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Curved Nanographenes: Multiple Emission, Thermally
Activated Delayed Fluorescence, and Non-Radiative Decay

Sergio Ramirez-Barroso, Fernando Romeo-Gella, Jesiis M. Ferndndez-Garcia, Siyang Feng,
Lara Martinez-Ferndndez, David Garcia-Fresnadillo,* Inés Corral,* Nazario Martin,*

and Reinhold Wannemacher*

The intriguing and rich photophysical properties of three curved
nanographenes (CNG 6, 7, and 8) are investigated by time-resolved and
temperature-dependent photoluminescence (PL) spectroscopy. CNG 7 and 8
exhibit dual fluorescence, as well as dual phosphorescence at low
temperature in the main PL bands. In addition, hot bands are detected in
fluorescence as well as phosphorescence, and, in the narrow temperature
range of 100-140 K, thermally activated delayed fluorescence (TADF) with
lifetimes on the millisecond time-scale is observed. These findings are
rationalized by quantum-chemical simulations, which predict a single
minimum of the S, potential of CNG 6, but two S; minima for CNG 7 and
CNG 8, with considerable geometric reorganization between them, in
agreement with the experimental findings. Additionally, a higher-lying S,
minimum close to S, is optimized for the three CNG, from where emission is
also possible due to thermal activation and, hence, non-Kasha behavior. The
presence of higher-lying dark triplet states close to the S; minima provides
mechanistic evidence for the TADF phenomena observed. Non-radiative
decay of the T, state appears to be thermally activated with activation
energies of roughly 100 meV and leads to disappearance of phosphorescence
and TADF at T > 140 K.

1. Introduction

Synthesis and characterization of molecu-
lar nanographenes (NGs), with or without
heteroatoms, have been intensively pur-
sued in recent years in view of their wide
range of applications, such as the develop-
ment of self-assembled nanomaterials or
in fields like photocatalysis, energy conver-
sion and storage, optoelectronics, single-
molecule electronics, spintronics and
magnetoelectronics, molecular switches
and sensors or in multi-photonic pro-
cesses, nonlinear optics and bioimaging.[!]
The structural features of molecular
NGs include hydrogen-terminated or
edge-functionalized polycyclic aromatic
hydrocarbons;!?!  heteroatom-doped NGs
having heterocyclic motifs;[?>4¢hl or topo-
logically complex curved nanographenes
(CNGs) containing helicene moieties plus
combinations of eight-, seven- and/or
five-membered rings into the hexagonal
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carbon lattice of graphene.’) Compared to graphene, whose
overlapping conduction and valence bands pose limits to the
development of some applications, NGs exhibit a non-zero
energy gap, thus broadening the scope of potential uses.

The chemical induction of well-defined curvatures in molec-
ular NGs (often with inherent chirality) leading to curved
nanographenes (CNG), as well as steric interactions, may allow
the fine tuning of their excited-state energy levels and, therefore,
of their photophysical properties. In fact, this can be a promising
strategy to obtain organic materials with interesting features re-
lated to appropriate relative energy differences and distributions
of the singlet and triplet excited states manifolds. Examples of ap-
pealing unimolecular photophysical properties of organic materi-
als would be dual fluorescence, phosphorescence, and thermally
activated delayed fluorescence (TADF).I*] Furthermore, the pecu-
liar topology and hydrophobicity of CNGs may allow bimolec-
ular pathways based on interactions with other molecular enti-
ties or surfaces, giving rise to energy or electron transfer photo-
processes (e.g., Forster resonance, type II or type I photosensi-
tization, etc.) that may advantageously broaden the field of ap-
plication of CNGs.P! All these distinctive emissions or excited-
state reaction paths are susceptible to application in diverse ar-
eas such as quenching-based sensing of chemical species, data
encryption, 3D printing, as emitters in organic light-emitting
diodes (OLEDs), or in theranostics combining bioimaging (avoid-
ing interference by the autofluorescence of biological samples)
and photosensitization properties of reactive oxygen species (in
photodynamic therapy treatments).[®) In particular, unimolecular
deactivation pathways resulting in phosphorescence and TADF,
when combined with chirality, are amenable for the smart de-
velopment of high performance optoelectronic applications like
data storage, security tags, chirality sensing, and next-generation
displays.l”!

Phosphorescence is generated through two spin-forbidden
processes, the non-radiative S;—T,, or, more generally, S;-T,
intersystem crossing (ISC) and the radiative T;—S,, transition.
Therefore, for a purely organic molecule, the rate constant of in-
tersystem crossing (k;sc) from a singlet excited state to a triplet
excited state is typically small and the quantum yield of the in-
tersystem crossing (®;sc) is low, such that the population of
triplet excited states is not favored. However, even if the triplet
excited state is significantly populated, competition of the gen-
erally very slow radiative decay of the triplet state (rate constant
k.r) with non-radiative deactivation (k, ) and quenching pro-
cesses (k, ) makes it a very challenging task to obtain organic
materials with significant phosphorescence quantum yields (®5)
at room temperature. Several strategies have been developed to
improve the quantum yields of ISC and of organic phospho-
rescence. ISC can be strongly enhanced, if the energy gap be-
tween the S; and a T, state is small and the S; and T, wave
functions are nearly orthogonal.® Such near orthogonality can
be achieved via 3'(nz*) < 3(zx*) transitions, for example in
the case of molecules containing aldehyde or ketone functional
groups,l°! or via transitions between charge-transfer (CT) and lo-
calized zzx*-type states (> (za*)cr © 13 (wx*),, )1 Alternatively,
by introducing heavy atom functional groups such as bromine
and iodine substituents into organic molecules, the heavy atom
effect can enhance spin-orbit coupling (SOC), and thus facilitate
the ISC process, promoting k,; and improving @,.I'") Rigid crys-
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talline and glassy environments, which restrict vibrational and ro-
tational motions that can induce decay of the triplet excited states
have been used to inhibit non-radiative deactivation pathways.
These rigid environments thus typically improve @, of organic
systems at room temperature. Moreover, modifying the molec-
ular packing, or adding supramolecular interactions like inclu-
sion complexation and hydrogen bonding can also contribute to
suppress the molecular vibrations of the triplet excited states to
increase @,.[1%]

Upconversion from the lowest triplet to the lowest singlet ex-
cited states through reverse intersystem crossing (RISC) gives
rise to TADF, provided the energy gap (AEs 1) between both ex-
cited states is small enough, typically below 0.3 eV, such that ther-
mal energy is sufficient to populate the singlet state. Therefore,
reducing the energy gap between the lowest excited singlet state
and its nearest triplet state is of major importance in the case of
TADF. This has been generally achieved by synthesizing organic
dyes containing suitable combinations of electron-donor (D) and
electron-acceptor (A) moieties connected via different types of
bridges, usually with high twists or non-conjugated connections
to obtain reduced overlaps between the highest occupied molecu-
lar orbitals (HOMOs, ideally located in the donor part) and lowest
unoccupied molecular orbitals (LUMOs, preferably located in the
acceptor fragment). These molecular architectures!’®®! thus re-
sult in small energy differences between the first singlet (S,) and
triplet (T;) excited states and therefore permit efficient RISC. In
these molecules, intramolecular CT between D and A moieties is
the dominant transition, leading to a lowest singlet state with CT
character. Appropriately designed TADF dyes often rely on one
of the following strategies: i) inducing a large steric hindrance
in D-A molecular systems to produce a twisted intramolecu-
lar charge transfer (TICT) state; ii) allowing a through-space
charge transfer (TSCT) with non-conjugated linkers by control-
ling the distance between the D and A units and also their rel-
ative orientation; or iii) taking advantage of multiple resonance
effects in heteroaromatic compounds (e.g., with trisubstituted
sp? heteroatoms, such as boron or nitrogen with z-conjugated
connections to either z-donor or z-acceptor groups). Moreover,
the so-designed dyes display restricted rotation and increase the
molecular rigidity, which suppresses the non-radiative deactiva-
tion and can also help to avoid severe aggregation potentially
causing efficient excited state deactivation.[3] Similar to the en-
hancement of the case of ISC, the presence of high-lying triplet
states (T,) can also help to promote TADF, which can be en-
hanced by taking advantage of near-resonant RISC from a ther-
mally activated high-lying triplet state (hRISC) where energy up-
conversion from a higher triplet state (T,, n > 2) to the S, state
occurs.*]

