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ABSTRACT: Previous studies have proposed that the presence of
a flexible z-bridge linker is crucial in activating intramolecular
singlet exciton fission (iSEF) in multichromophoric systems. In
this study, we report the photophysical properties of three
analogous perylene diimide (PDI) dendritic tetramers showing
flexible/twisted 7-bridged structures with a- and f-substitutions
and a rigid/planar structure with a f-fused ring (#C) connection to
a benzodithiophene-thiophene (BDT-Th) core. The rigidity and
enhanced planarity of SC lead to significant intramolecular charge
transfer and triplet formation via an intersystem crossing pathway.
Steady-state spectroscopic measurements reveal similar absorption
and emission spectra for the a-tetramer and the parent PDI
monomer. However, their fluorescence quantum yield is
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significantly different. The negligible fluorescence yield of the a-tetramer (0.04%) is associated with a competitive nonradiative
decay pathway. Indeed, for this twisted compound in a high polar environment, a fast and eflicient iSEF with a triplet quantum yield
of 124% is observed. Our results show that the a-single-bond connections in the @ compound are capable of interrupting the
coupling among the PDI units, favoring iSEF. We propose that the formation of the double triplet ('[TT]) state is through a
superposition of singlet states known as [S,Sy];r]CT, which has been suggested previously for pentacene derivatives. Using steady-
state and time-resolved spectroscopic experiments, we demonstrate that the conformational flexibility of the linker itself is necessary
but not sufficient to allow iSEF. For the case of the other twisted tetramer, f, the strong 7—n co-facial interactions between the
adjacent PDI units in its structure lead to excimer formation. These excimer states trap the singlet excitons preventing the formation

of the '[TT] state, thus inhibiting iSEF.

I. INTRODUCTION

Singlet exciton fission (SEF) is a spin allowed process where a
photogenerated singlet exciton splits into two spin-correlated
triplet excitons.” This mechanism has been reported to reduce
thermal losses factored in the Shockley—Queisser (SQ) limit
and is therefore capable of enhancing the theoretical efficiency
limit of photovoltaic (PV) devices from 33 to 47%." > For SEF
to occur, electronic (E[S,] >2(E[T,]) and E[T,] > E[S,]) and
structural (molecular packing that optimizes interchromophore
electronic coupling) conditions have to be fulfilled.” There are
two different mechanisms through which SEF proceeds: direct
coupling where two electrons move between the singlet exciton
and the adjacent ground-state chromophore to yield the
correlated triplet pair state ('[TT]) or mediated through a
charge transfer (CT) state where the conversion of the first
singlet state ('[S;S,]) to '[TT] is facilitated by coupling to
higher-lying CT state."*~"* The formed '[TT] can yield a
quintet state (°[TT]) through spin evolution and/or go
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through spin decoherence to produce two separated triplet
states [T, , T,].

Recent studies report that the SEF mechanism can either be
inter- or intramolecular. In intermolecular SEF (xSEF), the
optically excited singlet state on one molecule couples with
neighboring molecules to form an intermolecular triplet pair.
xSEF can be improved by tuning the interchromophore
interactions. This process highly depends on chromophore
packing motifs. It is challenging to come up with highly
ordered molecular structures to fulfil the packing requirement,
and reproducibility is often an issue.'> However, polymers and
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Figure 1. Structures of the investigated molecules and the parent PDI monomer.

other small molecules can show SF as an intrinsic property
through intramolecular singlet exciton fission (iSEF) where the
double triplet pair state is located on the same molecule. This
iSEF mechanism, which shows high processability in solution,
high tunability in both molecular and electronic structures, and
ability to create tailored interfaces, is not well understood."*~"*
In an effort to improve the performance of organic
photovoltaics (OPVs), SEF research on structurally tunable
systems of acene dimers'°™' reports two main structural
factors affecting the rate and yield of SF: the coupling between
the molecular units and the degree of contortion in the
structure.””*” Despite the great SEF vyields from the
aforementioned acene dimers, their limitations like photo-
instability have pushed researchers to venture into new
materials with SF potential.”>**** Perylene diimides (PDIs)
are a class of chromophores whose packing is easily
controllable, possesses high thermal stability/photostability,
has high extinction coefficients in the visible region, and holds
desirable triplet energies for semiconductor sensitizaton.”>**
Recently, iSEF has been observed in PDI dimers and
trimers.””****~*° However, Wasielewski and co-workers have
observed excimer states that block the formation of the '[TT]
state in solution-based aggregates of PDI dimers.”>*'~* This
excimer formation has been associated with the co-facial, slip-
stacked morphology of the dimers,”" which leads to a strong
electronic coupling between chromophores inhibiting SEF.*
There has been varying information about the role of excimer
states in the SEF mechanism.**~** In some cases, excimer
states inhibit the formation of the correlated triplet
ir,"*>*950 while in other cases, these excimer states act as
intermediates for SEF.'®*”*' The complication in under-
standing excimer states and their role in SEF is as a result of
the indistinguishable nature of these singlet states, the '[S,S,]
and '[TT] states, and their interactions.”> One report showed
that excimers form when the electronic coupling between the
CT state and the singlet excited state of two identical
chromophores is strong, resulting in a stable CT + '[S;S,]
mixture state, an excimer.”” The individual CT state or [S,S,]
can individually act to inhibit the production of double triplets
from the singlet state via a highly stabilized CT (lower CT
state) process or radiative decay, respectively.
Other studies have shown that, in addition to the nature of
the chromophore, the z-linker plays a crucial role in
contributing to the occurrence of iSEF in PDI chromo-
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phores.” It has been reported that structural flexibility of the
covalent linker is necessary to activate iSEE.'”*”*%** In our
recent report,40 we investigate two analogous PDI trimers
where one is planar and the other one is twisted. Here, we
follow up on the established work on the role and
characteristics of the linker that may necessitate iSEF. While
it has been established that the presence of a linker is
important in triggering iSEF, this work dissects two similar
structures, one with a flexible and the other one with a rigid
linker. We report that the flexibility of the linker is important in
activating intramolecular singlet fission since we observe a
triplet yield of 170% for the flexible compound and 16% for the
rigid planar compound.

In other studies, singlet fission has been reported as a
solvent-dependent process for molecules like terylene diimide
(TDI) dimers.”*~>° Here, SEF was observed in low dielectric
constant solvents and symmetry breaking charge separation in
high dielectric constant solvents. In this case, it follows that the
higher dielectric constant solvent stabilizes the CT state and
lowers its energy, allowing it to act as a trap state. On the other
hand, minimal CT state stabilization in low dielectric
environments enables the CT state to act as a virtual state in
a superexchange interaction that promotes SF.°*>> On the
contrary, other reports show sgrmmetry breaking as a crucial
step to activate singlet fission.””*® Therefore, a lot of research
is still needed to understand the mechanism of iSEF, the
structural character of the molecules, and the appropriate
dielectric environment for these molecules to show iSEF.

In this present investigation, we use time-resolved
spectroscopic techniques to elucidate the crucial role of the
core attachment position to the PDI units as well as the
chromophore’s dielectric environment in activating iSEF in
PDI tetramers. Here, three analogous tetramer structures were
investigated, where the PDI electron acceptor units are linked
with a central benzodithiophene (BDT) electron donor
moiety.””*® The connections between the donor and the
four acceptor units is realized via single bonds through the «
and f position of the PDI units for a- and p-tetramers,
respectively, for the twisted structures and through S ring
cyclization for the planar fC-tetramer as shown in Figure 1.

Il. EXPERIMENTAL METHODS

IlLA. Materials. The synthetic procedure of all the tetramers
has been previously discussed in detail.””*® These materials
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were synthesized through the Suzuki coupling between BDT-
Th-4Bpin with 4 equivalents of @-monobrominated and p-
monobrominated for a and f, respectively, while fC was
obtained through the cyclization between the perylene
diimides (PDIs) and the benzodithiophene-thiophene (BDT-
Th) core of the S-tetramer. Chlorobenzene and toluene from
Sigma-Aldrich were used as solvents for the spectral and
photophysical characterization.

