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/Abstract: Triplet dynamics in singlet fission depend strongly on the strength of the electronic coupling. Covalent systems
in solution offer precise control over such couplings. Nonetheless, efficient free triplet generation remains elusive in
most systems, as the intermediate triplet pair '(T,T;) is prone to triplet-triplet annihilation due to its spatial confinement.
In the solid state, entropically driven triplet diffusion assists in the spatial separation of triplets, resulting in higher yields
of free triplets. Control over electronic coupling in the solid state is, however, challenging given its sensitivity to
molecular packing. We have thus developed a hexameric system (HexPnc) to enable solid-state-like triplet diffusion at
the molecular scale. This system is realized by covalently tethering three pentacene dimers to a central
subphthalocyanine scaffold. Transient absorption spectroscopy, complemented by theoretical structural optimizations
and steady-state spectroscopy, reveals that triplet diffusion is indeed facilitated due to intramolecular cluster formation.
The yield of free triplets in HexPnc is increased by a factor of up to 14 compared to the corresponding dimeric reference
(DiPnc). Thus, HexPnc establishes crucial design aspects for achieving efficient triplet dissociation in strongly coupled
systems by providing avenues for diffusive separation of '(T,T;), while, concomitantly, retaining strong interchromophore

\coupling which preserves rapid formation of '(T,T;).

)

Introduction

Solar energy conversion invariably suffers from intrinsic loss
processes. In conventional single-junction photovoltaic cells,
these losses restrict the overall efficiency to an upper
thermodynamic limit. The latter is approximately 33 %,
which is also referred to as the detailed-balance limit.!'
Minimizing such loss processes and boosting the efficiency
of solar cells is highly desired and has initiated significant

efforts. In particular, thermalization, i.e., the loss of the
excess energy as heat from photons above the band gap of
the material, is a major loss channel. One way to reduce
energy loss is through the down-conversion of high-energy
photons; in other words, by converting excited states with
energies exceeding twice that of the band gap energy into
two charge carriers. In quantum dots or semiconductor
nanocrystals, this phenomenon is called multiple exciton
generation (MEG).'"*®! At the molecular scale, the corre-
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sponding analogue of MEG is known as singlet fission
(SF).[6’9’10]

The overall process of SF involves the conversion of one
singlet excited state (S;) of one chromophore into two
independent triplet excited states (T,;+T,) spanning two
chromophores.[*” In principle, SF allows a doubling of the
photocurrent generation."' " Hence, SF offers great poten-
tial for harnessing solar energy, as implementing SF
materials in photovoltaics could circumvent the current
threshold of conventional silicon-based solar cells. As a
matter of fact, SF could increase the power conversion
efficiency limit to approximately 45%.°' SF is best
described by the simplified kinetic model shown in equa-
tion 1, which includes two intermediate triplet pair states in
order to adequately model the triplet dissociation
process'[ll,l4,19—21]

818 = NTW/Ty) = "(Ty---T)) = (T, + T) (1)

The correlated triplet pair state, '(T,T;), is formed
initially with both triplet excited states being strongly
coupled. Spin multiplicity is maintained for '(T,T,), whereas
the subsequent state ™(T,'T;) is not spin-pure anymore and
corresponds to a pair of weakly interacting triplets that have
lost their electronic and vibrational coupling, while remain-
ing spin-entangled. Finally, ™(T,~T,) decays into the un-
correlated triplet pair (T, +T;) via spin-dephasing, resulting
in two non-interacting triplet excited states."!¥

Fundamental criteria for SF include, first, the energy
matching condition E(S;) ~ 2E(T)), as well as E(T,) >
2E(T,)."? The former renders SF exergonic, while the latter
precludes the population of higher-lying triplet excited
states. To this end, pentacene is an ideal model system.[®7*!
Second, excited-state interaction(s) between chromophores
(i.e., coupling) is required. The extent of coupling between
the chromophores affects SF dynamics and is governed by
the structure, spatial separation, and orientation of the
chromophores.™®! In the solid state, interchromophoric
coupling is dictated by crystal packing, whereas in solution,
the coupling can be controlled in covalent structures through
the topology and electronic nature of the linker connecting
the chromophores.?>?

If the fundamental SF criteria are met, a correlated
triplet pair state '(T,T,) of overall singlet character is formed
following photoexcitation to (S;S;). At this stage, the two
triplet excited states are situated on two neighboring
chromophores. Since spin multiplicity is maintained, the first
step is spin-allowed and, consequently, can occur on ultra-
fast timescales (ca. femto- to picoseconds) with efficiencies
approaching unity.®>* The formation of (T,T,) is also
referred to as the internal conversion step of SF.° Various
mechanisms have been proposed for the formation of
'(T,T;). On one hand, SF can proceed via an incoherent
process in a direct or indirect manner.**** The latter
involves an intermediate state with partial charge-transfer
character, which may be real or virtual, depending on the
relative energies of the involved states.?¥=% On the other
hand, SF can proceed coherently via a vibronic coupling
mechanism involving the superposition of the first singlet
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excited state, the correlated triplet pair state, and potentially
a charge-transfer state [’!1:22:23:303741-46]

