and taken into account during the fitting procedure. The nsTA
data sets were corrected for scattered light as well.

Electrochemical Characterization: Cyclic voltammetry and differential
pulse voltammetry were performed with a three-electrode setup on Au-
toLab PGStat302N instrument. The measurements were carried out in
dichloromethane using 0.1 m tetrabutylammoniumhexafluorophosphate
(TBA(PFg) as a supporting electrolyte and compound concentration of
~10~* M. A platinum rod was used as a working electrode, a platinum
wire served as a counter electrode, and a silver wire as a quasi-reference
electrode. Ferrocene (Fc) was used as the internal standard and all the po-
tentials were noted relative to the Fc/Fc couple. The data were recorded
with NOVA 2.0 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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