II.B. Steady-State Studies. For all our steady-state
spectroscopic investigation measurements performed at room
temperature and pressure, concentrations ranging from 3.0 X
1078 to 1 X 1075 M were used with chlorobenzene or toluene
as solvents. The absorption spectra were obtained using an
Agilent 8432 UV—visible absorption spectrophotometer, while
a Fluoromax-2 spectrofluorimeter was used for the emission
measurements. To calculate the fluorescence quantum yields of
the investigated samples, a previously documented procedure
was carried out™ and Rhodamine B in ethanol was used as the
standard.*’

II.C. Two-Photon Excited Fluorescence (TPEF) Stud-
ies. Our previously described mode-locked Ti:Sapphire laser,
tunable from 700 to 900 nm with 110 fs pulses as an output at
a repetition rate of 80 MHz, was used for our two-photon
excited fluorescence measurements.’’ The emission scans with
a wavelength range of 400—850 nm were performed with an
820 nm excitation. A power dependence scan was run at the
emission wavelength detection, and the highest number of
counts was picked. During the TPEF measurements, a neutral
density filter was used to change the input power from the
laser, which would consequently vary the output intensity.
Using Rhodamine B as the standard, the two-photon
absorption cross section was calculated through a comparative
method using the obtained two-photon power-dependent
fluorescence intensity.é0

II.D. Time-Resolved Fluorescence Studies. The pre-
viously described time-correlated single photon counting
(TCSPC) technique was used to study the long decay
components of the investigated samples.”’ A mode-locked
Kapteyn-Murnane (KM) Ti-sapphire laser with an output
beam at 800 nm and a pulse duration of ca. 30 fs was used for
our time-resolved fluorescence measurements. A nonlinear f-
barium-borate (BBO) crystal was used to double the output
frequency beam to a 400 nm, and a polarizer was used to vary
the power of the 400 nm sample excitation beam. During the
measurements, a lens of focal length 11.5 cm was used to focus
the 400 nm beam on the sample cell (quartz cuvette, 0.4 cm
path length). The fluorescence was then collected perpendic-
ularly to the incident beam into a monochromator. The output
from the monochromator was coupled to a photomultiplier
tube, which converted the photons into counts.

In addition to the TCSPC, an ultrafast fluorescence up-
conversion (FUC) setup was used to obtain the fs-resolved
fluorescence measurements. For this setup, a Mode-Locked Ti-
Sapphire fs laser (Spectra Physics Tsunami) pumped by a
continuous 532 nm output from a Spectra Physics Millenia
laser whose gain medium is a neodymium-doped yttrium
vanadate (Nd:YVO,) was used. The mode-locked Ti-Sapphire
generated 80 fs pulses at 800 nm, with a repetition rate of 82
MHz. Using a second-harmonic f-barium-borate (BBO)
crystal, a 400 nm excitation beam whose power ranged
between 33 and 35 mW was generated and the 800 nm
residual propagated through a computer-controlled motorized
optical delay line. The beam polarization was achieved using a

5116

Berek compensator. The sample fluorescence emission was
then up-converted by a nonlinear BBO crystal using the 800
nm residual beam previously delayed by the optical delay line
with a gate step of 6.25 fs. A monochromator was used to
select the wavelength of the up-converted beam of interest,
which is then detected using a photomultiplier tube
(Hamamatsu R152P) converting the detected beam into
computer-readable photon counts. To calibrate this setup,
Coumarin 30 was used while a water Raman signal was used to
determine the instrument response function to have a width of
110 fs.

ILE. Femtosecond Transient Absorption. A Spectra
Physics Spitfire amplified laser system previously described®
was used for the femtosecond transient absorption (fsTA)
measurements. The produced beam of ~100 fs pulse duration,
1 kHz repetition rate, and a power of 1 W was directed at a
beam splitter to generate the pump (85%) and the probe beam
(15%). The S10 nm to 66 mJ per pulse pump beam was
focused onto the sample cell (I = 2 mm), which is preceded by
an optical chopper. On the other hand, the probe beam was
passed through a computer-controlled delay line and focused
onto a 2 mm sapphire plate to generate the white light
continuum (Helios by Ultrafast Systems Inc.). This white light
was then focused onto the sample where it overlapped with the
pump beam. An Ocean Optics charge-coupled device (CCD)
detector collected the difference in the signal absorbance
(AA). The Helios software by Ultrafast Systems Inc. was used
for the transient data acquisition, while the data analysis was
completed using Surface Explorer Pro and Glotaran software.

ILF. Nanosecond Transient Absorption. The nano-
second transient absorption (nsTA) setup was used to probe
the spectral, emissive, and non-emissive lifetimes of long-lived
transient species of the investigated chromophores as
described earlier.”’ ™ A Spectra Physics QuantaRay neo-
dymium-doped yttrium aluminum (Nd:YAG) nanosecond
laser coupled with a GWU Optical Parametric Oscillator
(OPO) with wavelength tunability ranging between 250 and
2600 nm was used as the pump excitation source. A high-
energy Q-Switched 355 nm beam from the Nd:YAG’s third
harmonic was used to pump the OPO, which, through second
harmonic generation and sum frequency mixing (with 1064
nm) nonlinear processes, can be used to produce the long
range of pump wavelengths. An LP980 Edinburg spectrometer
system houses the probe source, the sample chamber, and the
monochromator. The probe source is a 150 W ozone-free
xenon lamp that produces a continuous 6 ms pulse with a
wavelength range of 190—2600 nm. The laser pump beam
excites the sample perpendicular to the probe beam, creating
the transient species. The absorption properties of the
produced excited states are then probed using the xenon
probe source. The resultant sample light is focused to the
monochromator and detected by a photomultiplier tube
(PMT) (Hamamatsu R928) whose detection ranges from
185 to 870 nm. The PMT converts the obtained transmission
to electric signals, which can be measured by our TDS3052B
oscilloscope and converted from volts to change in absorption
(AA) using the L900 software supplied by Edinburg.
Measurements were performed in diluted aerated and
deaerated solutions of 107> M concentrations, and photo-
degradation was checked by recording UV—vis absorption
spectra before and after the experiments. For this investigation,
415, 510, and 594 nm excitation wavelengths were used to
pump the samples. The experimental setup was calibrated by
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Figure 2. Absorption (a) and normalized emission (b) spectra of the tetramers in chlorobenzene. Spectra of the parent PDI monomer are also

included.

an optically matched solution of tetracene (¢ = 0.62 and &1 =
31,200 M~! cm™ at the corresponding absorption maximum
of 465 nm)®* in chlorobenzene. Triplet—triplet absorption
coefficients (er) were determined by energy transfer from f/
PC to tetracene and from §,10,15,20-tetraphenyl-21H,23H-
porphine in chlorobenzene (e = 6000 M~ cm™" at A, = 790
nm) :86? by using a procedure previously detailed by Carlotti
et al™”

II.G. Quantum Chemical Calculations. The theoretical
investigations were performed on the molecular structures
where the long alkyl chains were replaced by short chains
(propyl and hexyl groups [C;H, and C¢H,;] attached to the
perylene diimide (PDI) while the benzodithiophene (BDT)
linkers were replaced by hydrogen atoms and methyl groups,
respectively) to save computational time without a significant
effect on the electronic properties. The ground-state geometry
of each compound was obtained by density functional theory
(DFT), using the long-range corrected wB97X-D func-
tional®>*® and the 6-31G* basis set. Optimization of the
lowest energy triplet state [T;] was performed using
unrestricted DFT, and the ground state [S,] was performed
using the restricted DFT. Excited-state simulations were
performed using time-dependent DFT (TD-DFT). Single-
point energy calculations were done using ®B97X-D,*>%° the
6-31G* basis set, and the polarizable continuum model
(PCM)®” with a dielectric constant of 5.62 for chlorobenzene
and 2.38 for toluene. Characters of excitations were described
with natural transition orbitals (NTOs).