Strong interchromophoric coupling favors SF by accel-
erating the internal conversion rate of '(T,T}), such that it
outcompetes alternative radiative and non-radiative relaxa-
tion channels. This design criterion comes, however, at a
cost. Strong electronic coupling also promotes geminate
triplet-triplet annihilation (TTA),”**~" preventing the dis-
sociation of '(T,T,) into the uncorrelated triplet pair (T;+
T)) in the second step of SF. Hence, when considering SF in
its entirety, electronic coupling alone is inadequate to
achieve an optimal balance between the first and second
steps of SF and the associated deactivation channels.*”

Practical applications based on SF remain challenging
due to several unresolved drawbacks."'! For instance,
materials that rely on intramolecular SF (i-SF) are easily
integrated into devices, but they are plagued by efficient
TTA. As such, they fail to produce long-lived triplet excited
states,”>* which impairs efficient charge carrier injection
into semiconductors.'! Reducing losses due to TTA can
be accomplished by moderating the electronic coupling in
order to increase triplet excited-state lifetimes. Among other
strategies, electronic coupling can be weakened by either
structural reorganization, such as torsional and rotational
molecular motion, or vibronic coupling to neighboring
molecules, which is essentially a diffusive spatial separation
of the triplets in extended systems.'*#2%571 In both
scenarios, the exchange couplings between the triplets of the
correlated triplet pair '(T,T;) are modulated with respect to
their relative orientation and separation distance. 5% For
weaker intertriplet coupling, the energy gap between the
singlet '(T,T,) and quintet correlated triplet pair state
5(T,T,) is reduced exponentially (particularly in case of
greater separation distances between the two triplets of the
pair due to diffusion) and allows for singlet-quintet
mixing."**%% Hence, a spatial separation of '(T,T,) via
triplet diffusion may prove to be the most effective way to
enhance dissociation, because triplet excited states can easily
hop in larger arrays with three or more repeating units.
Following diffusion, the greater distances between the two
triplet excited states effectively lower the triplet-triplet
exchange coupling and, thus, sufficiently reduce the triplet-
triplet binding energies."***! The gain in entropy con-
stitutes the driving force for overcoming the !(T,T,) binding
energy in extended systems.’”! In molecular dimers,
however, triplets of '(T,T,) are spatially confined, and
efficient triplet dissociation requires significant mixing of
Y(T,T)) and *(T,T;). In strongly coupled dimers, *(T,T)) is
too high in energy and spin mixing with (T,T;) becomes
impossible, which ultimately results in efficient TTA.[*!
Significant spin mixing of '(T,T,) and *(T,T,) is only possible
for covalent dimers exhibiting weak interchromophore
coupling, due to a reduced energy gap between '(T,T;) and
’(T,T,). While spin mixing of '(T,T,) and °(T,T,) boosts the
yield of free triplet excited states,”” it comes at the expense
of slower '(T,T;) formation (i.e., slower SF), due to the
weaker interchromophore coupling,*!!142044352.58.67-70]

In general, delocalization plays a major role in the
dynamics of SF, as it is not only relevant for the triplet
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dissociation, but also for the initial event of SF.'"! As triplet
excited states are more localized compared to singlet excited
states (which translates to an increased number of available
microstates for '(T,T;) compared to (S,;S,)), the first event of
SF also entails a gain in entropy in extended systems."®!
Such effects are, however, predominantly observed in solid-
state systems, and they are less significant in solution where
excited states are confined within the molecular
structure. 147

To date, the majority of studies have focused on the first
step of i-SF, that is, formation of '(T,T,), and these efforts
have greatly benefitted our understanding of the require-
ments for rapid and efficient generation of '(T,T;). The
spatially separated triplet pair and its significance in the
dissociation process, however, still remains largely unex-
plored due, in part, to its absence in most covalent systems.
The lack of distinct optical spectroscopic features poses
another significant challenge, especially for discriminating
between '(T,T,), M(T,~T,), and (T, +T,).”"! Recently, oligo-
meric systems have been probed to elucidate the process(es)
of triplet dissociation. At the focal point have been either
(a) linear chain-like structures,®'**27! or (b) dendrimeric
structures that exhibit some through-space orbital interac-
tions to mimic geometries and interactions within
solids.>+7+-7¢)

In this work, we present a molecular system for over-
coming the challenging task of unifying fast formation of the
correlated triplet pair, '(T,T;), with its efficient decorrela-
tion into free triplets, i.e., T;+T;. Inspired by the efficient
evolution of '(T,T,) into free triplets in solid-state pentacene
by triplet diffusion, we rationalized that a suitable molecular
system could be realized by drawing upon design principles
from both solution and the solid state. Consequently, we
devised HexPnc as a molecular system to mimic solid-state
triplet hopping (Figure 1). The dendrimeric structure,
HexPnc, combines three pentacene dimers joined to a
central Cs-symmetrical subphthalocyanine (SubPc) core.
Each pentacene dimer contains a meta-phenylene spacer to
ensure a favorable arrangement of pentacenes to achieve
fast i-SF with an efficient formation of '(T,T,).”) The unique
symmetry and curvature features of SubPc makes it an
appropriate scaffold from which to branch off i-SF units, i.e.,
the pentacene dimers, while still ensuring a close spatial
separation between each of them, needed for triplet
diffusion." The spatial arrangement in HexPnc is designed
to allow for diffusive separation of the correlated triplet pair
state and, hence, facilitates free triplet formation via
decoherence/dephasing. To understand the photophysics of
HexPnc, we contrast its behavior to that of DiPnc. The latter
is restricted to a single meta-phenylene pentacene dimer
joined to a SubPc in an equatorial position and, thus, cannot
facilitate spatial separation of '(T,T;) as both triplets of the
pair are confined to the dimer. The propensity of SubPc to
function as an efficient light harvesting antenna and
sensitizer for i-SF in DiPnc via intramolecular Forster
resonance  energy transfer (i-FRET) has been
documented. Although it is not the focus of this work, all
evidence points to SubPc operating in a similar manner in
HexPnc, thereby enhancing the i-SF response through
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a b