Furthermore, it has to be noted that chiral dyes exhibiting
TADF properties combined with circularly polarized (CP) lumi-
nescence can show great potential in empowered OLED systems
applied to high quality 3D, augmented-reality, and virtual real-
ity displays."! In principle, CP-TADF systems would only re-
quire the addition of a chiral moiety (either a stereocentre, a chi-
ral axis, or a planar chirality element) to the TADF dye. How-
ever, the development of efficient CP-TADF dyes is a challeng-
ing issue since several problems beyond their complex synthesis
can occur, such as a low luminescence dissymmetry factor (g,,,,)
value if the chiral moiety is not directly involved in the frontier
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Figure 1. a) Curved nanographenes (CNG) 6, 7, and 8 (only one enantiomer shown). The loose [6]helicene of 6, the chlorine atom of 7 and the
cycloheptatrienically-constrained [6]helicene of 7 and 8 (due to the presence of the seven-membered ring) are highlighted in red. b) Absorption spectra
in chloroform at room temperature of CNG 6 (red), 7 (blue) and 8 (green) and of their structural precursors Cor (black dash) and HBC-tBu (black). The
visible portion of the HBC-tBu absorption spectrum (>430 nm) has been magnified (x15). c—e) excitation spectra at the given detection wavelengths
and f-h) photoluminescence spectra of 6, 7, and 8, respectively, at the given excitation wavelengths.

molecular orbitals responsible for the lowest-lying electronic
transition. Moreover, although a reduced HOMO-LUMO over-
lap is required for low AEg 1 values and efficient TADF (usually
at the expense of sacrificing color purity), large HOMO-LUMO
overlaps would, in contrast, improve g, values by increasing
the angle between the electric transition dipole moment and the
magnetic transition dipole moment.[”-1¢]

Herein we report on the unusual photophysics of three dif-
ferent curved nanographenes (CNG 6, 7, and 8) (Figure 1a; Fig-
ure S1, Supporting Information).l'”! The studied CNG are com-
posed of a corannulene (Cor) fragment of positive curvature and
a modified hexabenzocoronene fragment (HBC-tBu) that can
impart negative curvature via a seven-membered ring connec-
tion between the terminal rings of a [6]helicene. Depending on
the type of attachment between both fragments, by forming ei-
ther aloose-helicene (CNG 6), a cycloheptatrienically constrained
helicene (CNG 8) or a cycloheptatrienically and sterically con-
strained helicene (CNG 7), distinct and valuable photophysical
properties can be observed. It must be mentioned that CNG 6
is inherently chiral and it has been synthesized as a racemic
mixture.'718] To provide evidence for the purity of the samples
used, in addition to the data presented in ref. [17], we are includ-
ing in the ST high-resolution mass spectra, the high-resolution H-
NMR and also the HPLC chromatograms for the three reported
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compounds 6, 7, and 8 (Figures S32-S40, Supporting Informa-
tion).

2. Results and Discussion

2.1. Photophysical Properties

2.1.1. Absorption, Fluorescence Excitation and PL Spectra at Room
Temperature

The UV-vis absorption spectra of CNG 6, 7, and 8, and of their
structural precursors Cor and HBC-tBu in CHCl,; are shown in
Figure 1b and Table 1 collects the corresponding spectral data.
The absorption spectra of the CNG are obviously much broader
than the very narrow absorption of Cor and the absorption of
HBC-tBu. In addition, the CNGs have a relatively intense absorp-
tion band in the blue part of the visible region. This is caused
by the extension of the conjugation between both fragments of
the CNG. The absorption maxima of the fragments, on the other
hand, coincide quite well with maxima or shoulders of the CNG
absorption spectra. Furthermore, the presence of a cyclohepta-
trienic connection within the [6]helicene moiety causes a redshift
of ~20 nm of the visible absorption band when comparing CNG
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Table 1. Spectral data of the investigated compounds and of their structural precursors at room temperature.

CNG Agps™ [nm]?) € [10* mol~" dm? cm™] Ao ™ [nm]?) (FWHM [eV], [nm])
Cor 289,318 sh 31,6.6 420, 4409

HBC-tBu 344, 360, 390, 445 64, 142, 46, 1.8 474, 483, 492, 5179

6 346, 367, 386, 436, 456 73,72, 65, 21, 22 490, 519 (0.30, 62)

7 367, 380, 401, 443, 467 77,76, 62, 23, 20 430, 507, 530 (0.25, 56)

8 362, 378, 441 68, 64, 20 493,523, 557 sh (0.32, 75)

a)

o

In tetrahydrofurane.[?°]

7 and 8 with CNG 6, which may be of interest in view of potential
optoelectronic applications requiring excitation by visible light.

Photoluminescence (PL) and PL excitation spectra of the
CNGs, compare Figure 1f~h and Figure 1c—e, respectively, exhibit
significant differences between the individual CNGs. Whereas
the shape of the main emission band is similar for 6 and 7,
there is a redshift of the PL maximum of 17 nm from 6 to 7
and, in addition, a weak emission can be observed in the wave-
length range ~390-470 nm in the case of 7. The fluorescence
excitation and emission spectra of the CNGs have been double
checked with samples prepared in different years and, in the case
of CNG 7, an ultrapure sample has been examined with two dif-
ferent spectrofluorometers. We have found that the shape of this
weak emission is strongly dependent on the concentration and
the temperature of the sample (Figure S2, Supporting Informa-
tion). This experimental finding can be accounted for by the well-
known trend of z-extended molecular nanographenes to aggre-
gate, typically stemming from z—z and C—H---z supramolecu-
lar interactions.[*>fl In the case of CNG 7 such aggregation is
observed even in the micromolar concentration range and in a
temperature interval close to room temperature (15-35 °C), thus
affecting the relative fluorescence intensity and peak ratios de-
pending on the variable aggregate/monomer proportion. This ad-
ditional emission band exhibits a different excitation spectrum
(black curve in Figure 1d), different also from the main band of
the absorption spectrum. CNG 8, on the other hand, exhibits a PL
spectrum different from the ones of 6 and 7, with shoulders on
either side of the main PL maximum. PL maxima from the spec-
tra acquired with excitation at the absorption maximum in the
visible are gathered in Table 1. Excitation-emission maps (Fig-
ure S3, Supporting Information) exhibit no significant shift with
the excitation wavelength and therefore demonstrate that the PL
is essentially homogeneously broadened (compare Figure S3d—f,
Supporting Information) at room temperature, except for slight
variations in the spectra of 7 and 8 and for the additional high-
energy emission of 7, more easily recognizable on a logarithmic
color scale (Figure S3h, Supporting Information).

2.1.2. Fluorescence Quantum Yields and Emission Lifetimes at
Room Temperature

The fluorescence quantum yields and emission lifetimes in the
ns range of the CNG at room temperature are collected in Table 2
and Table S1 (Supporting Information). The emission quantum
yields of CNG 6 and 8 were determined by excitation at their

Adv. Mater. 2023, 2212064 2212064 (4 of 16)

))Absorption peaks and shoulders (sh) in chloroform; ®) Emission peaks in chloroform with the fluorescence maxima highlighted in bold numbers; in dichloromethane;['°]

Table 2. Fluorescence quantum yield, fluorescence lifetimes, radiative and
non-radiative deactivation rate constants of the singlet excited state, and
upper limit of the intersystem crossing quantum yield of the investigated
compounds in chloroform at room temperature under inert atmosphere
unless otherwise indicated. <7g,00>nt» <Tfluoair>int iNteNsity-weighted av-
erage decay times in purged and unpurged solutions, respectively.