Restricted active space spin flip (RAS-SF) methods were
used to provide relative energies of all double-triplet states and
identify the differences between the multiexcitonic states in the
three tetramers. To perform RAS-SF calculations for molecules
with such large sizes, RAS-SF was performed on the “half”
tetramers with only 2 PDI units. To obtain these “half”
tetramers, all the molecules were truncated through the
benzodithiophene (BDT) core where one of the two
remaining PDI units is connected to one end of the BDT
core while the other PDI unit is connected to the adjacent
thiophene. Through the truncations of a, 5, and C, respective
Dimer-, Dimer-f}, and Dimer-ffC were obtained and used in
the RAS-SF calculations. Because RAS-SF tends to over-
estimate the excitation energies, the absolute excitation energy
values are in poor agreement with TD-DFT. Regardless, RAS-
SF does provide trends and relative energy values (especially
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for double triplet states) that cannot be realized by any other
methods.

The driving force of singlet fission, i.e,, AEg; = 2 X E[T;] —
E[S,], was estimated with the methods just mentioned.
Recently, multiple researchers have pointed out the impor-
tance of '[TT] energy in predicting the feasibility of SF and
relevant kinetics."”***>*” Amongst the various chromophores
of this study, the truncated tetrameric PDI chromophores,
Dimer-@, Dimer-f5, and Dimer-fC, with the restricted active
space double spin-flip method, which has successfully provided
useful characterization of ground and excited radical states in a
number of studies.”*”"* All the calculations were performed
using the Q-Chem 5.0 software package.”” Natural transition
orbitals (NTOs) of TD-DFT calculations were visualized using
IQMOL. Natural orbitals (NOs) of RAS-2SF calculations were
plotted using Molden,”* Visual Molecular Dynamics (VMD),”
and POV-ray.

lll. RESULTS

lll.LA. Steady-State and Nonlinear Optical Properties.
Shown in Figure 2 and Figure S1 are the steady-state
absorption and emission spectra for the investigated tetramers
as well as those for the parent PDI monomer. For the a and
compounds, the strongest absorption peaks, both of which are
around 529 nm, have been assigned to 0—0 transitions. For
both of these compounds, the peaks located around 492 and
461 nm were assigned to 0—1 and 0—2 transitions,
respectively.””*® For the SC, the absorption peaks at 554,
503, and 471 nm are assigned to 0—0, 0—1, and 0-2
transitions, respectively.”® For this chromophore, the 0—1 and
0—2 transitions have been associated to the absorption of
perylene diimide-thiophene (PDI-Th) while the 0—0 transition
peak is from the absorption of perylene diimide-benzodithio-
phene-perylene diimide (PDI-BDT-PDI).>® The absorption
and emission spectra of the a chromophore in chlorobenzene
are nearly identical to those of the parent PDI monomer
(Figure 2 and Figure S1). This similarity indicates minimal
ground-state interaction/excitonic coupling among the chro-
mophores.”®’*”” In addition, it suggests that the excitation is
mainly localized on one of the PDIs in this a-tetramer. At the
0—0 transitions, the extinction coefficient of & (~290,000 M™*
cm™') is approximately four times that of the parent PDI
monomer (~85,000 M~! cm™). A similar trend is observed in
the other transitions in the visible part of the spectrum.”” This
suggests that the extinction coeflicient of « is the same as that
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Figure 3. Concentration effect on the emission spectra of @ (a) and f (b) tetramers in toluene.

Table 1. Linear and Nonlinear Optical Properties for the Tetramers in Chlorobenzene (and Toluene for the ¢y (%))

compound Agps (nm) Aem (nm) Stokes shift (cm™)
PDI monomer 461, 492, 529 537, 578 282
a 461, 492, 529 537, 578 282
B 499, 529 562, 710 1110
pC 471, 503, 554 562, 603N 257

e M em™)? op (%) dr (%) S1pa/GM A, = 820 nm
85700 ~88Y 97 1°
289500 0.04 13 71.1
59200 0.4 27 30.5
131100 72 22.5 234

See ref.>® PSee ref*” “See ref.”” “At the underlined maximum wavelength. “In toluene as a solvent.

of the parent PDI monomer given that the a-tetramer is made
up of four PDI units (Figure 2). The structured spectra of fC
reflect its molecular rigidity. However, less structured
absorption and emission spectra are observed for . These
observations are consistent with the chromophore’s increased
flexibility and interchromophore coupling relative to a and C.
The emission spectrum of f shows a narrow band peaked
around 560 nm and an additional broad and red-shifted band
at 710 nm. The absorption maximum wavelength for @ and j
(530 nm) is similar to that of the parent PDI monomer, The
PC absorption maxima is similar to that of a benzodithiophene
(BDT) substitute.”® Therefore, the a- and f-substitutions favor
the PDI acceptor absorption while the ring fusion favors the
BDT donor absorption. Additionally, /s absorption wave-
length is the most red-shifted, followed by «, while SC has the
most blue-shifted absorption wavelength. Additionally, it has
been reported that when the z-bridge of a PDI derivative is a
rigid cyclized aromatic ring, the spectra appear narrower,
structured, and blue-shifted, which is the case for fC.*°

The probability of aggregation was considered by inves-
tigating the concentration dependence of the absorption
spectra. No concentration effect was observed on the
absorption spectra of all the investigated tetramers (Figure
S2A) in the range of concentrations of 6 X 107" to 1 X 107> M
employed in this work. For #C compounds in chlorobenzene,
there was no dependence of the emission spectra on the
sample concentration (Figure S2). However, a shows an
inconsistent dependence of emission on concentration, which
happens to the monomer peaks (Figure 2B). Interestingly, the
significant spectral changes revealed upon increasing the S
concentration in chlorobenzene are associated with the
formation of excimers.”® These excimers explain the character-
istic shape of the emission spectrum of 5, which shows both
the monomer (at S60 nm) and the excimer (at 710 nm)
contributions (Figure 2b). The absorption and the emission of
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f and pC in a less polar solvent (toluene as shown in Figure
S1) are similar to those measured in chlorobenzene. However,
the emission spectrum of & in toluene had an additional band
near 700 nm (Figure S1), indicating the presence of excimers.
The investigation of the concentration effect on the emission
in toluene thus confirms the formation of excimers for both a
and f in toluene (Figure 3).

The fluorescence efficiency of all the investigated com-
pounds was measured in chlorobenzene. We found values of
0.04%, 0.4%, and 7.2% for a-, -, and pC-tetramers,
respectively (see Table 1). These quantum yields are smaller
in comparison to that of the parent PDI monomer
(~100%),"”” particularly observed in the case of the flexible
compounds. The fluorescence quantum vyields for the
tetramers are similar to the previously reported quantum
yields of similarly linked PDI trimers.** The significantly small
fluorescence quantum yield observed for the @ compound in
comparison to that of the parent PDI monomer, whose
absorption spectra is very similar to that of o, indicates the
presence of a non-radiative process and has been associated
with reduced oscillator strength as well as low torsional
activation barrier. In toluene, fluorescence quantum yields for
all the investigated molecules generally increase (by two orders
of magnitude for a and an order of magnitude f- and BC-
tetramers). It is clear that a’s quantum yield increases
significantly in toluene. In fact, the fluorescence quantum
yield of a in toluene is similar to that of f in toluene. This
similarity shows that, in toluene, both @ and f§ have similar
photophysical properties and substantiates the formation of
excimer states for @ in toluene.