= Coupling tunable by design
= Fast intramolecular SF (i-SF)
= Rapid decay of |(T;T;) via TTA

= Coupling difficult to control
= Ultrafast intermolecular SF
= Spatial separation of '(T;T4)

Cc [ Dendrimer based on multiple dimers (this work) |

= Controllable, fast i-SF
= Spatial separation
= SubPc sensitization

TIBS-Pnc

Figure 1. Conceptual design of HexPnc unites the advantageous
attributes of a discrete dimer with those of solid-state pentacene. (a)
Fast (picosecond timescale), controllable intramolecular singlet fission
(i-SF) occurs in dimers often accompanied by concurrent, fast
deactivation of the correlated triplet pair state '(T;T;) through triplet-
triplet annihilation (TTA). R=solubilizing group. (b) Through spatial
separation via triplet diffusion, ultrafast (subpicosecond timescale) SF
in the solid state forms free triplets, although the process is
challenging to control because interchromophore coupling is dictated
by molecular packing. (c) The structure of HexPnc investigated in this
work. (d) Structures of spectroscopic reference compounds (TIBS =tri-
iso-butylsilyl).

SubPc absorption and subsequent energy transfer to the
pentacene dimers. In that sense, HexPnc unites several
attributes, which are attractive in solar energy conversion
devices, that is, efficient light harvesting, fast and efficient i-
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SF, and enhanced decoherence of the SF intermediate
(T,

We employ ultrafast transient absorption spectroscopy,
kinetic modeling, and quantum chemical calculations to
elucidate triplet generation and deactivation in HexPnc.
Quantum chemical calculations support the photophysical
involvement of an unsymmetrical conformer of HexPnc, in
which two pentacene dimer moieties interact to form an
intramolecular cluster, while the third pentacene dimer
remains isolated. HexPnc thus constitutes a synthetic model
system for establishing the influence of triplet diffusion on i-
SF performance in extended systems, in general, and on the
fate of the (T, T;), in particular. These findings correlate our
understanding of i-SF triplet dynamics with the ultimate
goal of facilitating triplet diffusion in condensed state (e.g.,
solids, films, etc.), which is a requisite for implementation of
i-SF materials in practical applications.””!

Results and Discussion
Synthesis and Characterization

HexPnc was synthesized by means of a three-fold Sonoga-
shira reaction between the C;-symmetrical triiodo-SubPc
building block 1%°*2 and pentacene dimer 2 (Scheme 1).""!
An apical tert-butylphenoxy ligand bound to the boron atom
was used to provide solubility. Using size-exclusion chroma-
tography, HexPnc was isolated as the eluting species of
highest molecular weight. The identity of HexPnc has been
confirmed by MALDI mass spectrometry (m/z found,
3977.9546; calc. for CygeHues''BNgOSis (M 1), 3977.9573) as
well as 'H, ®C, and "B NMR spectroscopy (see SI,
Section 4).

Ground- and excited-state interactions in the conjugates

Steady-state absorption experiments in both toluene and
benzonitrile have been performed (Figures2a and S14;
Table S1). In both solvents, the absorption spectrum of
DiPnc is approximately a linear superimposition of the
individual components (Figures S15a and S16a). Most nota-
bly, the spectrum of DiPnc comprises a strong, distinct

Il 2 (3.3 equiv)

|w§!%| H
Ns N Pd(dba),, AsPhs, Cul

Et;N/THF, > HexPne
L rt
3 (85%)

|
1

Scheme 1. Synthesis of HexPnc with a central SubPc and three
peripheral pentacene dimers.

Angew. Chem. Int. Ed. 2024, 63, €202315064 (4 of 15)