CNG Dy <Thuo 0>t <Tfluo,airInt ke Kor Dy5c?
[ns]”) [ns]”) [s7' [s7'9)

6 0.50 11.2 8.9 45x107 45x107 050

7 0.17,2) 0.210 11.6 8.3 1.5%x 107 7.2x107 0.83

8 0.25 5.3 4.8 47x107 1.4x10® 0.75

3 Intensity-weighted average lifetime, determined at the wavelength of the emis-
sion maximum; <z>,, = 2[I;7;%]/Z[l;z;], where |, and z; are the individual pre-
exponential factors and lifetimes of the multiexponential fit, respectively; ®) Radiative
geactivationl rate constant frgm S, to S.O' calculated from @, /<Tq,00>niil 2
Upper limit of the non-radiative deactivation rate constant from S1, calculated from
(1= Pguo) / <Thu0.0>ints 4 Upper limit of the intersystem crossing quantum yield, cal-
culated from 1 — ®g,; © Excitation at 470 nm; VExcitation at 305 nm. Values of k,,
k.. and the upper limit of ®|s¢ are calculated neglecting any potential reverse inter-
system crossing at room temperature as well as intermolecular interactions.

absorption maxima and are in excellent agreement with previ-
ously reported data.l'”] On the other hand, due to its additional
emission at short excitation wavelengths and the associated vari-
ability of its excitation spectrum (Figure 1; Figures S2 and S3,
Supporting Information), CNG 7 shows @, = 0.17 when ex-
cited above 400 nm but values increasing to 0.21 when excited at
305 nm. Regarding the PL lifetimes of the CNG, all the molec-
ular nanographenes under study present multiexponential de-
cays at room temperature, and no dependence on concentration
has been found in the tested 1077 to 10> M concentration range;
however, slightly dissimilar behaviors are shown when compar-
ing the PL decays of CNG 6 on the one hand and CNG 7 and
8 on the other hand (Table S1, Supporting Information). CNG 6
requires bi-exponential fits and, irrespective of the selected de-
tection wavelength (emission peak or shoulder), the PL decays
are fitted to the same individual lifetimes, within experimental
uncertainty, resulting in the same average lifetimes. However,
CNG 7 and 8 not only require bi-exponential or tri-exponential
functions to fit the experimental decays, respectively, but both of
them show different decay fitting parameters depending on the
selected detection wavelength (emission peak, shoulder or tail),
hinting at a complex nature of the electronic singlet states and
their potential energy surfaces from where emission takes place
(see the discussion below), consistent with the variations in the
fluorescence excitation and emission spectra of these two CNGs
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Figure 2. a—c) PL excitation spectra with detection at the wavelength of the PL maximum (blue), PL spectra at room temperature (green) and at T = 65 K
(black), as well as gated spectra acquired at T = 65 K (red); d—f) fluorescence decays; and g—i) phosphorescence decays at the indicated wavelengths of

6 (a,d,g), 7 (b,e,h), and 8 (c,fi) in n-octane. A, =405 nm.

(Figure 1). Finally, the radiative (k,) and overall non-radiative (k)
deactivation rate constants of S; were estimated from the values
of the fluorescence quantum yield and mean emission lifetimes,
as detailed in Table 2. We also report there the upper limit of
the intersystem crossing quantum yield (®,4.) of the CNG, ne-
glecting here any potential reverse intersystem crossing, or in-
termolecular interactions and assuming for the present purpose
that S; is the only singlet state populated at room temperature.
It should finally be noted that long-lived PL with lifetimes sig-
nificantly longer than those of the fluorescence, which would be
due to phosphorescence or TADF, was not observed in any of the
CNGs at room temperature even after purging.

2.1.3. Fluorescence, Phosphorescence and Thermally Activated
Fluorescence at Low Temperature

Figure 2a—c shows the normalized PL spectra of CNGs 6, 7, and
8, respectively, in n-octane at room temperature (green lines) and
at T = 65 K (black lines) under continuous wave (cw) excitation,
as well as phosphorescence spectra (red lines), acquired by elec-
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Table 3. Fluorescence and phosphorescence spectral maxima and PL life-
times of the investigated compounds and of their structural precursors in
n-octane at 65 K.

CNG AR?/E;E: <Tuo>int /lmhags/E;‘?jgs <Tphos>int
[nm (eV)] [ns] nm (eV)] [s]

6 483 (2.57) 26.5 673 (1.84) 0.67

7 506 (2.45) 30.0 640 (1.94) 1.0

8 511 (2.42) 6.7 707 (1.75) 0.9

Cor 437 (2.84) 11.4 600 (2.07) 0.16

HBC-tBu 482 (2.57) 53.1 573 (2.16) 1.0

tronic gating after pulsed excitation. Table 3 and Table S2 (Sup-
porting Information) list the positions of the spectral maxima
and shoulders. For the investigation of the temperature depen-
dence of the PL, the solvent n-octane was chosen in view of addi-
tional experiments performed at lower temperature, which are
not to be discussed here. As shown in Figure S4 (Supporting
Information) for the case of CNG 7, both solvents, CHCl; and
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n-octane, result in very similar fluorescence and phosphores-
cence spectra. The spectra acquired at 65 K generally exhibit some
blue shift of the PL maxima compared to the room temperature
spectra due to the rigidification of the matrix and the refractive
index change upon freezing. Significant spectral narrowing indi-
cates reduced thermal broadening.

To investigate the high-energy PL of 7 in the range ~380-
470 nm (see Figure 1g) in more detail, temperature-dependent
PL spectra were acquired with quasi-cw excitation at 355 nm at
1 kHz repetition rate (Figure S5a, Supporting Information). The
high-energy PL obviously has maximum intensity at ~230 K rel-
ative to the main PL band and then diminishes as the tempera-
ture is lowered, although it is still visible at 77 K. This suggests
the identification of this band as a hot band due to PL from a
higher singlet (S,,) state. The increase in intensity when the tem-
perature changes from 300 to 230 K should then be due to re-
duced non-radiative decay (internal conversion, IC) and its de-
crease from 230 to 77 K due to reduced thermal occupation. The
presence of this band even at 77 K suggests that S, can be pop-
ulated from higher singlets as well as thermally populated from
S,. PL from a higher singlet at low temperatures, where it cannot
be thermally populated, simultaneously signifies reduced rates
of IC. From the onsets of the high-energy and main fluorescence
bands at #370 nm (3.35 eV) and ~470 nm (2.64 V), respectively,
an S,-S; gap for CNG 7 of 0.7 eV can be deduced in this case.
This appears to be too high for thermal population directly from
S;. However, the possible presence of other singlets within this
energy range with populations trapped within them due to bar-
riers in the electronic potential energy surface could explain the
observations. On the other hand, the PL decays in this high en-
ergy band are longer than those of the main PL band, as shown
in Figure S5b (Supporting Information), contrary to expectations.
This detail will be discussed below in the context of the quantum-
chemical calculations.

The PL spectra acquired under continuous wave (cw) excita-
tion, dominated by fluorescence, and the phosphorescence spec-
tra are overall quite like each other in structure and width, as
becomes more appreciable when plotting them as a function of
photon energy (Figure S6, Supporting Information). This indi-
cates very similar vibronic coupling and, hence, the same orbital
character of both, S; and T,. As an exception from this similar-
ity, the fluorescence of 7, however, is much more structured than
the one of 6 or 8, which is probably due to the steric hindrance
caused by the chlorine atom and the associated stiffening of the
molecule. Interestingly, there also appears a higher energy band
of the phosphorescence, located at ~570 nm, which is especially
notable in the case of 6. This band will be discussed again below.

The fluorescence decays of 6, 7, and 8 at 65 K (or 77 K, re-
spectively) are shown in Figure 2d—f, respectively, and the phos-
phorescence decays in Figure 2g—i, respectively, for various wave-
lengths. Corresponding fit parameters are listed in Table 3 and
Tables S3 and S4 (Supporting Information). The fluorescence de-
cay times are relatively long, especially for 6 and 7, implying small
transition dipole moments. This is already the case for the struc-
tural precursors Cor and HBC-tBu of the CNGs (compare Table 3
and Figure S7, Supporting Information). The phosphorescence
decays on a time scale of seconds in all cases, pointing to ex-
tremely small radiative rates for the spin-forbidden transitions.
Phosphorescence is also observed for the structural precursors,
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again with lifetimes on the scale of seconds, although Cor shows
the shortest phosphorescence decay among the CNGs and their
precursors. In the case of 6 and in the case of the fragments Cor
and HBC-tBu, the decays at room temperature are independent
of the wavelength and a small wavelength dependence at 65 K can
be attributed to a weak background signal. In the case of 7 and
8, on the other hand, the fluorescence as well as the phosphores-
cence decays are strongly wavelength-dependent, providing ev-
idence for the existence of more than one emitting state. The
near biexponential character of the decays (compare Tables S3
and S4, Supporting Information) points to dual fluorescence and
dual phosphorescence of the CNG. The structural precursors, on
the other hand, exhibit essentially wavelength-independent de-
cays (Figure S7, Supporting Information) and small variations
are probably again due to some weak background signals, imply-
ing that the dual character of fluorescence and phosphorescence
is an intrinsic property of the CNG.