The two-photon absorption (TPA) cross sections show
remarkable values of tens and hundreds of GM (see Table 1
and Figure S3). The TPA cross section for the @ compound is
more than one order of magnitude bigger than that reported
for the parent PDI molecule. It is also clear that the TPA cross
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sections are enhanced by over one order of magnitude for the
rigid AC (ca. 234 GM) with respect to the flexible « and f§ (ca.
30—71 GM). Increased TPA cross section has been associated
with an increase in transition dipole moments, which is directly
proportional to the charge transfer character of the transition.
Therefore, the increased TPA absorption cross section of the
rigid, fused ring connected molecule indicates its higher
intramolecular charge transfer (iCT) character in the excited
state with respect to the flexible, single-bond bridged
analogues. In addition, the higher TPA cross section observed
in o compared to the parent PDI monomer shows a significant
increase in transition dipole moments for @ and hence
increased iCT.

l1.B. Time-Resolved Fluorescence. Fluorescence kinetics
were acquired by both fluorescence up-conversion (FUC) and
time-correlated single photon counting (TCSPC) with femto-
second and nanosecond resolution, respectively. Concentra-
tions of 4 X 107> M, 2.0 X 10™* M, and 8.0 X 10~ M for a, j3,
and fC, respectively, were used for FUC, while 2 X 107° M,
8.0 X 107° M, and 4.0 X 107 M for a, f, and SC, respectively,
were used for TCSPC measurements. From our FUC
measurements, we obtained different decay lifetimes (Figure
S4 and Table 2). The fast decay times can be associated with

Table 2. Lifetimes () Obtained by Fitting the FUC Kinetics

compound Truc, (ps) Truca (ps) Truc,s (ps)
a 12 2.6
p 2.0 26 very long-lived component
pC 18 130 long-lived component

the decay of the singlet-associated species back to the ground
state. The o compound decays to zero very fast, and therefore,
only two components were applied during the data analysis.
However, three components were employed for both  and C
compounds. In the # compound, a very long-lived component,
whose lifetime could not be captured by our software, was
observed. A similar component was also observed for the fC
compound as shown in Figure S4.

To gain more insights into these long components, more
fluorescence measurements were carried out using our TCSPC
technique. For the rigid BC, these experiments revealed a
lifetime of 2.64 ns at 538 nm and 2.68 ns at 562 nm (Figure SS
and Table 3). Therefore, the long-lived component observed

Table 3. Fluorescence Lifetimes Obtained by Fitting the
SPC Kinetics Acquired at Different Emission Wavelength
for the Tetramers in Chlorobenzene

a p pC
Aem (nm) 7 (ns) Aem (nm) 7 (ns) Aem (nm) 7 (ns)
538 3.68 538 3.77 538 2.64
578 3.69 560 3.30 562 2.68
710 291

for the fC compound using the FUC measurements has a
decay time of about 2.7 ns. This decay time is expected to be
seen as an infinite component using our femtosecond transient
absorption (fsTA) measurements, which can only measure
lifetimes up to 1.6 ns. For the # compound, we observed a
fluorescence lifetime of 3.77, 3.30, and 2.91 ns at 538, 560, and
710 nm, respectively. Therefore, the lifetime of the long-lived
component (3.30 ns) observed for this # compound using the
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FUC measurements is assigned to the singlet decay lifetime.
For this f compound, the emission wavelength effect on the
fluorescence decay lifetime is consistent with the presence of
different emissive species due to excimer formation for f# in
chlorobenzene. For @, the fluorescence lifetime of 3.68 ns at
538 nm and 3.69 ns at 578 nm is significantly longer than the 3
ps obtained for S; decay using the FUC (Table 2) studies. In
comparison to f and SC, @ has a longer decay time observed
using the TCSPC measurements. The ca. 3.69 ns decay
lifetime measured for o in chlorobenzene may be due to
fluorescence (either direct or delayed) associated with the
double triplet excited-state TT]***" intermediate of intra-
molecular singlet exciton fission (iSEF).

lll.C. Femtosecond Transient Absorption. The ultrafast
excited-state dynamics were investigated by femtosecond
transient absorption (fsTA) using concentrations of 3.0 X
1075, 3.0 X 1075, and 2.0 X 10 M for @, 5, and f5C,
respectively. The time-resolved spectra (Figure 4) show
positive excited-state absorption (ESA) at 740 nm and around
560 nm and negative ground-state bleaching (GSB) signals at
earlier wavelengths. We also observe strong modulations in
wavelengths beyond 600 nm, which are due to the instability of
the white light used as the probe and does not affect the
excited-state dynamics of the investigated molecules. The ESA
at 740 nm has been greviously associated with the perylene
diimide (PDI) anion,””~"” whereas signals between 550 and
600 nm have been assigned to the PDI cation.**>***¢ For
these molecules, the PDI cationic absorption band may be
convoluted with GSB or triplet absorption signals and the
anionic band convoluted with the S,«S, signal, as a result of
spectral overlap. Global analysis of the fsSTA spectra shows the
presence of several exponential components as shown in Figure
S. At short delays after excitation, we observe fast components
in all the investigated molecules (black and red in Figure $).
The species-associated spectra (SAS) of these fast components
are similar to the SAS of the “longer” living component (blue
spectra in Figure S). This result suggests that the associated
dynamics reflects the relaxation processes occurring within the
same electronic excited state, the singlet state. Previous reports
have mentioned the possibility of a singlet excited state with
iCT character forming very fast (within solvation).*” There-
fore, these two (black and red in Figure S) fast components
can be associated to the decay of the first singlet state to form a
singlet solvation-relaxed state. This state relaxes further to form
a final relaxed S, state. This is proposed to be a charge transfer
(CT)-related state from a superposition of the singlet states
known as [S$,So]rrCT for @, an excimer state ([S1S0]Excimer)
for 5, and a CT state ([S;S,]CT) for SC (see Figure S). For f3,
a CT state is not observed since the fsTA measurements were
carried out in high concentrations where the excimers are the
dominating species. However, the CT state with a decay of
3.30 ns was observed using TCSPC measurements where the
monomer was more dominant. For the a compound, the
component in blue leads to a subsequent formation of what is
proposed to be the double triplet state, '[TT], whose decay is
infinite and cannot be determined using our current fsTA due
to the experimental time limit (1.6 ns). The components
showing a lifetime of 160 ps for a, 890 ps for B, and 2700 ps
for BC represent the relaxed S, state. At longer delays, the
signal decays result in the simultaneous formation of an ESA at
510, 480, and 535 nm for the a, B, and BC respectively. The
kinetics at these wavelengths exhibit a rise as shown in Figure
6, whose dynamics reported in Figure S6 match those observed
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Figure 4. Femtosecond transient spectra for the investigated molecules at a 400 nm excitation in chlorobenzene.
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Figure S. Species-associated spectra (SAS) and lifetimes obtained by global fitting of the fsTA data obtained using chlorobenzene as the solvent.

in Figure S. Therefore, for the f and fC compounds, the last
component (in green) represents the long-lived triplet species
formed upon S; decay and are peaked around 480—550 nm.
However, for the a compound, the [S,Sy];rr]CT superposition
state decays within 160 ps to form another singlet species, with
both singlet and triplet characteristics, double triplet state
('[TT]) as shown in Figure 5. This '[TT] state’s decay
lifetime is longer than our instrumental time limit and can only
be assigned to infinite time using our fsTA. Therefore, for the
a compound, the infinite time is assigned to the decay of the
precursor of triplet states, [T;], which happens at lifetimes
longer than few nanoseconds. The fast decay of the
superposition state indicates the formation of the double

5120

triplet state, '[TT], suggesting the occurrence of singlet fission
for the a compound. On the other hand, for f, a component,
which forms within 15 ps from the solvation state
(S1So]solvation); decays within 890 ps, and has a singlet
character, is assigned to the excimer formation ([S;So]excimer)
as shown in Figure 5. The components with infinite times are
suggested to be triplet precursors’ (and double triplet decay for
the a compound) decays since triplet decay times are longer
and could not be captured due to our system time limitations.
For the @ compound, the only tetramer whose steady-state
emission spectra and triplet yields were found to be solvent-
dependent, fsSTA measurements were carried out in toluene.
For this sample, a slower singlet decay and triplet formation
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Figure 6. Femtosecond transient singlet decay (left) and triplet rise (right) kinetics for the investigated PDI tetramers in chlorobenzene.
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Figure 7. Nitrogen purged time-resolved spectra and triplet purged/unpurged kinetics (insets) obtained by nanosecond TA for the tetramers in

chlorobenzene with a 415 nm excitation.