Research Articles

Angewandte

intemationaldition’y) Chemie

absorption at around 580 nm corresponding to the Q-band
absorption of SubPc, combined with the well-resolved
vibronic fine structure of TIBS-Pnc, in the range from 550 to
660 nm. Only the SubPc Q-band absorption is affected by
the peripheral substitution of the SubPc, that is, a small
redshift and a slight change in shape. The lack of significant
changes in the spectrum of DiPnc confirms that only minor
electronic interactions are present in the ground state, as
previously documented.”™ The absorption features of
HexPnc, in both toluene and benzonitrile, contrast those of
DiPnc and do not reflect the vibronic progression of
absorptions characteristic of pentacene derivatives in sol-
ution, which employ acetylene-n-linker-acetylene
moieties.”*”™ Instead, the absorption spectrum of HexPnc
strongly reflects the features of a drop-cast film of 6-13-
bis(triisobutylsilylethynyl)pentacene (TIBS-Pnc).l? In com-
parison to TIBS-Pnc,, the vibrational fine structure of
HexPnc is poorly resolved, exhibits a greater oscillator
strength of the pentacene centered 0-1* transition with
respect to the 0-0* band (characteristic for H-type aggrega-
tion), and appears broadened (Figure 2a).*** Similar ob-
servations have been made for strongly coupled pentacene
dimers, which exhibit substantial through-space interactions,
such as an ortho-phenylene-linked pentacene dimer inves-
tigated by Zirzlmeier etal.,” or the xanthene-bridged
pentacene dimers studied by Basel et al.® In sound agree-
ment, the molar extinction coefficient (¢) of the pentacene
0-0* transition for HexPnc is significantly lower than that
expected for three isolated pentacene dimers (Figures S15b
and S16b; Table S1). Lastly, contributions from the SubPc
moiety are hardly discernable. Overall, we infer strong
ground-state interactions and deduce that they stem from
intramolecular pentacene stacking, given the concentration
independence of these features (Figure S17).%1 This is
consistent with computational modeling of the DiPnc and
HexPnc structures.*” Conformational analysis and subse-
quent geometry optimization predicts unsymmetrical struc-
tures for HexPnc as the energetic minimum in which two of
the pendent pentacene dimers associate to form an intra-
molecular cluster (Pnc,), resembling packing in the solid
state, while the third dimer moiety (Pnc,) remains isolated
(Figure 2b). Within Pnc,, two pentacenes from two differ-
ent dimers are oriented in a slightly twisted slip-stacked
arrangement. The minimal pentacene center-to-center dis-
tance is roughly 4.8 A, which deviates significantly from that
in both DiPnc and the Pnc, subunit of HexPnc, both of ca.
11.4 A (Figures S50 and S51; Table S7). The intimate
pentacene-pentacene arrangement is the origin of strong
through-space couplings, as indicated by the lifted degener-
acy of the frontier orbitals for HexPnc (Figures S40 and
S41), and is responsible for the increased oscillator strength
of the pentacene centered 0-1* transition within Pnc,
compared to Pnc, as well as DiPnc./>*

Steady-state fluorescence spectroscopy was carried out
to screen for potential excited-state interactions. With the
known i-FRET from SubPc to Pnc,™ the fluorescence
spectra were recorded upon photoexcitation at 500 nm into
the Q-band absorption of SubPc. For DiPnc, weak emission
centered at ca. 590 and 670 nm is discernible in both toluene
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Figure 2. (a) Steady-state absorption spectra of DiPnc (purple) and HexPnc (green) recorded in toluene at room temperature (both spectra were
normalized with respect to the longest-wavelength absorption maximum of DiPnc) in comparison to the normalized steady-state absorption
spectra of a drop-casted film of TIBS-Pnc (red) as well as TIBS-Pnc, (grey), recorded in toluene at room temperature. Spectra were normalized with
respect to the corresponding longest-wavelength absorption maximum. (b) Geometry-optimized structure of HexPnc obtained at the B3LYP
+GD3BJ/def2SVP level using a C;-symmetrical structure (+25.3 kcal/mol®®") as starting geometry (see SI, Section 8 for computational details).
The structure is displayed from different viewing angles for better visualization of the intramolecular cluster (Pnc,). The various pentacene
chromophores are numbered as used in the following section. (c) Normalized steady-state fluorescence spectra of DiPnc (left) and HexPnc (right)
including their corresponding individual building blocks in toluene at room temperature. Spectra of the target materials as well as of the reference
SubPc were recorded upon photoexcitation at 500 nm, whereas spectra of TIBS-Pnc, were recorded upon photoexcitation at 610 nm. Optical
densities were roughly 0.0250 at the excitation wavelength for all samples. All spectra were normalized with respect to the fluorescence maximum

of SubPc.

and benzonitrile (Figures2c and S18a; Table S2). The
former stems from the SubPc, while the latter originates
from the pentacene moieties. Both fluorescence bands are,
however, almost quantitatively quenched in comparison to
the corresponding reference compounds SubPc and TIBS-
Pnc, exhibiting fluorescence quantum vyields (FQYs) of

Angew. Chem. Int. Ed. 2024, 63, €202315064 (5 of 15)

0.3% and 1.1 %, respectively. The observed FQYs are
consistent with the sequence of efficient i-FRET and i-SF, as
described previously.™?*! The fluorescence of HexPnc is
further reduced (excitation at 500 nm), evidenced by a
pentacene originated FQY of less than 0.1 % regardless of
the solvent (Figures2b and S18b; Table S2) and a com-
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pletely quenched SubPc centered fluorescence. The drasti-
cally lowered fluorescence from HexPnc in the presence of
three pentacene dimers as energy acceptors is consistent
with efficient i-FRET followed by i-SF.

Triplet evolution dynamics

Femtosecond transient absorption (fsTA) experiments were
first performed to provide insight into the pentacene-related
dynamics, that is, the early steps of i-SF, including the
dynamics of triplet evolution. To this end, an excitation
wavelength of 660 nm was used to exclusively excite the
pentacene moieties. At first glance, the dynamics of DiPnc
and HexPnc are quite similar. Both show the immediate
development of features distinctive of the first singlet
excited state of pentacene (S,) irrespective of the solvent
(Figure 3).”” These spectral characteristics include excited-
state absorptions (ESAs) in the visible region at ca. 450 and
590 nm, as well as ground-state bleaching (GSB) in the