Another interesting observation relates to Figure S7 (Support-
ing Information): whereas the fluorescence of Cor shifts only very
little with the excitation wavelength, less than 30 meV, the phos-
phorescence experiences a very large shift of ~0.3 eV comparing
excitation at 405 and 300 nm, respectively (Figure S7a,d, Support-
ing Information). Nevertheless, the shape of the spectra is very
similar, although less resolved in the case of 4,,. = 405 nm. The
reason for this effect is currently unclear, because it implies a
large change in singlet-triplet splitting, which is determined by
the exchange interaction. It should be noted, however, that ex-
citing at 405 nm is equivalent to excite very far in the low en-
ergy wing of the absorption band, which could correspond to
molecules distorted by the solid matrix. In this context it may
be of interest to note that the bowl-to-bowl inversion barrier for
(ethyl)corannulene was previously determined to be only 0.50 eV
from the ground bowl state to the transition planar form.2! It
may be that in such environments mechanical stress is sufficient
to planarize or invert the bowl of corannulene. Further quantum-
chemical calculations are required to clarify whether a change in
curvature might cause a significant change in the singlet-triplet
splitting of Cor.

Interestingly, the gated spectra exhibit significant variation at
temperatures in the intermediate range between room temper-
ature and 65 K. Figure 3a—c shows the gated spectra for 6, 7,
and 8, respectively, for the temperatures indicated in the fig-
ures. It is immediately clear from the figures that the phospho-
rescence is strongly quenched with increasing temperature. The
quenching of absolute intensities is shown in Figure 3d,g for
6, Figure 3e,h for 7, and Figure 3f,i for 8 for two wavelengths
in the phosphorescence band in each case. The absolute inten-
sities exhibit a near Arrhenius behavior at higher temperatures
with the activation energies indicated in the figures ranging from
77 to 175 meV. Those energies could correspond to activation
of molecular vibrations. The spectra of Figure 3 normalized to
the emission maxima (Figure S8, Supporting Information) evi-
dence a complex behavior of the phosphorescence spectra par-
ticularly of 7, consisting in non-monotonic shifts of the phos-
phorescence maxima with temperature and a significant change
in relative intensities of the two main phosphorescence max-
ima. In addition, a high energy emission band is observed in the
wavelength range ~#500-600 nm, which peaks at certain temper-
atures before it disappears together with the phosphorescence.
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Figure 3. a—c) Gated emission spectra, at different temperatures, as indicated in the figures, and d-i) phosphorescence intensities at the given wave-
lengths as a function of temperature of 6 (a,d,g), 7 (b,e,h), and 8 (c,f,i), respectively. Activation energies derived from the Arrhenius plots are stated in

the figures.

This high-energy emission band coincides with the fluorescence
spectrum as can be recognized more easily in Figure 4 and can
therefore be identified as a TADF band. Whereas triplet—triplet
annihilation (TTA) at first sight could offer an alternative explana-
tion for the appearance of this band, it can be excluded, because
TTA is inefficient in our samples, which are highly diluted in
a solid, spectroscopically inactive host. This is the case, because
molecular diffusion cannot occur in the solid and therefore only
triplet exciton diffusion could possibly lead to TTA. Triplet exci-
ton diffusion, on the other hand, can only be based on Forster
resonant energy transfer (FRET) or Dexter energy transfer. Both
have interactions ranges (FRET: typically, 1-5 nm, Dexter energy
transfer: less than &1 nm) much smaller than the average in-
termolecular distance in our highly diluted samples (10 um, av-
erage intermolecular distance ~50 nm). Moreover, triplet exci-
ton diffusion by FRET can be excluded because of the extremely
small transition dipole moments of the CNG between T, and
the ground state S, leading to radiative phosphorescent lifetimes
in the range of seconds (these transition dipole matrix elements
are required for FRET even though FRET is not a radiative pro-
cess). In addition, thermal activation of the diffusion-limited bi-
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molecular TTA reaction coefficient within a few degrees Kelvin
can be excluded. The latter would be required to produce the
observed non-monotonic temperature dependence and narrow
temperature range of the delayed fluorescence. The disappear-
ance of this band is, of course, determined by the time resolu-
tion of the gated spectra, where only photons that are emitted
after a delay of 30 ms and within an integration time of 200 ms
contribute (compare the Experimental section in the Supporting
Information).

The thermally activated quenching of the phosphorescence in-
tensities or thermally activated non-radiative decay rates should
also be reflected in the phosphorescence lifetimes. Figure S9
(Supporting Information) shows the phosphorescence lifetimes
in Arrhenius plots and evidently, the thermal dependence cannot
be described as well by an Arrhenius behavior as it is the case for
the absolute intensities. This is caused by the very small phos-
phorescence intensities at higher temperatures and the interfer-
ence of possible weak background signals. Nevertheless, thermal
activation energies derived from Figure S9 (Supporting Informa-
tion) still coincide surprisingly well with those of Figure 3 for 6
and 8 and both deviate less than a factor of 1.6 for 7. Interestingly,
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Table 4. The onsets of fluorescence and phosphorescence spectra of the investigated compounds and of their structural precursors in n-octane at 65 K
and singlet-triplet splitting as well as triplet-triplet splitting derived from them.

CNG/Fragment Agnset / ponset Agrset / ponset AEgy 1 At /ot AEg 1 AEr 1
[nm (eV)] fm (0] [eV] [nm (eV)] [eV] [eV]

6 471 (2.63) 639 (1.94) 0.69 560 (2.21) 0.42 0.27

7 473 (2.62) 612 (2.03) 0.59 574 (2.16) 0.46 0.13

8 471 (2.63) 617 (2.01) 0.62. 564 (2.20) 0.43 0.19

Cor (A, =300 nm) 373 (3.32) 475 (2.61) 0.71 -

HBC-tBu 460 (2.70) 563 (2.20) 0.50 -

Figure S8 (Supporting Information) shows that an emission band
at ~570 nm, marked by black arrows, appears also to be thermally
activated although it is not present in the fluorescence spectrum.
This allows the tentative identification of this band with a ther-
mally excited T, (or T,) state. The fact that this band is present
already at low temperatures, e.g., T = 65 K suggests population
trapping in T, after pulsed excitation and, hence, retarded non-
radiative relaxation of this state. It appears unlikely that the acti-
vation of TADF occurs from the lowest triplet T;, which from the
onsets of the phosphorescence spectra at 65 K can be placed at
1.94,2.03 and 2.01 eV for 6, 7, and 8, respectively, whereas the on-
sets of the fluorescence spectra indicate S, positions at 2.63, 2.62
and 2.63 eV, respectively, resulting in singlet-triplet gaps AEq; 14
0f 0.69, 0.59 and 0.62 eV, respectively (compare Table 4). For Cor
and HBC-tBu the corresponding spectra at 65 K (compare Fig-
ure S7d.f, Supporting Information) result in values of the singlet-
triplet splitting of 0.44 and 0.50 eV, respectively. Table 4 also lists
the estimated onsets of the band at ~#570 nm and the correspond-
ing S,-T, singlet-triplet gaps. From those estimated onsets the
positions of T, can be calculated resulting in S,-T, splitting of
0.42, 0.46 and 0.43 eV for 6, 7, and 8, respectively. The decay of
the TADF signals cannot be followed over the full temperature
range because of vanishing amplitudes at low and high temper-
atures. As an example, however, Figure S10 (Supporting Infor-
mation) demonstrates that the TADF signal of 6 observed at T =
135 K and A = 486 nm decays with an intensity-averaged decay
time of 25 ms, whereas the phosphorescence at the same tem-

perature and A = 673 nm decays with a significantly longer decay
time, but on a similar scale, of 92 ms. In the standard case of
TADF activated from T,, in the whole temperature range equal
decay times would be expected for the emission from T, (here
termed “phosphorescence”) and for the TADF from §,, in addi-
tion to a fast decay in the nanosecond range.l'*?2] The fact that
both decay times are observed to be unequal suggests that more
than two electronic states (S,/T;) are involved in the TADF, in
line with the previous discussion. Unfortunately, due to the weak-
ness of the emission at ~#570 nm, identified above with emis-
sion from T,, and its overlap with TADF, the decay at this wave-
length cannot be measured independently from that of the TADF
signal.