Table 4. Triplet Properties for the Tetramers in Chlorobenzene from Nanosecond Transient Experiments

tetramer Ar (nm) Trair (us) TrNe (us) er (M em™) ¢ chlorobenzene (average) ¢ toluene
PDI monomer* 508* 140° 60000°
a 510 0.359 1.8 5180 1.24 0.61
p 485 0.567 8.1 12379 0.17 0.18
pC 570 0.638 14 16029 0.24 0.09

“See ref.”" Triplet wavelengths, lifetimes, and extinction coefficients measurements reported here were carried out using benzene as the solvent.
The triplet quantum yield of the parent PDI monomer reported in Table 4 is 0.03% in bromobenzene, 0.01% in acetonitrile, and 0.003% in

1
benzene.’

(380 ps) was observed relative to chlorobenzene (160 ps).
This slower triplet formation could be as a result of the
observed excimers in toluene.

In order to gain more insights into the mechanism of triplet
production, triplet quantum yields were computed following
the sin%ular value decomposition (SVD) analysis of the fsTA
results’’ (see the Supporting Information for details on the
procedure). Quantitatively related singlet and triplet ESA
spectra were obtained and then used to determine the
temporal population dynamics of these states. The population
data (Figures S11 and S21) indicate a triplet quantum yield of
166% and 66% for a and BC, respectively, in chlorobenzene.
For the @ compound in toluene, the triplet yield was calculated
to be 56% as shown in Figure S16. However, for the f
compound, this calculation was inaccurate due to the spectral
overlap between the GSB and triplet absorption. Even though
this analysis contains many approximations, it clearly suggests
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that that triplet production takes place via intramolecular
singlet exciton fission (iSEF) for the @ and via conventional
intersystem crossing (ISC) for the rigid-bridged SC (g1 lower
than 100%). Since these triplet quantum yields are mostly
estimations, the nanosecond transient absorption was used to
perform a rigorous experiment to accurately determine the
triplet quantum yields of the investigated chromophores.
ll.D. Nanosecond Transient Absorption. To investigate
the triplet excited-state dynamics of these molecules, nano-
second transient absorption (nsTA) measurements were
carried out (Figure 7) using concentrations of 3.0 X 10™° M,
8.0 X 107° M, and 5.0 X 10~ M for a, f, and SC, respectively.
No pump wavelength dependence, solvent dependence, or
spectral shift was observed for all the investigated compounds
(Figure 7 and Figures S22 and $23). The nanosecond transient
absorption spectra show negative signals due to ground-state
bleach (GSB), as obtained in the steady-state absorption
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Figure 8. Decay and rise dynamics of the investigated PDI tetramers with the « sensitization experiment carried out upon a 594 nm laser excitation
and the B/fC sensitization experiments upon a 510 nm excitation in chlorobenzene.

spectra (Figure 2). The positive excited-state absorption (ESA)
peak is centered at 510, 485, and 535 nm for the a-, -, and
PC-tetramers, respectively. Signals of triplet absorption have
been reported for many perylene diimide (PDI) derivatives
around 500 nm.*”’® Decay lifetimes of the detected transients
range from hundreds of nanoseconds in air equilibrated
solution to tens of microseconds in nitrogen purged solution
(see Table 4). Quenching by molecular oxygen thus occur at
an almost diffusional rate. Also, these transient species can be
sensitized by higher triplet energy donors or are able to
sensitize lower triplet energy acceptors, such as tetraphenyl-
porphine or tetracene (Figure 8). These results allow us to
assign the long-lived transients revealed by nsTA experiments
to the T,«T, transition of the tetramers. For the - and fC-
tetramers, negative signals due to stimulated emission were
observed in the transient spectra at early delays (see the black
and red spectra for fC in Figure 7). In addition, there was
evidence of fast emission peaks centered at 556 and 700 nm for
P and 558 and 610 nm for SC. These peaks are consistent with
the emission peaks observed from linear emission as shown in
Figure 7. The fast and broad emission peak observed for the
compound can be associated with the formation of excimer
states. Interestingly, there were additional negative peaks
observed at longer delays after excitation for both - and AC-
tetramers. For the AC compound, these kinetics reveal
increased decay lifetimes in purged solutions relative to the
unpurged solutions (Figure S24). The negative signals
observed around 750 nm for f and 800 nm for JC,
respectively, are attributed to phosphorescence. However, no
phosphorescence was detected for @, as shown in the spectra in
Figure 7, suggesting a lower energetic triplet emitting in the
infrared in this case.

Triplet energy transfer measurements and relative actino-
metry were used to accurately evaluate the triplet extinction
coefficients and the triplet yields, respectively. Important
information about triplet energies was also obtained from the
sensitization experiments. Energy transfer was observed from
the triplets of # and $C to the triplet of tetracene (E; = 1.27
eV), while no triplet energy transfer was observed from «a to
tetracene, suggesting a lower triplet energy for @ in comparison
to the other two tetramers. The triplet of @ could be sensitized
by employing a higher triplet energy donor such as
tetraphenylporphine (E; = 1.43 eV). These experimental
results support the feasibility of intramolecular singlet exciton
fission (iSEF) occurring in a and not in f§ and SC because a
low energy triplet is required for the SF energetic condition
(E[S;] > 2 X E[T]) to be fulfilled. The triplets produced upon
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photoexcitation of ¢ in chlorobenzene show shorter lifetimes
(1.8 us) relative to those produced via ISC for f and SC (8.1
and 14 us, respectively). Also, the triplet decay lifetime of a
was longer (by a factor of two) when the triplets were
produced by sensitization (3.7 us) relative to direct excitation
(1.8 ps). This is additional evidence indicating a SEF
mechanism of triplet production for @ as there is a higher
probability that the independent triplets can return to S; via
triplet—triplet annihilation (TTA), resulting in the reduced
lifetime. A step-by-step triplet extinction and yield calculation
for the three investigated tetramers is detailed in the
Supporting Information. From the calculations detailed in
Section VI of the Supporting Information and the data shown
in Table 2, lower triplet extinction coefficients were observed
for the flexible-bridged systems in comparison to the rigid-
bridged system. In addition, relative actinometry measure-
ments were coupled with the sensitization experiments
(detailed in the Supporting Information) to allow for accurate
calculation of the triplet quantum yields as per eq 1:

[¢T€T]sample (B or BC) _ [AA]sample (B or BC)
[¢T€T]re£ [AA] (1)

As shown in Table 4 and Table S2, lower triplet extinction
coefficients were observed for the flexible-bridged systems in
comparison to the rigid-bridged system. A triplet yield higher
than 100% was obtained only in the case of « in chlorobenzene
(1 124%), suggesting that the mechanism of triplet
production proceeds via iSEF for this sample, while proceeding
via traditional intersystem crossing (ISC) for the other two
tetramers owing to ¢ of 17% and 24% for f and pSC
compounds, respectively. Interestingly, in the case of a in
toluene, a lower triplet yield (61%) was measured. However,
there was no significant change in the triplet yields calculated
for f (18%) and BC (9%) in toluene compared to
chlorobenzene as shown in Table 4.

lILE. Quantum Chemical Calculations. Density func-
tional theory (DFT) was used to optimize the geometries and
obtain the dihedral angles of the investigated chromophores.
The optimized structures are shown in Figure 9 with their
dihedral angles shown in Figure S33. The ground-state
geometries showing similar dihedral angles obtained for both
a and f reveal that both of these molecules possess a twisted
structure. However, fC has the lowest dihedral angle and
therefore, this molecule is almost planar.“’77 In @, the covalent
linker is connected to the perylene diimide (PDI) units at the
a position, allowing the most facile rotation of the PDI group

ref.
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Figure 9. Ground-state optimized geometries of the tetramers considered in this work. (a) Ground-state optimized geometry of the a-tetramer, (b)
Ground-state optimized geometry of . (c) Ground-state optimized geometry of 5C.

with respect to the central unit.”” As a result, @ has PDI units
that are perpendicular to the central unit; this perpendicular
orientation eliminates the possibility of 7—x stacking between
the individual PDI units. For the f molecule, the f positioning
results in PDI units that pair off, with strong z—7 stacking
between two pairs of interacting PDIs. On the other hand, in
the SC molecule, the PDI units are rigidly linked to the
benzodithiophene (BDT) core, which results in greater co-
planarity between the linker and PDI chromophores. These
varying geometries among the investigated tetramers lead to
differences in the electronic structure of the chromophores’
excited states.