energy / eV
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time delay / ps

500 600 700
wavelength / nm
b energy / eV
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range of 600-700 nm. As time progresses, the features of
(S;) gradually decay concomitantly with the rise of strong
ESAs at ca. 470 and 510 nm and GSB in the range from
550-700 nm due to the formation of the first triplet excited
state of pentacene. Triplet features are formed on the
picosecond time scale at the expense of (S,), consistent with
i-SF.! Notably, i-SF can be induced not only via direct
excitation of the pentacene units, but also via excitation of
the SubPc core that, upon photoexcitation at 532 nm, serves
as an energy donor and transfers the excitation energy to
the pentacene units. The exact nature of this has been
reported elsewhere and, therefore, is not discussed in detail
here (Figures S19 and S20a-S22a).”! Closer inspection of
the triplet evolution at 510 nm for DiPnc and HexPnc,
however, reveals subtle differences in the initial deactivation
dynamics, namely the maximum triplet population is
reached after approximately 80 ps in HexPnc compared to
the ca. 260 ps for DiPnc in toluene (Figures 3 and S19-S22).

Since we hypothesize different contributions of Pnc, and
Pnc, to the overall oscillator strengths in the 0-0* and 0-1*

energy / eV
28 26 24 22 2 1.8
007 008 —t——t L L . .
0.08{® 450nm @ 604nm
® 505nm 671 nm
0.06 0.06
a
8 0.04
< 0.02
0.04
Q 0.00
(@]
<
0.02 T 10 100 1000
time delay / ps
0.00
[ ]
002 ® 1400
Y e 1 240 ® 2200
-0.02 © 24 © 600 @ 4000 @ 5500 Aoxc = 660 Nm
T T T
500 600 700
wavelength / nm
energy / eV
28 26 24 22 2 1.8
0.04 . . . 1 - L
' 0.06{® 452nm @ 614nm
0.04 ® 507 nm 673 nm
a
o 0.02
<
10 100 1000
time delay / ps
0.00
® 400 @ 5500
23 @ 775 {
® 20 65 ® 1450
-0.02 _gople 58 o 189 e 3000 Aexc = 660 nm
. : . «
500 600 700

wavelength / nm

Figure 3. Chirp and zero-point corrected differential absorption spectra of (a) DiPnc and (b) HexPnc obtained from femtosecond transient
absorption experiments upon photoexcitation at 660 nm (400 n)) in argon-saturated toluene at room temperature with various time delays between

0 and 5500 ps. Left — 2D heat map of the recorded differential absorption

spectra. Right — Differential absorption spectra at selected time delays.

Time absorption profiles as well as corresponding fits of selected wavelengths are depicted in the inset (for exact values, see corresponding figure

legend).
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transitions of HexPnc (Figure 2a), we explored additional
excitation wavelengths to assess the influence on the
excited-state dynamics. Intriguingly, we observe an excita-
tion wavelength dependency of the triplet evolution for
HexPnc (Figure 4).1 Triplet formation is accelerated when
exciting into the higher energy edge of the pentacene
absorption (A, <633 nm). Since SF is exergonic for penta-
cene derivatives, we rationalize that faster triplet evolution
stems solely from a more pronounced excitation into the
Pnc, subunit, due to the greater oscillator strength of the 0—
1* transition compared to Pnc, (Figure 2a), and not from
excitation of excess vibrational quanta.” Thus, modulation
of the excitation wavelength allows for manipulation of the
ratio of excitation into the Pnc, or Pnc, chromophore units
of HexPnc. As reasoned from the optimized geometry of
HexPnc and its orbital interaction diagram, the spatial
orientation of pentacenes 2 and 3 (see Figure2b for
numbering of pentacene units) within Pnc, fosters excep-
tionally strong through-space interactions that render this
site a coupling hotspot within Pnc, (Figures S40 and S41;
Table S7). The result is the rapid first step of i-SF, namely
Y(T,T,) formation. Therefore, photoexcitation of Pnc,, rather
than Pnc,, leads to an acceleration of the overall i-SF
rates.”

It is worth mentioning that the triplet decay in HexPnc is
slower than in DiPnc. Toward the end of the time delays of
the fsTA setup (ca. 5500 ps), triplet features are still
discernable for HexPnc despite reaching maximum popula-
tion at considerably earlier time delays than for DiPnc. All
observed trends remained unaffected when increasing the
solvent polarity, i.e., moving from toluene to benzonitrile
(Figure S23).

Research Articles

Angewandte

intemationaldition’y) Chemie

Triplet deactivation dynamics

The triplet excited-state deactivation is unresolvable on the
femtosecond time scale, and we thus performed complemen-
tary transient absorption experiments on the nanosecond
time scale (nsTA). In both toluene and benzonitrile, DiPnc
shows the triplet excited state signatures of pentacenes, that
is, ESAs at around 470 and 510 nm along with GSB in the
range from 550 to 700 nm (Figures 5a, S24, and S26). These
features evolve immediately after photoexcitation at 660 nm
and then decay tri-exponentially. Based on previous reports,
the first species is ascribed to the correlated triplet pair state
'(T,T,) due to its fast formation.?>* The second species is
the weakly coupled triplet pair state ™(T,~T;). This state is
spin-entangled but has lost its electronic and vibronic
coherence via torsional and rotational motions within the
structure.””*® These structural changes modulate the triplet-
triplet exchange couplings and, in turn, enable a mixing of
Y(T,T,) and *(T,T,).”"** The process likely occurs in low
yields, especially in strongly coupled systems, as it is the case
for phenylene-linked dimers.[! The lifetime of the third
component is on the order of microseconds and allows for
the unambiguous assignment of the free triplet excited states
(T,+T,). Increasing the solvent polarity affects neither the
triplet decay dynamics nor the yields of free triplets of
DiPnc (Figures 5a and S26b). The triplet deactivation
dynamics of HexPnc vary significantly from those of DiPnc.
Most notably, a considerably higher population of free
triplets is observable, independent of the solvent polarity
(Figures 5b, S25, and S27). A more in-depth analysis of the
deactivation dynamics, in general, and the triplet decay
kinetics, in particular, is given in the next section.