The observation of TADF in the CNGs raises the question
whether this effect can also be observed in their structural precur-
sors. Figure S11 (Supporting Information) displays temperature-
dependent gated spectra for Cor and HBC-tBu. HBC-tBu evi-
dently does not exhibit TADF at the temperatures where the spec-
tra were registered, whereas Cor indeed exhibits TADF, but at
significantly higher temperatures than for the CNGs. In the case
of Cor, a gap AEg, 1, = 0.71 eV can be estimated from the high-
energy onsets of the fluorescence and phosphorescence spectra
of Figure S7d (Supporting Information), which, similar to the
CNGs, is too large to allow direct thermal activation of S, in the
temperature range considered here. The conclusion is again that
there must exist a higher triplet state T, with a sufficiently long
lifetime to allow thermal activation of S;.
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y cw excitation 4
T=125K
gated spectrum
T=125K

d

Normalized intensity
o
(6)]

[
Normalized intensity
o
()]

[

° ;
o
L

——cw excitation > 1.0 1 = cw excitation
T=108K k7] : T=145K
—— gated spectrum 5 | gated spectrum
T=115K € ] T=133K
he} -
b 5 0.5
N C
s J
E -
5 J
Z 0.04

—
500 600 700 800 900
Wavelength (nm)

Figure 4. Comparison of fluorescence (black) spectra under continuous excitation at 4

—_——
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31 r J Tl 1"
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Wavelength (nm)
exc = 405 nm and gated spectra (red) in the spectral range (450—

650) nm at the given temperatures for CNGs 6 (a), 7 (b), and 8 (c). Gated spectra in the given wavelength range agree well with the fluorescence spectra,
which, together with their temperature dependence (compare with Figure 3 unequivocally identifies the corresponding emission as thermally activated
delayed fluorescence (TADF). The features in the gated spectra at longer wavelengths correspond to phosphorescence (compare with the red graphs in
Figure 2). We have verified that the small temperature differences of the spectra appearing in (b,c) do not lead to any significant change in the shape of
the spectra.
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Table 5. Bimolecular quenching rate constants k,s©2 of the investigated compounds by molecular oxygen, proportion of singlet excited states quenched

Ps©2, fraction of singlet excited states statically quenched fi.,;ic, singlet oxygen production quantum yield @, and lower limit f4 T of the fraction of triplet
states quenched by ground-state molecular oxygen leading to singlet oxygen production in chloroform at room temperature under inert atmosphere

unless otherwise indicated.

CNG kqs©2 [mol=" dm? s~']2) kys©2, [mol~" dm® s~1]°) Ps029) P2 9 fotatic® o,f faTe)
6 1.3 % 10'° 9.6 x 10° 0.29 0.21 0.10 0.36 0.61
7 1.7 x 107 1.4 x 100 0.32 0.28 - 0.47 0.53
8 9.8 x 10° 8.1x 10° 0.095 0.094 - 0.40 0.51

? Bimolecular quenching rate constants by O, obtained after Stern—Volmer analysis from fluorescence intensity measurements; ®) Bimolecular quenching rate constants
by O, obtained after Stern—Volmer analysis from fluorescence average lifetimes, where intensity weighted or amplitude weighted mean lifetimes give equivalent values,
within experimental error; 9 Probability of singlet excited state quenching by O,, determined from fluorescence intensity measurements; ) Probability of singlet excited state
quenching by O,, determined from fluorescence average lifetimes; ) Fraction of singlet excited states statically quenched by molecular oxygen; 0 Singlet oxygen production
quantum yields; ® Fraction of triplet excited states quenched by molecular oxygen leading to singlet oxygen production.

2.1.4. Excited States Quenching by Molecular Oxygen and Singlet
Oxygen Production Quantum Yield

Steady-state and time-resolved experiments concerning the
quenching by molecular oxygen allowed to gain insights on the
transition of the CNGs from the singlet to the triplet excited
state. The Stern—Volmer equation and the intensity-weighted
average lifetimes (<z>;,,) were used to calculate the quench-
ing parameters since, overall, better agreement between in-
tensity and lifetime results was obtained when <r>,, was
used, in particular, in the case of the quite complex CNG 7
system.[3] Quenching of the S, excited state by molecular oxy-
gen was evidenced by the changes in the mean lifetimes of
the air-equilibrated solutions compared to the N,-purged sam-
ples. Bimolecular quenching rate constants by O, are diffusion-
controlled as shown by the k ©2 values ~ 10’ mol™" dm’ s~
(Table 5) and the values determined from the intensities and
those determined from the lifetimes essentially agree, as is the
case for the probabilities of singlet excited state quenching by
0, (Ps°2) in the case of CNG 7 and 8. However, a marked dif-
ference was surprisingly obtained for CNG 6, where Pg®21 =
0.29 from steady-state intensity measurements, but P27 = 0.21
from time-resolved lifetime measurements (Table 5), which im-
plies 10% static quenching (f,,;) by molecular oxygen in the
case of CNG 6.

On the other hand, the CNGs can produce singlet oxygen,
'0,('A,), not only by quenching of their triplet excited states
by ground-state molecular oxygen, but, due to its long-lived
nature, after singlet excited state quenching by O,, following
the so-called O,-induced enhanced intersystem crossing (EISC)
process. Therefore, the CNGs may be classified as TC pho-
tosensitizers where quenching of S, by O, catalyzes the pro-
duction of T,. This apparently happens although singlet oxy-
gen cannot be directly generated from S; (because Eg; — Epy
< E,, being E, the energy difference between singlet oxygen
and ground-state triplet oxygen, 0.97 eV) as can be deduced
from the energy values collected in Table 4.12*] Singlet oxygen
production quantum yields (®,) were determined by chem-
ical scavenging of !0, with 1,3-diphenylisobenzofurane (Fig-
ures S12 and S13, Supporting Information). The obtained re-
sults are collected in Table 5 and are significantly lower than the
upper limit of @ 4.
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2.1.5. Excited State Properties in the Solid State: Fluorescence
Spectra, PL Decays and Quenching by Molecular Oxygen

Figure S14 (Supporting Information) shows the fluorescence
spectra of the CNG powders and the PL decays under nitrogen
and in air-equilibrated conditions. Table S5 (Supporting Infor-
mation) collects the results of the tri-exponential analysis of the
emission decays under nitrogen and for air-equilibrated samples.
Negligible quenching by molecular oxygen has been observed in
the solid state in the case of CNG 6, while weak deactivation is
noted for CNG 8 (Ps%2_ 0.09) that is equivalent to that observed
in chloroform solution (Table 5); however, a surprisingly efficient
quenching of the singlet excited state of CNG 7 has been observed
(P2, 0.75), that exceeds the values observed in solution (Pg°2
0.32, P 0.28).

2.2. Computational Studies
2.2.1. Absorption Spectra

With the aim of interpreting the experimental absorption spec-
trum, for each derivative we have modelled the vibrationally-
resolved electronic absorption spectrum at the wB97X-D/def2-
SVP level of theory considering the system embedded in a chlo-
roform continuum (Figure 5). We have limited our analysis to
the 8 lowest excited states (S;—Sg), which cover the energy range
between 350 and 500 nm. The electronic absorption spectra con-
sidering the first 100 electronic states and covering the spectral
range of wavelengths between 300-550 nm can be found in Fig-
ure S15 (Supporting Information).