The natural transition orbitals (NTOs) for S,—S,
transitions of the tetramers are shown in Figure 10. For a,
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the S;—S; NTOs are completely localized on a single PDI
unit, suggesting low coupling between the PDI units, which is
also supported by the steady-state measurements. The Sy—S,;
NTOs for f are slightly more delocalized with the electron
density spread out to the central PDI linker and the adjacent
PDI unit. This delocalization indicates some coupling between
adjacent PDI units. However, for SC, the ease of 7-conjugation
across the coupled units enables the NTOs to be delocalized
across most parts of the molecular structure. This delocaliza-
tion also indicates the presence of a strong coupling among the
PDI units in the rigidly bridged, planar tetrameric system.
Using time-dependent DFT (TD-DFT) calculations and
taking into account the solvation effects of chlorobenzene
whose dielectric constant is 5.62, S;—S, singlet energies of
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Figure 10. Natural transition orbitals (NTOs) of S,—$, transitions for the three tetramers considered in this work. Orbitals plotted in IQmol with

an isovalue of 0.0S.

Table 5. Single-Point Energies Calculated with @-B97XD Basis and Dielectric Constants of 5.62 for C¢H;Cl (Chlorobenzene)

and 2.38 for C,Hg (Toluene) for the Investigated Tetramer

absolute Sy—S, energies absolute Sy—T), energies

a
S

emission S;—S, energies at S; geometry emission T;—S, experimental

tetramers C¢H,Cl C,Hg gas C¢H,Cl1 C,H, gas gas C¢H,Cl
a 2.90 291 3.02 1.76 1.76 1.76 1.06 2.31
p 2.55 2.55 2.61 1.63 1.64 1.64 0.87 221
pC 291 2.92 295 2.05 2.0 2.0 143 221
“Energies are given in eV.
E A
a
,gC I(TT): 0 meV
I(TT): 5.2 €V
I(TT): 0 meV
—3(TT): ) meV
I(TT): 4.4 eV D) Umey
I(TT): 0 meV
3(TT): -5 meV
S;:4.0eV S(TT): -6 meV
S;:3.8 eV
T:2.5eV
Ty:22eV

So

Figure 11. RAS-2SF results for the truncated tetramers. Due to the size limit of CI calculations, in the truncated model structure, only one pair of

the adjacent PDI unit in each tetramer system is considered.

2.90 eV for the a, 2.55 eV for the f and 2.91 eV for the SC
(Table S) were reported. From our steady-state measurements,
it is clear that the singlet absorption energies (Sy—S$;) for both
o and f tetramers are identical while that of #C is blue-shifted
(2.34, 2.34, and 2.46 eV for q, f, and fSC, respectively). A
similar trend is also expected for the TD-DFT calculations.
While the TD-DFT method has been reported to overly
estimate the singlet and triplet energies, the trend in these
energies should match the experimental energies trend. This is
not the case for the tetramers experimental results and TD-
DFT calculations. The discrepancy may be as a result of the
different functionals and basis sets used for the TD-DFT
calculations or the fact that we are not sure that the calculated
So—S, energies are from the relaxed state. While a better
comparison of singlet energies would be through the relaxed
singlet state energies from the S;,—S, emission, the large size of
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our molecules challenged our efforts to calculate these singlet
emission energies using TD-DFT. These relaxed singlet
energies would be expected to match those obtained from
our steady-state emission (2.31 eV for the a, 2.21 eV for the f
and 2.21 eV for the C).

Further quantum chemical simulations were performed to
give insights into possible triplet formation mechanisms for the
tetramers. In the a-tetramer, the NTOs for the T, states (So—
T, transition; Figure S34) are each localized on a single PDL
Time-dependent DFT (TD-DFT) calculations give adiabatic
So— T, triplet energies of 1.76 eV for the a, 1.63 eV for the S,
and 2.05 eV for the SC in chlorobenzene. For efficient iSEF,
the lowest optically allowed singlet excited state [S;] of the
chromophore should have an excitation energy of at least twice
its triplet energy: (E[S;] > 2 X E[T,]). Considering the triplet
and singlet absorption energies shown in Table S, iSEF is
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energetically uphill by 0.62 eV for the a, 0.71 eV for the f, and
1.19 eV for the BC. This endothermic behavior shows that
iSEF is not possible in any of the investigated chromophores.

In order to explore the accessibility of potential double
triplet states ('[TT]), restricted active space spin flip (RAS-
SF) was used to describe the character of multiexcitonic states
(Figure 10 and Tables S3 and S4). To perform RAS-SF
calculations for molecules with such large sizes, RAS-SF was
performed on the “half” tetramers with only 2 PDI units (RAS-
2SF), as shown in Figures S35—S38. Similar to the TD-DFT
calculations, RAS-2SF is believed to overestimate the
calculated energies in comparison to what is obtained
experimentally. However, our RAS-2SF calculations shown in
Figure 11 show that the singlet (S;) energy for the a-tetramer
is 3.8 eV while that of the f-tetramer is 3.4 eV. This suggests
that the RAS-2SF method error could be around +0.4 eV.
Disregarding the +0.4 eV error observed in these S, energies,
iSEF should be energetically uphill by 0.60 eV for a, 0.80 eV
for the f-tetramer, and by 1.0 eV for SC. These results are
consistent with those obtained through our TD-DFT
calculations. While this thermodynamic behavior is strange
for iSEF materials, it has been reported that the production of
independent triplets from a singlet becomes less endoergic as
the molecular size increases.”” For acene materials, this
endothermic SEF behavior (2T, > S,) is not new.' The
endothermic energy deficit (2T, — S,) for these iSEF acene
molecules has been reported to be 0.53 and 0.18 eV for
anthracene and tetracene, respectively.' Therefore, it is
possible that some of our investigated molecules are eligible
to undergo iSEF even after defying the thermodynamic
conditions. In all three cases, the calculated energy for the
double triplet '[TT] state is above the S,, which is also
atypical. Similar energetics, where the '[TT] energy is higher
than the S, energy, have been reported for PDI derivatives
undergoing iSEF, with endothermic driving energies ('[TT] —
S,) ranging from 0.2 to 1.05 eV.”? From our RAS-2SF, the
calculated endothermic driving energy is 0.614, 0.983, and
1.157 eV for a, f, and fC, respectively, with a probable error
of +0.57 eV for each of these energy differences. The RAS-2SF
energies provide insight about the feasibility of formation of
the double triplet '[TT] state and separation of excitons from
the '[TT] state into two independent triplets. Therefore,
considering the endothermic energy drives from the RAS-2SF
calculations, « is likely to undergo iSEF compared to f and SC.