1.2
Aexc | NM
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1.0 1 532
® 660
[m)
HexPnc
2 0.8+ 530
T 610
_&’ 0.6 633 @
w ® 660, @
c ° n
0.2- - '
. 0.8 - r . ~ 1
0.0 . . . 10 jOO 1090
0.01 0.1 1 10 100 1000

time delay / ps

Figure 4. Triplet evolution dynamics — single-wavelength kinetics at the respective excited state absorption maximum of the pentacene related first
triplet excited state (~510 nm) of DiPnc (purple) and HexPnc (green) recorded for different excitation wavelengths (see figure legend for exact
values) in femtosecond transient absorption experiments in argon-saturated toluene at room temperature within time delays ranging from 0 to
5500 ps. The inset shows the kinetic traces within a narrower time interval for better visibility.
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Figure 5. Zero-point corrected differential absorption spectra of (a) DiPnc and (b) HexPnc obtained from nanosecond transient absorption

experiments upon photoexcitation at 660 nm (400 n)) in argon-saturated toluene at room temperature with various time delays between 0 and
360 ps. Left — 2D heat map of the recorded differential absorption spectra. Right — Differential absorption spectra at selected time delays. Time
absorption profiles as well as corresponding fits of selected wavelengths are depicted in the inset (for exact values, see corresponding figure

legend).

A closer look at the triplet decay reveals an increase in
triplet population at shorter excitation wavelengths (Ae, <
633 nm) for HexPnc, whereas the populations remain
unchanged for DiPnc (Figures 6 and S28). In line with faster
i-SF rates at higher pump energies for HexPnc, we attribute
greater population of the free triplets to a higher fraction of
photoexcitation of Pnc,. The presence of multiple penta-
cenes in close proximity within the Pnc, subunit provides
sufficient statistical space for the triplets of the triplet pair,
initially formed at the coupling hotspot (pentacenes 2 and
3), to hop to adjacent pentacenes via Dexter triplet-triplet
energy transfer.?***! Entropically driven spatial separation
of the triplet pairs facilitates the loss of electronic and
vibronic coherence and, eventually, after subsequent spin
dephasing, culminates in the observed higher yields of (T; +
T,) (exact yields are given in the following kinetic modeling
section). In stark contrast, upon excitation favoring Pnc,
(Aexe=0060 nm), the initial correlated triplet pair is spatially
confined. Triplets cannot diffuse apart and, therefore,

Angew. Chem. Int. Ed. 2024, 63, €202315064 (8 of 15)

remain strongly coupled. They are prone to undergo fast
intramolecular TTA, resulting in the recovery of the
electronic ground state, while dissociation into free triplets
is suppressed.'™ In short, the excited-state deactivation in
HexPnc can be directed toward either of two distinct
channels through selection of an excitation wavelength that
targets either Pnc, or the Pnc,. Because the two channels
involve different overall rates of i-SF and yields of free
triplets generated, this constitutes a way of tuning the SF
dynamics of HexPnc. On the contrary, DiPnc lacks such a
dependency on the excitation wavelength.

Kinetic modeling

The presence of two parallel deactivation channels for
HexPnc was supported by several factors, including 1) the
spectral resemblance of HexPnc to that of pentacene thin-
films, 2) the wavelength dependence of both the rates of i-
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Figure 6. Triplet decay dynamics — single wavelength kinetics at the respective excited state absorption maximum of the pentacene related first
triplet excited state (~510 nm) of DiPnc (purple) and HexPnc (green) recorded for different excitation wavelengths (see figure legend for exact
values) in nanosecond transient absorption experiments in argon-saturated toluene at room temperature within time delays ranging from 0 to

360 ps.

SF and yields of free triplets, and 3) the unusual triplet
deactivation dynamics corroborated by geometry optimiza-
tions. Thus, we sought a kinetic model to fit the observed
deactivation dynamics of HexPnc and, in particular, to
differentiate between unique channels originating from
excitations of Pnc, and Pnc,.'® The excitation ratio between
the Pnc, and Pnc, channels is influenced primarily by the
excitation wavelength, which assists in deconvolution of the
dynamics (Figure 7). A description of the individual models,
and their limitations, to fit the fsTA and nsTA data is given
in the Supporting Information (Figures S29 and S34).