Our simulations reveal that the S, and S, states, and especially
the former, are the main contributors to the broad and weak low-
est energy absorption band. The S, and S, states in all three com-
pounds are vertically degenerate and no ordering can be precisely
assigned. The following and brighter absorption band with sig-
nificant vibrational structure is the result of the combination of
different excitations: a) for CNG 6, the main contributing exci-
tations are S,, S; and Sg; b) for CNG 7, S,, S, and Sg; and ¢)
for CNG 8, S,, S, S, and S,. Nevertheless, all considered states
contribute to the absorption spectra. No absolutely dark states
were found in the range of wavelengths considered. As expected,
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Figure 5. In black, calculated normalized vibrationally-resolved absorption spectra using a FWHM of 0.05 eV at room temperature of CNG 6 (left), 7
(center) and 8 (right) at the TD-wB97X-D/def2-SVP/PCM = (CHCl;) level of theory, superimposed to the experimental signal in red. The contribution
of the different excited states to the absorption signal is denoted by the areas following the color code defined in the inset. The theoretical spectra were
redshifted by 0.5, 0.6, and 0.6 eV, respectively, for a better comparison with experimental data.

all these states show a zz* character. A detailed description of
the character of these transitions has been obtained resorting
to electron—hole correlation plots (Figures S16-S18, Supporting
Information), where the electron density (de)localization along
the two molecular moieties (HBC-tBu and Cor) composing the
CNG was investigated for each of the excited states at the Franck—
Condon (FC) geometry. It is relevant to highlight that, despite ob-
serving a certain degree of delocalization between both moieties,
no significant CT character is detected, in line with the calculated
oscillator strengths. A careful inspection of the electron—hole cor-
relation plots reveals that the lower energy transitions (S; and S,)
are mainly localized on the HBC-tBu moiety, while intra-Cor ex-
citations are frequently observed in higher energy transitions, in
agreement with the experimental absorption spectra of the inde-
pendent chromophores (Figure 1b). These findings hint at the
little interplay existing between both molecular subunits.

The absorption spectra of the Cor and HBC-tBu fragments
were obtained at the same level of theory as that employed for the
CNGs and are shown in Figure S19 (Supporting Information) left
panel. The agreement with the experimental absorption spectra
was satisfactory, upon redshifting by 0.85 and 0.7 eV our theoret-
ical excitation energies. It is interesting to remark that the lower-
lying excitations have extremely low oscillator strengths (com-
pare the discussion below in the context of the radiative rates) and
the main absorption peaks are ascribed to higher-lying excited
states: S,—Sg for Cor and S;—S, for HBC-tBu. Despite the excel-
lent vibronic correspondence between theory and experiment at
the higher-energy edge of the absorption peak, the longer wave-
length range of the band is not well reproduced.

2.2.2. Singlet Potential Energy Surface and Fluorescence

To provide molecular insight into the photophysical properties
recorded for these systems, we have extensively explored the po-
tential energy surface (PES) away from the FC region by under-
taking geometry optimizations for the first 8 excited states and
looking for interstate surface crossings. For CNG 6, two minima
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were optimized in the S, and S, potentials, respectively (S, .,
and S, ;, see Figure 6). Interestingly, for CNG 7 and CNG 8,
see Figure 6, all the geometry optimizations either converge into
two different S, minima (S, ;A and S, ; B), or into a single
minimum in the S, potential S, ;. It should be remarked here
that the population of the S, ;B and S, ;, minima is expected
either from the population of electronic excited states above the
S, or upon thermal activation from S, ;. A. The geometries of
these minima are compared with respect to the FC structure in
Figures S20-S22 (Supporting Information). Both adiabatic and
vertical energies for these minima are reported in the schematic
representation of the PES for CNG 6, 7, and 8 in Figure 6, top,
middle, and bottom panel, respectively. For both subunits, Cor
and HBC-tBu, a single minimum was found in the S;, S, ., as
reported in Figures S23 and S24 (Supporting Information). Little
geometric reorganization was observed for the smaller systems
as can be seen in Figures S25 and S26 (Supporting Information).

To allow for a better comparison with experimental fluores-
cence spectra, a vibrationally-resolved version of the calculated
emission spectra is shown in Figure 7. For all three systems, the
broad spectrum arising from the S, ;. (A) virtually reproduces
the shape of the experimental signal. This is consistent with the
greater stability of this minimum and thus its overall population
after the relaxation of the system. Moreover, the relative inten-
sity change in the shoulders upon change in the excitation en-
ergy for the CNG 7 and 8 (Figure 1) can be attributed to the par-
tial emission from S, ; B, which gets populated from higher-
lying excited states according to our optimizations from the FC
geometry (see Figure 6). In fact, the emission signal of minimum
S1minB is, for both CNGs, slightly blue shifted compared to that
of minimum S, ; A, which would readily explain the experimen-
tal changes in the relative intensity of the shoulder at 493 nm in
CNG 8, upon increasing the excitation energy and thus the pop-
ulation of the less stable minimum. The changes in the relative
intensity of the shoulder at 530 nm in CNG 7 are not so evident,
although we hypothesize that the red edge vibrational broadening
of the emission spectrum arising from S, ;B might contribute
to the increase of the absorbance of the shoulder to the red of

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

95UB017 SUOWIWOD 9A181D 3 qeot ddke au Aq peusenob afe Sajolie YO 8SN J0 Sa|nJ Joj ARIq 18Ul UO A8]IAN UO (SUOPUOO-PUR-SLUIB)/IOY™AS | 1M Afe.d1/Bu 1 {UO//:Sdhy) SUOTIPUOD PUe Swie | 8u) 89S *[£202/L0/0T] Uo ARIqi18uliuO A8|IM ‘PLPRIN 80 BLIOUOINY PepSIBAIUN A] #902TZ20Z BWIPR/Z00T 0T/I0P/W0D" A8 |1 ARIq 1 puljuo//:Sdiy Woiy pepeojumoqd ‘0 ‘Se0rT2ST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

$1/T3 3.05
$1/T22.99

S1/So
S1/Ts/T23.34 ‘ 3.72eV
S0C~0.7-1.4
S1/Ts/T2 3.06 Somin 3.58 Sy B '

S0C~0.55 -
T -

. 3.06

S1/Ts/T23.44 4'
S0C~0.65-0.33 4

S1/T3/T2 3.07
S0C~0.15-0.32

St,min A™
. 3.06

Figure 6. Schematic representation of the potential energy profiles for
(top) CNG 6, (middle) CNG 7, and (bottom) CNG 8 along the coordi-
nate relevant to their deactivation. Vertical and adiabatic relative energies
with respect to the respective Sq minimum are given in eV. SOC matrix
elements are given in cm™'.

the absorption maximum with shorter wavelengths because of
the population of this minimum. The B to A population trans-
fer would also be thermally possible after surpassing an energy
barrier of 0.25 eV, which is also consistent with the lower popu-
lation of S; ;B and thus its lesser contribution to the emission
spectra. Cor and HBC-tBu emission spectra were vibrationally-
resolved for the single S, ., found in their excited PES, and are
shown in Figure S19 (Supporting Information) central panel. The
experimental spectral shape was very well reproduced, indicating
the unique participation of this minimum and discarding a more
complex singlet potential energy landscape as found for CNG 6,
7,and 8.
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Aiming at a more precise analysis of the excited states re-
sponsible for the emission bands, the Natural Transition Orbitals
(NTOs) of the excitations contributing to a larger extent to the
minima have been analyzed. The NTOs and the corresponding
electron-hole plots for the minima are collected in Figures S27-
S29 (Supporting Information) for CNG 6, 7, and 8 respectively.
According to the NTO analysis, the S, ; A and S; ;B of both
CNG 7 and CNG 8 show a markedly different character. In partic-
ular, S, ;A is delocalized along the two subunits, while S, ;B
is mainly localized on the Cor moiety (see Figures S28 and S29,
Supporting Information). Since both correspond to minima in
the lowest excited potential at their respective geometry, dual
emission from these minima follows the Kasha rule. For the
smaller fragments, the NTOs are depicted in Figures S30 and
S31 (Supporting Information).