IV. DISCUSSION

Literature proposes that the presence of a z-bridge linker and
its flexibility is important in triggering intramolecular singlet
exciton fission (iSEF).Z(”38’53 In this present investigation, we
show that the 7-bridge linker flexibility is necessary but not
sufficient in activating iSEF in multichromophoric perylene
diimide (PDI) systems. Here, we show the importance of the
position of attachment of the PDI units to the core (z-bridge
linker) in dendritic PDI tetramer systems. Owing to the
flexibility of the 7-bridge linker, the triplet energy is tuned such
that the iSEF energetic criteria (Eg; > 2Er;) may be satisfied.
In this work, key differences between a- and f-functionalized
flexible-bridged systems compared to a rigid-bridged AC
system are pointed out as they relate to the efficiency and
rate of triplet production upon photoexcitation. As an
important result of our study, we demonstrate that, in addition
to the conformational flexibility of the s-bridge linker, the
position of functionalization on the PDI (« and f) and the
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dielectric environment play a role in activating iSEF or excimer
formation in these molecules.

We observe differences in the steady-state properties of the
two flexible z-bridged systems. The steady absorption and
emission spectra of a in chlorobenzene show striking
resemblance with the spectra of the parent PDI monomer.
This indicates minimal excitonic coupling among its PDI units.
This lack of coupling is further confirmed by the extinction
coefficient of the @, which is four (4x) times that of the parent
PDI monomer. The relatively broad absorption spectrum with
less vibronic structures of f§, compared to that of a, resembles
the reported absorption spectra of prepared films of the PDI
monomer.”* The narrower, structured, and blue-shifted spectra
of the rigid z-bridged BC system are expected for planar PDI
molecules."””” The SC absorption maxima is similar to that of
a benzodithiophene (BDT) substitute.”® The similarities of &
and the PDI monomer surprisingly disappear upon comparing
their fluorescence quantum yield in chlorobenzene. The
fluorescence quantum vyield for a in chlorobenzene is four
orders of magnitude (0.04%) lower than that of the parent PDI
monomer (97%).”" The comparatively low quantum yield in a
suggests an alternative deactivation pathway that competes
with the traditional radiative deactivation pathway of the
photoexcited parent PDI monomer. However, in toluene, the
emission spectra of o have an additional broad peak centered
around 710 nm and these spectra are concentration-depend-
ent. In addition, o’s fluorescence quantum yield increases
significantly in toluene, matching that of # in toluene.
Therefore, in toluene, o has a tendency to form excimers as
evidenced the above emission spectra characteristics, which
inhibit iSEF. For f, the broad and red-shifted emission band at
710 nm, which happens to be concentration-dependent, points
toward the formation of excimers for this compound in both
chlorobenzene and toluene. The low fluorescence quantum
yield of @, as well as the observation of excimers in f3, has been
addressed using quantum chemical calculations and time-
resolved measurements.

For a, optimized ground-state geometries showed large
perylene diimide-thiophene (PDI-Th) and perylene diimide-
benzodithiophene-perylene diimide (PDI-BDT-PDI) angles of
78.7° and 63.5°, respectively. This nearly perpendicular
connection between the two PDI units connected through
the thiophene (Th), and the two PDI units connected through
the BDT core indicate the twisted nature of this PDI tetramer
system. The almost perpendicular orientation of the a-
functionalized PDI units introduces a large steric hindrance
between individual PDI units, minimizing their exciton
coupling and creating a good separation between the orbitals
in the PDI units of this molecule. As a result, it is expected that
the photophysical characteristics of o should resemble those of
the parent PDI monomer. We observed that the f-position
leads to PDI units that pair off in a co-facial orientation with a
strong 71— stacking between two pairs of interacting PDIs, an
orientation that supports the formation of excimers.

The thermodynamic condition of iSEF is E[S,] > 2 X E[T,].
Considering the singlet and triplet energies obtained through
time-dependent density functional theory (TD-DFT), with
chlorobenzene solvation effects factored in, iSEF is energeti-
cally uphill by 0.62 eV for a, 0.71 eV for the f-tetramer and by
1.19 eV for BC. These results show that iSEF is thermodynami-
cally impossible for all the investigated molecules. These
results are consistent with those obtained from RAS-2SF where
iSEF is energetically uphill by 0.60 eV for o, 0.80 eV for the -
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Figure 12. Proposed singlet deactivation and triplet formation pathways for the investigated PDI tetramers in chlorobenzene from our RAS-2SF.

tetramer, and by 1.0 eV for fC. The thermodynamic rule has
been defied by singlet exciton fission materials, anthracene and
tetracene, with an endothermic energy deficit reported to be
0.53 and 0.18 eV, respectively, where singlet fission is thermally
activated.” The endothermic fission was used to explain the
extremely low fluorescence quantum yield of tetracene since
singlet fission was the dominant deactivation pathway for the
singlets.”” It is therefore possible that the @ compound, whose
energy deficit is close to that of anthracene, is capable of
showing iSEF. On the other hand, using the calculated T, — S,
emission energies (1.06 eV for the @, 0.87 eV for the f, and
1.46 eV for the C) together with our experimental relaxed
S;—S, energies (2.31 €V for the a, 2.21 eV for the f3, and 2.21
eV for fC), we notice that iSEF is energetically favorable for
the a by 0.21 eV and 0.52 eV for the 8 but energetically uphill
for fC by 0.57 eV (Figure S39). From these calculations, iSEF
is thermodynamically viable for both @ and . However, for the
parent PDI monomer, iSEF thermodynamic requirement is not
fulfilled owing to its reported triplet (~1.2 eV) and singlet
(2.34 eV) energies.”

On the other hand, using the RAS-2SF to predict the iSEF
kinetic feasibility, surprisingly, shows that among the three
investigated tetramers, only the a-functionalized chromophore
has the possibility of undergoing iSEF. We use a model by
Farag et al,”® which defines the factors affecting the rates of
the individual steps in the iSEF process. The rate of formation
of the '[TT] from the S, (first step) depends on the energy
drive (Egp) and the nonadiabatic coupling (NAC) between
these two states as described in detail in the literature.*"*?”
On the other hand, the rate of the second step depends on the
multiexciton binding energy (E,).”> This multiexcitonic
interaction quantifies the charge transfer contributions to the
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singlet multiexcitonic states, compared to the pure quintet
multiexcitonic states. From our RAS-2SF calculations of
truncated molecules, we find that the Eg for a is 0.614 eV,
as shown in Figure 12. This Eg is lower compared to that of
(0.983 eV) and SC (1.148 eV), indicating that singlet fission
would be more probable in the a-tetramer. Using the same
RAS-2SF calculations, we determine the modified binding
energy, Ey, for all the investigated chromophores. Unlike # and
PC tetramers, there is negligible multiexcitonic interaction
energy (~0 eV) for the a system, where the '[TT] state is
degenerate with its corresponding quintet *[TT] state. This
zero coupling between the two excitons leads to an easy
separation of the entangled excitons to form the two
independent triplets since, for weakly interacting triplet pairs,
only a small activation energy is required to spatially separate
the triplets. The Ey for # and fC are —0.006 and —0.009 eV,
respectively. Thus, no additional energy is required for the two
triplets to be separated in @, whereas in  and SC systems, this
step requires more energy as shown in Figure 11. This lower
binding energy for a indicates that the energy penalty to
decouple the double triplet state into two separated triplets is
negligible, making the second step of singlet fission possible for
this molecule compared to f and fC. Overall, the RAS-2SF
calculations reveal that iSEF is kinetically feasible for @, making
this molecule a possible candidate for iSEF. The trend of Egg
and E, obtained for our molecules is consistent with those
previously obtained for PDI dimers.”” The location of the
'[TT] state above the S, state shows that the Egy for our PDI
tetramers is endoergic and leads to iSEF for the a. Therefore, it
is possible that the negligible fluorescence quantum yield
obtained for « is a result of the nonradiative pathway due to
the accessibility of the double triplet state in this molecule. The
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iSEF thermodynamic disparities observed in these molecules
and the conflicting iSEF kinetic feasibility for the & compound
call for a detailed analysis of the time-resolved spectroscopic
measurements to not only confirm the compound undergoing
iSEF but also explore the iSEF mechanism. This analysis would
also be used to explain the absence of iSEF in f despite the
molecule showing energy levels similar to those of a.