For DiPnc, (S;)pne; decays to an intermediate state with
partial charge-transfer character (M)p,, on its way to
Y(T,Ty)pne2» @s shown in previous work on analogous SubPc-
Pnc, conjugates (Figures S30 and S32)."*! Subsequently,

Y(T,T))pnez €ither loses its electronic and vibronic coherence
and forms M(T;T;)pne, OF deactivates back to the electronic
ground state via TTA. Torsional and rotational motion are
the only feasible options for loss of electronic and vibronic
coherence in (T;T;)pa2» as spatial separation of two triplet
excited states is impossible due to confinement within the
pentacene dimer.*”*! Thus, dissociation of '(T,T,)pye into
free triplets is unlikely, which is consistent with minimal
observed yields for (T,+T;) of roughly 1% (Figures S35
and S37; Tables 1 and S5). Increasing solvent polarity does
not affect the yield of (T, +T,) for DiPnc. The only potential
influence of solvent polarity is a slightly faster formation
and deactivation of '(T,T;)p,, in a more polar environment.
The corresponding lifetimes obtained by fitting the raw data
(Figures 3a, 5a, S19, S21, S24, and S26) according to the

Table 1: Calculated excitation-wavelength () dependent free triplet (T, +T,) quantum yields (TQYs) of DiPnc and HexPnc.!

DiPnc HexPnc
Aexe [NM] 532/660 532 610 633 660
Pnc, Pnc, Pnc, Pnc, Pnc, Pnc, Pnc, Pnc,
toluene ratio - 0.42 0.58 0.43 0.57 0.43 0.57 0.52 0.48
(M+T,) ~1% 14% 14% 14% 12%
benzonitrile ratio - 0.42 0.58 0.45 0.55 0.45 0.5 0.53 0.47
(+T,) ~1% 14% 14% 14% 12%

[a] An error margin of £20% is implicit in the determination of the (T, +T,) yields for HexPnc considering the complexity of the model, that is, a
parallel deactivation mechanism with several spectroscopically indistinguishable species present simultaneously. This makes an exact
differentiation between the Pnc, and Pnc, deactivation pathway challenging. In addition, the lifetime of (T, T;)pye is both too long to be fully
deconvoluted using fsTA spectroscopy and too short to be fully deconvoluted using nsTA spectroscopy, further contributing to the uncertainty in
the calculated TQYs. Excitation ratios obtained from nsTA spectroscopy experiments were used for the calculations.
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Figure 7. Proposed excited-state dynamics of (a) DiPnc and (b) HexPnc following photoexcitation (only direct excitation of pentacene is included,
as i-FRET is too fast for deconvolution).” Both DiPnc and HexPnc undergo intramolecular singlet fission (i-SF), that is, the conversion of the first
singlet excited state of pentacene (S;) into the multiexciton state '(T,T;) via the mixed intermediate state (M). '(T,T,) may undergo intramolecular
triplet-triplet annihilation or subsequently lose electronic coherence (indicated by the blue dotted line) first to produce a weakly coupled triplet pair
state (T,T,) before losing spin entanglement (indicated by the purple dotted line) to yield two free triplet excited states (T, +T;). i-SF and
deactivation occur via a single channel for DiPnc, while two parallel deactivation channels are proposed for HexPnc, Pnc, and Pnc,. The excitation
ratio between Pnc, and Pnc, is modulated by the wavelength of the pump pulse and directly affects the overall rate of i-SF, as well as the yield of
free triplet excited states. For simplicity, SubPc is depicted as a triangle. The localization of the respective states is indicated by the shading of the
chromophores involved. The color scheme of the state labels corresponds to that in the following species-associated spectra.

mechanism shown in Figures 7, S29, and S34 are listed in
Tables S3 and S4, and the obtained parameters are in
excellent agreement with prior studies on structurally similar
SubPc-Pnc, conjugates. 789>

For HexPnc, contributions from the Pnc, channel are
modeled in the same way as in DiPnc. Similar to that of
DiPnc, the correlated triplet pair '(T,T))p is subject to
efficient TTA. A loss of electronic coherence, on the one
hand, and subsequent spin dephasing, on the other hand, is
unfavorable for Pnc,, and excitation into Pnc, thus results in
only a marginal contribution to the overall yields of (T,+
T,) in comparison to DiPnc. In contrast, the Pnc, channel
leads to substantially higher yields of ™(T;"'T;)pses and (T; +
T;). In addition to torsional and rotational motions, the
possibility of spatial separation, i.e., the hopping of triplets
between chromophores within the intramolecular cluster,
fosters the loss of electronic couplings in '(T;T;)pye. Overall,
yields of (T,;+T,;) of HexPnc are considerably higher

Angew. Chem. Int. Ed. 2024, 63, €202315064 (10 of 15)

compared to those of DiPnc, reaching values of up to 14 %
in both toluene and benzonitrile (Tables 1 and S5).

Despite the complexity of our kinetic model, which is
warranted by the number of spectroscopically indistinguish-
able triplet excited state species, the good agreement
between experimental data and obtained fits is striking. At
660 nm, only minor differences in the oscillator strength
between Pnc, and Pnc, exist. This is reflected in a 60:40
(Pnc,:Pnc,) and 52:48 (Pnc,:Pnc,) excitation ratio for the
fsSTA and nsTA data, respectively, in toluene (Figure 8).
Upon shortening of the excitation wavelength, for example
at 633 nm, the excitation ratio shifts, now favoring excitation
into the Pnc, subunit. Thus, an excitation ratio of 45:55
(Pnc,:Pnc,) and 43:57 (Pnc,:Pnc,) is required to fit the fsTA
and nsTA data, respectively (Figures 8, S33c and S38c).
Shifts in the excitation ratio are in line with our expect-
ations, in light of the changes in the oscillator strengths
found for pentacene derivatives when going from solution to
the solid state (Figure 2a). For excitation at 610 nm, ratios
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Figure 8. Species-associated spectra (SAS) of the femtosecond (a) and nanosecond (b) transient absorption data of HexPnc in toluene at room
temperature (see Figures S29 (top) and S34 (bottom) for underlying deactivation mechanism). Insets depict the relative population of the
respective states. Spectra following photoexcitation at 633 nm (left) and 660 nm (right) are shown to demonstrate the relationship between pump
energy and branching ratio between the Pnc, and the Pnc, subunits, respectively (top left corner in each plot). Shorter excitation wavelengths result

in an excitation ratio which favors excitation of the Pnc, subunit.