For CNG 7, the lower-intensity emission band occurring at
400-450 nm is ascribed to a minimum in the S,, allowing its clas-
sification as a non-Kasha chromophore. The S, minimum arises
from the same excitation in CNG 6 and 7, but differs for CNG 8,
as shown in Figures S27-S29 (Supporting Information). An anal-
ysis of the vibrationally resolved fluorescence spectra simulated
for the singlet minima of the three CNGs reveals the greatest
shift between the S, ;. with respect to the S; emission for CNG
7, which translates into two separate emission signals. However,
based on the collected data, it is not possible to discard non-Kasha
emission from the three CNGs, which might be masked in CNG
6 and 8 by the width of the S; emission. Moreover, very weak flu-
orescence in the same region as for CNG 7 was experimentally
also observed for CNG 6 (not shown here). To account for the pos-
sible population of the S, minimum, we have resorted to a kinetic
model to estimate the IC constants between S, ; Aand S, ; in
CNG 7.5 Since IC rates are highly sensitive to the adiabatic en-
ergy difference between the pair of states involved, more reliable
RI-ADC(2)/def2-SVP energies were calculated in order to obtain
a more accurate energy gap between the two minima. In fact, a
slightly smaller energy gap of 0.11 eV was obtained with the latter
method (0.15 eV at TDDFT). According to our calculations, the
(S,—S;) IC rate is only one order of magnitude larger than the
one of the reverse process (S;—S,): 102 versus 10'! s~!. A sim-
ilar ratio for the IC rates between both S, ; (A)and S, ;, min-
ima was obtained for CNG 6 and 8, supporting non-Kasha emis-
sion for the three CNGs.[?%] This discussion, however, does not
take into account possible contributions to the high-energy PL
band from singlet states lying above the S, (see Figure 5), which
could also readily explain the large energy difference (0.7 eV) be-
tween the onset of the high-energy and main PL bands of CNG
7, in terms of vertical energy differences. Nevertheless, the vibra-
tionally resolved emission from the S, and S; minima seems to
qualitatively account for the observed differences, which consis-
tently with the calculated IC rates between these two states al-
low us to conclude that the S, ;. is the main responsible for the
higher-energy non-Kasha PL band.

Radiative rate constants corresponding to the main fluores-
cence bands have been also calculated for the S, ; (A), which are
responsible for the main fluorescence emission bands: a) CNG
6 2.74 x 10° s (r = 3.65 ns), b) CNG 7 2.57 x 10° s™! (r =
3.89 ns), ¢) CNG 8 2.71 x 108 s7! (r = 3.69 ns), d) Cor 1.84 x
10° 57! (z =543 ns), and ) HBC-tBu 5.24 x 10? s~! (r = 1.91 ms).
In the case of Cor, a fluorescence quantum yield of 0.03 and a
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Figure 7. Calculated normalized vibrationally-resolved emission spectra at room temperature of CNG 6 (left), 7 (center) and 8 (right) in CHCl; using a
FWHM of 0.07 eV at the wB97X-D/def2-SVP/PCM level of theory. Spectra are redshifted by 0.35, 0.35, and 0.35 eV, respectively, to match experimental

spectra.

fluorescence lifetime of 7.3 ns was reported previously at room
temperature in degassed dichloromethane.?”] For Cor in air-
saturated n-octane we measured a fluorescence quantum yield
of 0.02 and a mono-exponential decay with a lifetime of 9.73 ns
at room temperature. Using k, = ¢, /7 = 2.1 x 10° s7! good
agreement with theory is obtained. Simultaneously k. + kigc =
k—k =171 -k =101 x 10% s7! is obtained from those val-
ues. In fact, for Cor the S,«<S, transition is electric-dipole for-
bidden and its electronic origin can be expected at ~#380 nm,[?8!
consistent with our observations. A similar situation exists for
non-functionalized HBC,?°! where a forbidden electronic origin
at 428 nm was reported, again in agreement with the calculations
and with spectra shown in Figure S7 (Supporting Information).
It should be remarked here that the butyl groups of HBC-tBu are
expected to have only a minor influence on those findings.

To map the complete relaxation mechanism to the ground
states of these systems and to provide a molecular rationalization
of the photophysical properties of these systems we have located
S;/S, IC funnels, see Figure 6. The access to these funnels en-
tails, in all the systems considered, a significant distortion of the
structures (as seen in Figures S20-S22, Supporting Information)
that translate into non-negligible energy gaps with the most sta-
ble S; minima, amounting to 0.66 eV (CNG 7) < 0.78 eV (CNG
8) < 1.16 eV (CNG 6). For CNG 7 and 8, the leading coordinate
responsible for the access to S, /S, CI corresponds to the out-of-
plane movement of the Cl atom (CNG 7) and H atom (CNG 8)
sitting at the same position, while for CNG 6, IC to S, requires
planarization of the HBC-tBu moiety and a decrease of the dihe-
dral angle described by the two subunits. Furthermore, for CNG
7 and CNG 8 deactivation from the most stable minima implies
overcoming a preceding energy barrier to access the secondary
S1minB: (S1minA = S1minB) and (S ;B = S,/S,). The blocking
of the IC routes by relatively high energy barriers in the excited
state potential energy profiles opens the door to alternative re-
laxation mechanisms, different from the IC and singlet radia-
tive emission, including the deactivation of the systems along the
triplet manifold. In the case of Cor, a small value of k,, results, if
itis assumed that k; dominates the total decay rate of S;. In fact,
a high intersystem crossing yield and intersystem crossing rate
of hsc =0.89, kjgc =5 x 107 571, alow IC yield and non-radiative
relaxation rate of ¢, = 0.09, k,, =5 x 10° s7!, a radiative rate of
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k. = 1.4 x 10° s7! and a simultaneously low fluorescence quan-
tum yield ¢p,,, = 0.02 have been reported before for Cor in de-
gassed cyclohexane at room temperature, based on photoacous-
tic experiments.[*) All these parameters are very much in line
with the discussion of the quantum-chemical calculations pro-
vided above. The high values of ¢sc and kg for Cor are indeed
unsurprising as it is known!®!! that curvature and twist favor in-
tersystem crossing. Indeed, high intersystem crossing rates have
also been reported for other curved nanographenes: single wall
carbon nanotubes:[32! 5 x 101 571, C, fullerene:** ~7 x 108 g1
and carbon nanohorns:?* 7.2 x 10% s71.

Comparing the radiative rates and the fluorescence quantum
efficiencies for Cor with the experimental values for the CNGs
listed in Table 2 it is immediately clear that both are more than
an order of magnitude higher for the CNGs than for Cor. This is
of course due to the coupling between the Cor and HBC-tBu frag-
ments and the corresponding extension of their electronic wave
functions and the reduction in the symmetries of the latter. Using
the same kinetic models, the IC deactivation rates were computed
for the three systems: a) CNG 6 2.92 x 107 s™1, b) CNG 7 2.59 x
108 s71, and ¢) CNG 8 2.64 x 10® s71. While for Cor an S, /S, IC
funnel was found at a high energy of 1.15 eV above the S, ;. for
HBC-tBu the S, /S, IC optimization was difficult to converge and
a crossing was found at an unphysically high value of 10 eV above
the S, ;.- In any case, it is reasonable to expect weak direct IC to
the ground state for both systems, considering the great geomet-
ric reorganization necessary to reach the IC, which indicates the
rigidity of both systems (see Figures S25 and S26, Supporting In-
formation). Comparing again with the experimental values of Ta-
ble 2 we find k,, + kg =4.5% 107 571, 6.8 x 107 571, 1.4 X 10° 5!
for 6, 7, and 8, respectively, values which, however, following the
discussion above, should contain a significant contribution from
kisc. The experimental results shown in Figure S5b (Supporting
Information), i.e., the somewhat longer decay times of CNG 7
for the high energy fluorescence band, tentatively ascribed above
to emission from S,, relative to those of the main fluorescence
band, can now be rationalized using two arguments: i) the inter-
system crossing rate for S, might be smaller than k4 for S; and
ii) the radiative rate for transitions from S, may be smaller than
k, of S;. The latter argument is supported in fact by our quantum-
chemical calculations that result in k, = 3.3 x 107 s7! (f = 0.084)
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Figure 8. Calculated normalized vibrationally resolved phosphorescence emission spectra using a FWHM of 0.01 eV at 65 K of CNGs 6 (left), 7 (center)
and 8 (right) in CHCl; at the wB97X-D/def2-SVP/PCM level of theory. Spectra are redshifted by 0.2, 0.1, and 0.2 eV respectively, to match experimental

spectra.

and k, = 2.6 X 10® s7! (f= 0.86) for the vertical transitions to the
ground state from S, and S, respectively.