With our time-resolved measurements, we were able to
confirm iSEF in only one of the flexible z-bridged compounds,
a in chlorobenzene. For this flexible a-functionalized
chromophore, we observe a triplet yield of 126% using our
nanosecond sensitization experiments and a fast triplet
formation of 160 ps with the femtosecond transient absorption
(fsTA) technique. Our findings suggest that iSEF takes place in
a upon photoexcitation for which its thermodynamic and
kinetic viability is predicted by quantum chemical simulations.
Interestingly, the long-lived independent triplets are exper-
imentally observed following their separation, and each of
them is localized on a single PDI of the tetramer, as shown in
the results of the theoretical calculations. This is really
interesting as long-lived triplet excitons are indeed required
for efficient solar energy conversion. We use a previous iSEF
model by Wasielewski and Guldi*’ to explain iSEF in a as a
quantum coherent mechanism. For the o in chlorobenzene,
and as shown in Figure 12, we propose that optical excitation
populates the [S;S,] state, which then populates the '[TT]
through electronic coupling to [S;Sy]. Due to the closeness in
energy, coherent electronic coupling among the CT state, the
[S;So] and '[TT] form a coherent quantum superposition
state: [S;So];rr)CT. This superposition state then loses
coupling immediately (within 160 ps), forming the double
triplet state ('[TT]). The second step of iSEF follows where
the spin coherence of '[TT] is lost, and the correlated double
triplet state dephases to form two independent triplets and
hence high fission yield in a. Recent improvements in the field
of singlet fission show that despite energetic inconsistencies,
this fission process can still proceed endoergically due to
entropic contributions.*® Therefore, even though a does not
fulfil the thermodynamic requirements for singlet fission, we
propose that the strong electronic coherent coupling between
the molecule’s [S,S,], the CT and the ![TT] states enable the
singlet excitons to access the endothermic multiexcitonic state.
In addition, the entropic gains mainly acquired through the
excitonic interaction with its environment enables the singlet
excitons to overcome the thermodynamic energy barrier and
proceed through the production of the double triplet states,
'[TT], and dephasing of these '[TT] to form independent
triplet states (iSEF).

In f, the expected iSEF (upon satisfying the thermodynamic
condition) is hindered by strong excimer formation. For this /-
functionalized flexible system, we observe a low triplet
quantum yield and slow triplet formation. Additionally, our
quantum chemical calculations show that the f natural
transition orbitals (NTOs) are highly delocalized and the
electron density spreads out from the central BDT linker to the
adjacent PDI units. This strong delocalization supports
increased coupling between opposite PDI units of # compared
to those of a.’® This behavior is due to the formation of
intermediate excimer states, which act as traps, competing with
internal conversion to the double triplet state.*’ Our
experimental evidence for the excimer formation in f include
(i) broad, red-shifted emission, (ii) concentration-dependent
emission as previously observed,”” (iii) wavelength-dependent
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fluorescence decay lifetimes, and (iv) co-facial 7—7 stacking of
the PDI units in the optimized geometry. These excimer
species are observed in o when the polarity of the environment
is lowered (in toluene). For a in toluene, we observe a
concentration-dependent emission, a slower singlet decay and
triplet formation (380 ps), and a triplet quantum yield of only
61%. These observations are due to the decreased viscosity of
the solvent, which has been observed to increase the ratio of
the excimer to the monomer.'””’”" Due to the minimal
coupling observed between the opposite PDI units of o
chromophore, its molecular structure is subject to perturba-
tions due to the solvation effects, and this could explain the
formation of excimer states in this molecule in toluene. In
summary, the deactivation pathway of photoexcited singlets in
f and « in toluene is not via iSEF (regardless of satisfying the
iSEF thermodynamic condition) as there is strong competition
with excimer formation, which trap singlet excitons preventing
the formation of the '[TT] state.

Although all the investigated molecules are charge transfer
molecules, we observe the highest two-photon absorption
(TPA) cross section in SC. This suggests the presence of a
non-radiative singlet deactivation pathway and fluorescence
quenching caused by intramolecular charge transfer (iCT).'”
The rigidity and enhanced planarity of SC leads to a stronger
iCT character. We find that triplet production for the rigid fC
tetramer proceeds via intersystem crossing because we observe
triplet yields lower than 30% and slow triplet formation
occurring in few nanoseconds (~2 ns).

The crucial properties affecting multiexciton generation
clearly emerge in comparing the photobehavior of the flexible
m-bridged systems,  and a. Although both & and f are highly
twisted, the a-functionalized PDI units are completely isolated
and do not show any interaction with each other nor with the
BDT core while the S-substituted units arrange in a co-facial
stacked structure. As a result, the absorption and emission
spectra of the a resembles those of the parent PDI monomer;
this lack of coupling permits efficient iSEF. On the contrary,
the B-substitution of the core increases the coupling between
the PDI chromophores, leading them to have a co-facial 7—x
interaction and therefore allowing the formation of excimers.
These intermediate excimer states trap the localized Frenkel
excitons, thus preventing singlet exciton fission into the
correlated triplet pair.

V. CONCLUSIONS

In this study, crucial properties affecting multiexciton
generation clearly emerge in comparing the photobehavior of
three analogous PDI tetramers showing flexible (« and /) and
rigid (BC) m-bridge linker, as well as their parent PDI
monomer. The steady-state spectral and computational results
of the a-tetramer suggest very minimal interaction among the
individual PDI units. However, while the reported fluorescence
quantum yield for the parent PDI monomer is close to unity,
that of the @ compound is negligible, indicating the presence of
a nonradiative decay pathway for this compound. Our TD-
DFT and RAS-2SF calculations predict that intramolecular
singlet exciton fission (iSEF) is thermodynamically impossible
for all the investigated molecules. However, the triplet
quantum yields obtained through triplet sensitization experi-
ments are 124% and 17% for a and  compounds, respectively.
In addition, our femtosecond transient absorption shows an
ultrafast triplet formation for & (160 ps). Therefore, we have
solid experimental evidence of iSEF only in the a-tetramer in
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chlorobenzene. Our RAS-2SF calculations show that, among
the studied tetramers, « has the lowest [S,Sy] — '[TT] energy
gap, indicating the highest rate of forming the '[TT] state. In
addition, the energy penalty for this '[TT] to dissociate into
independent triplets is ~0 eV for this molecule, making it
possible to complete the second step of iSEF. We suggest that
this '[TT] state is formed from a superposition of singlet states
known as [S,S,]rr)CT, which is made possible through the
increased coherent coupling, while the entropic energy drive
necessitates the dephasing of the '[TT] into independent
triplet states. The absence of iSEF in the other twisted z-
bridged compound, f, is due to the production of excimers
following photoexcitation. These excimer states act as singlet
exciton traps inhibiting the formation of the double triplet
states. Similarly, for o in a less polar solvent, we observe the
formation of excimers and a subsequent reduction of the triplet
quantum yield (61%). For the rigid SC tetramer, the main
singlet deactivation pathway is through intramolecular charge
transfer (iCT) and a small triplet production was observed
(24%) via intersystem crossing. The flexibility of the linker has
previously been demonstrated as an important factor in
triggering iSEF. In this present investigation, we show that
the linker flexibility is necessary but not sufficient in activating
iSEF in multichromophoric systems. As an important result of
our study, we demonstrate that, in addition to the conforma-
tional flexibility of the linker, the position of attachment of the
core to the PDI units the surrounding medium play a role in
driving iSEF or excimer formation in these dendritic molecules.
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Concentration effects on the absorption spectra of the
investigated tetramers in chlorobenzene; global analysis
of the femtosecond transient absorption and triplet yield
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