remain virtually identical to excitation at 633 nm (Figur-
es S31b, S33b, S36b, and S38b). With photoexcitation at
532 nm, i-FRET is operative. The shortest SubPc-Pnc
distances and highest dipolar couplings are found for
pentacenes 2 and 3 (Figures S42-S49; Table S6). Since the
magnitude of the dipolar couplings is proportional to the
energy transfer rate (see SI, Section 8), we assume that i-
FRET to Pnc, dominates over i-FRET to Pnc, which
impacts the excitation ratio, in addition to stronger absorp-
tions for Pnc, present at 532 nm due to the greater oscillator
strength. This premise is further corroborated by the fact
that (S;)pyes carries some SubPc GSB, while (S,)p,, does not
(Figures S31a and S33a). All excitation ratios as a function
of the excitation wavelength are listed in the Supporting
Information (Tables S3 and S4). Deconvolution of '(T;T;)pye
shows GSBs that are reminiscent of the ground-state
bleaching of a drop-cast film of pentacene (Figures 8, S31,
S33, S36, and S38). Relative to '(T;T))pn, the GSB is
redshifted in '(T;T;)pns and the vibrational fine structure is
altered. In general, the rates of i-SF within the Pnc, channel
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are substantially faster than for the Pnc, channel. The
formation of '(T;T;)pus Occurs within a few picoseconds,
opposed to the evolution times of several tens of pico-
seconds within Pnc, (Figures S30-S33). Comparing the
'(T,T,) formation rates in Pnc, with that of another
hexameric pentacene system reported by the Kim group, in
which only moderate through-space interactions are present,
contrasts a few picoseconds with tens of picoseconds.”7¥
The triplet evolution dynamics of HexPnc are in better
agreement with the picosecond !(T,T,) formation rates seen
in other pentacene dendrimers,”*!?l which exhibit stronger
through-space interactions derived from more tightly packed
n-stacked conformations, and approach evolution times on
the order of a few hundreds of femtoseconds, which is the
same timeframe determined for pentacene films by fsTA
experiments. 677291071961 Thig is consistent with the calcu-
lated '(T,T;) yields, which are higher for the Pnc, subunit
than for the Pnc, subunit (Table S5). The subsequent loss of
electronic and vibronic coherence in the Pnc, deactivation
channel, as well as spin dephasing, also take place on a time
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scale that is an order of magnitude faster than in Pnc,. This
showcases the important role of entropically-driven triplet
diffusion in the decorrelation of strongly coupled (T,T;)
states. It is noteworthy that lifetimes and '(T,T;) yields of
the Pnc, subunit of HexPnc and those of DiPnc show
remarkably good agreement (Figure S50; Tables S3-S5) and
provide further corroboration for the postulated intra-
molecular cluster of pentacene units in HexPnc. In addition,
striking similarities are noted between the triplet deactiva-
tion dynamics of HexPnc and the extended dendrimeric
pentacene systems investigated by He etal.™ in which
strongly and weakly coupled SF sites coexist. The dendrimer
features faster '(T,T,) formation for the more strongly
coupled interacting regions, in accordance with our observa-
tions for HexPnc comprising both the Pnc, and Pnc, channel.
However, the fate of '(T,T;) in regions of strong electronic
coupling is dominated by efficient TTA to afford the
electronic ground state. As matter of fact, formation of free
triplets stems from regions of weaker couplings. This is in
stark contrast to our observations, where the more strongly
coupled channel (Pnc,) contributes significantly to the
ultimate free triplet population.™

Conclusion

Our work on HexPnc shows that tethering multiple
pentacene dimers to a central SubPc moiety is an elegant
way to design a molecule that mimics a solid-state system.
HexPnc exhibits strong interpentacene couplings that drive
rapid intramolecular singlet fission (i-SF) and, nevertheless,
achieves considerably increased yields of (T,+T,;) in
comparison to DiPnc by allowing for intramolecular triplet
diffusion. Intramolecular cluster formation within HexPnc
results in an unsymmetrical geometry that features a solid-
state like agglomerate encompassing two pentacene units in
a twisted slipped stack arrangement. This cluster plays a key
role in achieving both rapid i-SF and high yields of triplet
excited states, effectively achieving two desirable goals that
are typically contradictory in covalent systems. This work
highlights the significance of careful molecular engineering
and provides design guidelines for concomitantly maximiz-
ing !(T,T,) formation as well as subsequent dissociation
rates to (T;+T)). The arrangement of SF chromophores in
larger arrays that enable spatial separation of the correlated
triplet pair, while maintaining strong interchromophore
couplings (coupling hot spots between one pair), is clearly
beneficial for the optimization of these opposing processes.
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‘triplet-triplet ric pentacene system, in which three

confinement et-trip
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~ N\
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