2.2.3. Triplet Potential Energy Surfaces and Phosphorescence

To complete the photophysical picture, we also explored the po-
tential routes for ISC. Near each of the S, geometries, both
the T, and T, turn out to be very close to the first singlet state.
The excited state energies and calculated SOC are presented in
Figure 6. It is obvious that the calculated T,/T;-T, energy gaps
are significantly larger than the experimental values listed in Ta-
ble 4. Despite this quantitative disagreement, possibly due to not
accounting for the vibronic effects and also to the uncertainty of
the experimentally determined onsets of the apparently thermally
activated delayed emission bands, the mere existence of higher
energy triplet minima (T;;, or T, ;). relatively close to T;, for
all CNG can explain the splitting reported in Table 4 and corre-
sponding to Figure S8 (Supporting Information).

As expected from the electronic structure of the systems and
the nature of their electronic excited states, the SOCs at these ge-
ometries range from 0.3 to 1.4 cm™". Relaxation of the populated
triplet states, either T; or T,, in CNG 6 would populate a T, .,
which would further relax to a T, ;, through a T, /T, IC funnel
lying slightly above the minimum (~0.2 eV). For CNG 7 and 8,
ISC at the vicinity of both, S, ;,A and S, ;B provides access
to two T; minima, T; ;A and T; B, respectively, that would
retain a fraction of the excited state population. The occurrence
of close lying IC funnels to the T; minima positions would ulti-
mately drive the bulk of the excited population towards the global
T, minA and the local T, ; B. The transfer of population from
T} minB to T} inA would occur through a small energy barrier of
~0.02 eV. For CNG 7 and 8, there is a correspondence between
SimnAand T, . A, and between S, . B and T, ;. B characters,
which is in line with their structural analogy. Thus, while the “A”
minima show a delocalized excitation along the two moieties, the
“B” minima are localized on the Cor fragment, as detailed above
for their singlet analogues. Obviously, the calculated T,-T, split-
tings for n = 2, 3 are much larger than those listed in Table 4,
which were based on the tentative assignment of weak emission
bands in Figure S8 (Supporting Information), marked by arrows.

1,min
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This might be caused by significantly higher onsets of this emis-
sion band being covered by TADF and background signals.

Cor exhibits a virtual S,-T; degeneracy at the S, ; geome-
try, with a SOC value of the same order of magnitude as those
obtained for the CNG derivatives (0.6 cm™!). In contrast, HBC-
tBu exhibits degeneracy of S, with a higher lying triplet state (T;),
but the SOC value is significantly lower (x0.0005 cm™). In both
cases, a single T, ;. was found, that would be reached after suc-
cessive IC along the triplet manifold. Cor population of T, ,,.;,, pro-
ceeds via a shallow T; ;, (see Figure S23, Supporting Informa-
tion). Interestingly, the moderate SOC values for the three CNGs
and Cor could satisfactorily explain the reverse ISC leading to
TADF, which, on the other hand, was not found experimentally
for the HBC-tBu, consistent with extremely low SOC found for
this fragment.

The simulated vibrationally-resolved phosphorescence spectra
are shown in Figure 8. For the three CNGs, T, ; (A) was ac-
counted for since, according to the topography of the triplet PES,
this should be the predominantly populated minimum. The com-
parison of the simulated and experimental spectra in the low en-
ergy range reveals an excellent agreement, the computed spectra
being able to reproduce the position of the emission and to qual-
itatively delineate the relative contribution of the different vibra-
tional states to the emission band. Despite the majority contri-
bution of the T, ;,(A) to the phosphorescence spectra of CNGs
7 and 8, residual contributions from other triplet minima can-
not be completely discarded, such as T; ;,A and T, ; B that
were also included in Figure 8 to account for the high-energy
phosphorescence, clearly observed in Figure S7 (Supporting In-
formation). Meanwhile, for CNG 6, both T, ;, and T, ;, were
considered, showing again a very reasonable agreement with ex-
periment. Nevertheless, emission from the higher-lying triplet
minima appears blue-shifted in the calculated spectra. The cal-
culated radiative rate constants for the T, ; (A), which are re-
sponsible for the main phosphorescence emission bands, are: a)
CNG 61.12%x 10257 (r =9 x 10° 5), b) CNG 7 3.53 x 10~ 57!
(t =3 % 10%s), and ¢) CNG 8 3.61 x 10 7! (r = 3 x 10 s).
This must be compared with the experimental values obtained
at 65 K, which are in the range of seconds (compare Figure 2
and Table 3). The vibrationally-resolved phosphorescence spec-
tra for Cor and HBC-tBu from T is shown in Figure S19

1,min
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(Supporting Information) right panel. The experimental spectral
shape is closely reproduced by our simulations, indicating the
unique participation of this minimum, whose state character is
depicted in Figures S29 and S30 (Supporting Information). In
this case, the calculated radiative rate constants for the T, ..,
which are responsible for the main phosphorescence emission
bands, are: d) Cor 4.22 x 1072 s7! (r = 2.37 x 10' s), and e) HBC-
tBu 4.83 x 107" s7! (r = 2 x 10° s), values that are closer to the
experimental phosphorescence lifetimes reported in Table 3 than
for the CNGs.

3. Conclusion

Multiple emissions have been identified experimentally for the
CNGs investigated: dual fluorescence in the case of 7 and 8, aris-
ing, according to the TD-DFT calculations, from double well S,
potential; dual phosphorescence that can be rationalized by the
calculations as emission from two T; minima, one of them domi-
nating the phosphorescence; hot (non-Kasha) fluorescence in the
case of 7, tentatively ascribed to emission from S, and weak hot
phosphorescence tentatively ascribed to emission from T, for 6
and T, for 7 and 8; in addition, TADF has been found in a lim-
ited temperature range determined on the one hand by the ther-
mal energy necessary for thermal activation of the singlet from a
triplet T, state and, on the other hand, by the non-radiative decay
of the triplet states, which, in the case of T, appears to follow
an Arrhenius behavior. The activation energies corresponding to
those Arrhenius laws are found to be in the range 77-175 meV
and may be ascribable to thermal activation of molecular vibra-
tions coupling to T;. This aspect, however, was not further in-
vestigated in the present work. Interestingly, non-radiative de-
cay of T;, measured by a rate k., has usually been neglected
in the study of TADF materials, even though the applications of
such materials require their use at room temperature. This is
mainly due to the usually unknown value of k, . In addition, in
temperature-dependent studies of TADF materials the difficulty
of analytic modeling of the non-radiative processes involving T,
has frequently led to neglect of them completely.

As the S,-T; splitting are too large for direct thermal activa-
tion of S, from T in this temperature range, TADF must proceed
from populations trapped in higher T, states after pulsed excita-
tion. According to the TD-DFT calculations, those states could be
T)mi, int the case of 6 and T, in the case of 7 and 8, recall Fig-
ure 6. The T, /T;-T, barrier heights predicted by TD-DFT, how-
ever, appear to be too small to produce a sufficient retardation
of non-radiative relaxation of the T, /T, electronic states towards
T,, which would be necessary to explain the experimental find-
ings. This may be ascribed to error inherent to the level of theory
employed. On the other hand, TD-DFT describes very well the
absorption, fluorescence, and phosphorescence spectra.

To conclude, the insights obtained from the spectroscopy of
these chiral and non-chiral novel molecular nanographene archi-
tectures might pave the way for a new series of non-metal, non
D/A-type molecules exhibiting TADF at room temperature, dis-
playing relatively narrow-band fluorescence, phosphorescence,
as well as TADF emission via hRISC from higher triplet excited
states.
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